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ABSTRACT

Current evidence indicates that the next-generation probiotic Akkermansia muciniphila (A. muciniphila)
has therapeutic potential for nonalcoholic fatty liver disease (NAFLD), especially its inflammatory stage
known as nonalcoholic steatohepatitis (NASH). However, the mechanisms of A. muciniphila in NASH
prevention remain unknown. Here, A. muciniphila supplementation prevented hepatic inflammation in
high-fat diet-induced NASH mice, characterized by reduced hepatic proinflammatory macrophages
(M1) and y&8T and y&T17 cells. Consistently, hepatic M1 and y&T cells were enriched in biopsy-proven
NASH patients and high-fat/high-carbohydrate diet-induced NASH mice. Antibiotics reduced hepatic
M1, y8T and y8T17 cells in NASH mice. Furthermore, A. muciniphila inhibited intestinal barrier disruption
and accordingly downregulated hepatic Toll-like receptor 2 (TLR2) expression in NASH mice. The
activation of TLR2 by lipoteichoic acid enriched hepatic y8T17 cells (not M1) in normal diet-fed mice
and neutralized the y&T cell-lowering and liver inflammation-protecting effects of A. muciniphila in
NASH mice. Additionally, activated yST cells could promote macrophage polarization via IL—17. Our
study first supported that A. muciniphila prevented NASH by modulating TLR2-activated y8T17 cells
and further macrophage polarization, facilitating clinical therapeutic applications.
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Introduction against microbiota-derived molecules entering the

blood. Intestinal barrier dysfunction and the sub-
sequent innate immune response activated by gut-
derived signals have been reported to contribute to
the development of NAFLD.*?

Nonalcoholic fatty liver disease (NAFLD) is the
hepatic manifestation of metabolic syndrome,’
and has become a major epidemic liver disease
worldwide.” NAFLD, especially its ‘inflammatory’

phenotype, nonalcoholic steatohepatitis (NASH),
increases the risk of cirrhosis and further hepato-
cellular carcinoma. However, the understanding of
the pathogenesis remains limited. Hepatic inflam-
mation in NAFLD can be initiated by multiple
mechanisms.” Previous evidence has regarded
innate immune signaling as a driving force in
NAFLD progression.* Given the unique anatomy
of the enterohepatic circulation, the intestinal bar-
rier serves as an important first-line guardian

Sound evidence supports the important role of
two innate immune cell types, namely, macrophages
and y8T cells, in NASH.*” For example, 8T cells,
which account for 15% to 25% of total intrahepatic
T cells,® can enhance the adaptive immune response
by producing IL-17 (y8§T17).” and promoting diet-
induced NASH. Interestingly, several studies have
reported a close correlation between the gut micro-
biota and the activation of macrophages.® or y§T
cells.'” To date, the specific mechanism by which gut
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microbial signaling activates the hepatic innate
immune response in NAFLD remains unclear.

Indeed, microbiota-derived molecules, which are
either produced or metabolized by the gut micro-
biota, are major intermediates in the dialogue
between immune cells and the host.'’ Classically,
pathogen-associated molecular patterns (PAMPs)
of the microbiota, including endotoxin, peptidogly-
can (ligands of Toll-like receptor 2, TLR2), and lipid
antigen, are recognized by the immune cells of the
host and further trigger the innate immune
system.'” In addition, emerging data demonstrate
that microbial metabolites, especially short-chain
fatty acids (SCFAs), tryptophan metabolites, and
bile acids (BAs), are implicated in immune system
functions."> Hence, identifying the microbiota-
derived molecules that trigger liver inflammation
in the transition process to NASH is a noteworthy
research direction in this field.

Notably, Akkermansia muciniphila
(A. muciniphila), a genus of Verrucomicrobia, has
recently been shown to protect intestinal barrier func-
tion. Given its intestinal barrier-promoting efficacy,
A. muciniphila has the potential to prevent metabolic
or inflammatory diseases such as TIDM,'* obesity,"
atherosclerosis,'® and alcoholic steatohepatitis.'”
A. muciniphila has also been reported to ameliorate
metabolic disorders in high-fat diet (HFD)-fed
mice.">'®  Supplementation ~with pasteurized
A. muciniphila could improve the metabolic para-
meters in overweight and obese human volunteers."
The connection between the gut microbiota and the
hepatic immune response has been reported.”*?!
However, its beneficial role in protecting against
liver inflammation in NAFLD is rarely mentioned.

Hence, our study investigated the immune
mechanism of A. muciniphila in preventing HFD-
induced NASH and explored the dialog between gut
microbiota-derived molecules and the hepatic
immune response.

Results

A. muciniphila inhibited the HFD-induced NASH in
mice

The baseline serum biochemistry profile data,
including ALT, AST, TC, TG, LDL-C, HDL-C and
GLU, showed no significant differences among the
three groups of mice (Figure S1), which indicated

the normalization of the basal condition among the
groups. The mice exhibited an obvious increased
body weight after four weeks high-fat diet (HFD)
but a decreased food intake when compared with
those fed control chow (Figure 1la,b). Then,
A. muciniphila obviously reduced body weight but
had no effects on food intake of HFD group mice at
the 16th weeks of the experiment. The results of our
study indicated that the body weight-decreasing
effect of A. muciniphila was independent of food
intake. Additionally, the biochemical test results at
the 8th weeks showed that HFD induced an increase
in serum GLU and TC levels, but were not improved
by A. muciniphila (Figure S2a, b). At the 11th weeks,
A. muciniphila treatment significantly improved the
response to glucose administration, reflected in the
decrease in blood glucose levels at 30 min and the
AUC of the GTT (Figure 1c,d). At the 12th weeks,
A. muciniphila improved the levels of serum GLU
but not TC in model mice (Figure S2c, d). At the
18th weeks, both GLU and TC in model mice were
reversed by A. muciniphila (Figure le,f). Further at
twenty weeks, the increased ALT and AST levels
(Figure 1g-i), increased liver steatosis and inflamma-
tory cell infiltration (Figure 1j), and elevated
NAFLD activity score (NAS) (Figure 1k) were
found in model mice compared to those of control
mice, which were noteworthy improved by the
A.  muciniphila  treatment (Figure 1g-k).
Additionally, the histopathological analysis pre-
sented that the A. muciniphila decreased the lipid
accumulation in liver of model mice
(Supplementary Figure S2e). But we did not find
obvious difference in genes involving in the fatty
acid metabolism by RNA-seq analysis. At the 26th
week, A. muciniphila treatment slightly improved
the hepatic fibrosis in model mice (Supplementary
Figure S3), which showed the protective effect of
A. muciniphila on liver injury presenting with
a time-dependent manner. Thus, these results of
the study supported an effect of A. muciniphila
against metabolic disorders and steatohepatitis in
HFD-fed NASH model mice.

A. muciniphila controlled y8T accumulation and
macrophage polarization in NASH model mice

To further investigate the hepatic immune response,
we isolated hepatic mononuclear cells and
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performed FACS in NASH mice after 20 weeks of
treatment (Figure 2 and Figure S4). Consistently,
hepatic yOT cells (Figure 2a,b), IL-17-producing
yOT cells (yT17 cells) (Figure 2¢,d) and proinflam-
matory M1 macrophages (CD11b" F4/80"
Ly6C"CD206") (Figure 2e,f), together with CD3"
T cells (Figure S4a) and inflammatory NKT cells
(Figure S4b), were enriched in HFD-induced
NASH mice. Additionally, compared to that in con-
trol group mice, the number of anti-inflammatory
M2 macrophages (CD11b" F4/80" Ly6C CD206")
(Figure 2e-g) was reduced in the livers of NASH
mice. Importantly, A. muciniphila administration
obviously protected against the accumulation of
yOT cells, y0T17 cells and M1 cells but had no
obvious effects on other hepatic immune cells
(Figure 2 and Figure S4). Additionally, liver RNA-
seq analysis indicated alterations in macrophage
polarization markers in HFD and HFD+AKK
group mice. The livers of HFD mice showed an
increase in the gene expression of M1 markers
(Tnf, Ccr2, Cxcl9, and Cxcl10) and a decrease in
that of an M2 marker (Argl) compared to expres-
sion in the control group, which were partly regu-
lated by A. muciniphila administration (Figure 2h).
The qRT-PCR analysis showed that when com-
pared to that in the HFD group, cotreatment with
A. muciniphila upregulated the expression of the M2
marker Retnla (Figure 2i). That is, y0T accumula-
tion and macrophage polarization in the livers of
NASH mice could be reversed by A. muciniphila
administration.

Additionally, in our study, continuous adminis-
tration of A. muciniphila for twenty weeks did not
obviously affect body weight, food intake, glucose or

lipid metabolism, as reflected by the levels of fasting
GLU, GTT, TC and TG, liver enzymes (ALT and

AST), and liver immune cells (such as CD45+ cells,
T cells, macrophages and y8T cells) in normal diet-
fed mice (Figure S5).

Hepatic macrophages and y&8T cells are enriched in
NASH patients

Additionally, we performed scRNA-seq to observe
the changes in hepatic macrophages and y8T cells
isolated from liver tissues of 9 patients (3 controls, 3
NAFL and 3 NASH patients). Analysis of typical
marker genes revealed the presence of major cell
populations, including B cells, T_NK cells and
monocytes/macrophages (Mono_Macs), in both
patient groups (Figure S6). Furthermore, according
to a previous study,”> we defined macrophages
among clusters of monocyte/macrophage cells
according to marker genes (S100A8, LYZ, S100A9,
VCAN, S100A12, MARCO, CD5L, VCAMI and
CD163). The proportion of macrophages showed
an increasing trend in NAFLD patients compared
with controls (Figure 3a), while it was obviously
enriched in NASH patients (Figure 3b), suggesting
an increase in the severity of disease. More precisely,
NAFLD patients (including NAFL and NASH)
showed an increase in proinflammatory M1 macro-
phages (marker genes: S100A8, LYZ, S100A9,
VCAN, S100A12, and so on) and a decrease in anti-
inflammatory M2 macrophages (marker genes:
MARCO, CD5L, VCAM1, CD163, and so on)
(Figure 3c). Moreover, we defined the ydT cells
within the clusters of T_NK cells according to the
marker genes (GNLY, PTGDS, GZMB, FGFBP2,
NKG7, PRF1, KLRF1, HOPX, KLRD1, SPON2,
CLIC3, and TRDC). The NAFLD patients (espe-
cially those with NASH) showed an increased pro-
portion of yO8T cells (Figure 3d). Overall, NASH
patients presented enrichment of hepatic proinflam-
matory M1 macrophages and ydT cells.

Figure 1. Akkermansia muciniphila protected against NASH in high-fat-diet mice. The body weight (a) and food intake (b) of mice were
recorded. The blood glucose levels (c) and area under the curve (AUC) of the glucose tolerance test (GTT) at the 117" week (d) were
recorded. The levels of fasting glucose (e) and TC (f) in serum were examined by biochemical tests at 18 weeks. (g-i) the levels of serum
ALT and AST were measured at 8, 12, 16, 18 and 20 weeks. Data are shown as the mean + SEM or the median with interquartile range.
(j) Representative images of hepatic hematoxylin & eosin (H&E) staining. Scale bar, x200 (left), x400 (right). The blue arrows indicate
the steatohepatitis foci of inflammation with clusters of inflammatory cells. (k) Liver NAFLD activity score (NAS) ratio. n =8 mice/
group. p values were determined using one-way ANOVA or the Kruskal—Wallis test. *p < 0.05, **p < 0.01, ***p < 0.001. Groups: NC,
normal chow control; HFD, high-fat diet; HFD + AKK, high-fat diet and oral treatment with Akkermansia muciniphila.
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Figure 2. Akkermansia muciniphila decreased hepatic y6T17 cells and proinflammatory macrophages in NASH mice. (a) Representative
flow cytometric analysis and (b) percentages of hepatic y8T cells were quantified by flow cytometry. Plots were gated on CD3* T cells.
(c) Representative flow cytometric analysis and (d) percentages of hepatic IL — 17" y8T cells were quantified by flow cytometry. (e)
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Antibiotics decreased the proportion of hepatic
macrophages and ydT cells in high-fat/high-
carbohydrate diet-induced NASH mice.

To corroborate the changes in hepatic innate
immune cells (including macrophages and y8T
cells) in another mouse model of NAFLD and
the role of the gut microbiota in these hepatic
innate immune cells, we treated high-fat/high-
carbohydrate diet (HFHCD)-fed mice with anti-
biotics. Consistently, the HFHCD obviously
increased the proportion of hepatic proinflam-
matory M1 macrophages, y8T cells and y8T17
cells and reduced the proportion of anti-
inflammatory M2 macrophages compared with
those of control mice (Figure 3e-k). Microbial
manipulation by antibiotics obviously reversed
the proportion of hepatic M1, M2, ydT and
y8T17 cells in HFHCD mice (Figure 3e-k).
Accordingly, antibiotic treatment improved
liver injury in HFHCD mice, reflected as
a reduction in hepatic liver enzymes (ALT and
AST) (Figure 3l,m). Thus, these results demon-
strated the role of the gut microbiota in regulat-
ing hepatic macrophages and ydT cells in an
NAFLD mouse mode.

A. muciniphila downregulated hepatic TLR2
expression in NASH model mice

To further investigate the impacts of bacterial
pathogenic components or immune metabolites
on the hepatic immune response, we performed
RNA sequencing (RNA-seq) analysis. The expres-
sion of hepatic inflammatory markers (such as Tnf,
Ccl2, Ccl3, Ccl7, and Hsp90) was higher in HFD
mice than in controls, which was partly reversed by
A. muciniphila administration (Figure 4a,b). The

qRT—PCR analysis confirmed that A. muciniphila
downregulated the HFD-induced enrichment of
Tnf expression in the liver (Figure 4c). Then, we
analyzed the liver gene expression of receptors that
recognized the bacterial pathogenic components
(such as TLRs and NODs) or immune metabolites
(such as AhR, FRAR and FXR). HFD feeding
enriched the gene expression of liver TLR1, TLR2,
TLR3 and TLR7 and reduced that of CD1d and
FXR (Figure 4d and Figure S7a-i). Interestingly,
both the RNA-seq and qRT—PCR analyses con-
firmed that A. muciniphila only reversed the gene
expression of TLR1/2 (Figure 4d-f) in the livers of
HFD mice. Thus, we hypothesized that the preven-
tion efficacy of A. muciniphila on NASH might be
attributed to the crosstalk between microbiota-
derived TLR2 signals and hepatic macrophages or
yOT cells.

A. muciniphila promoted the flourishing of the
intestinal barrier-protecting bacteria in NASH mice

We then explored the crosstalk between gut micro-
biota-derived signals and hepatic immune cells.
First, we performed 16S rRNA gene sequencing to
investigate the influence of A. muciniphila treat-
ment on the gut microbiota. However,
A. muciniphila supplementation did not regulate
the commensal diversity and richness in HFD
mice, as shown by the Simpson, Shannon, Chaol
and ACE indices (Figure S8a, b). The principal
component analysis (PCA) plot indicated distinct
clustering of microbiota composition among the
groups, and the HFD+AKK group was close to
the control group on PC2 (Figure 5a). Similar
results were obtained according to the NMDS
(Figure 5b) and PCoA plot (Figure 5¢) analyses.

Representative flow cytometric analysis of proinflammatory macrophages (Ly6C* CD206™ cells) and anti-inflammatory macrophages
(Ly6C™ CD206" cells). Plots were gated on macrophages (F4/80* CD11b™ cells). Percentages of proinflammatory macrophages (f) and
anti-inflammatory macrophages (g) among macrophages were quantified by flow cytometry. (a-g) n = 8 mice/group. (h) Heatmap of
differentially expressed marker genes in macrophages between the HFD and HC groups or the HFD+AKK and HFD groups. The log2
(fold change) values were calculated from the fragments per kilobase of transcript per million (FPKM) values of RNA sequencing. n=5
mice/group. (i) Qrt—PCR analysis of Retina expression in the liver. n = 8 mice/group. Data are shown as the mean + SEM or the median
with interquartile range. p values were determined using one-way ANOVA or the Kruskal-Wallis test. *p < 0.05, ** p < 0.01, *** p <
0.001. Groups: NC, normal chow control; HFD, high-fat diet; HFD + AKK, high-fat diet and oral treatment with Akkermansia muciniphila.



GUT MICROBES 7

a b c 3 M1 cells
3 M2 cells
53.53% .
& 0.04 - 0.04- . 30.62% 4B.78% 3070% - 60.30%
- — | ——
© =0.071 3
S k8 3 s NS @ 51.22%
T 0.03- = 0.02- 46.47% 69.38%
£ .
= - £ A
2 = = B 4T cells
9 0.021 / ® 0.02- 2| d [ CtherT cells
£ _g 11.93% 9.26% 16.94% 13.10%
o
5 0.01 i g 0.01- 88.07% 90.74% ! 83.06% 86.90%
: g @ @ @
0.00- 0.00 T T
HC NAFLD HC NAFL NASH
e f 80 NS g &
. NC: F4/80+CD11b+ . HFHCD : F4/80+CD11b+ HFHCD+ABX: F4/80+CD11b+ i 309 —
2 M2(17.79%) Q2-UR(5.89%) = M2(13.10%) Q2-UR(4.76%) 2 M2(24.43%) 1| Q2-UR(5.79%) § '%'l‘ 2\0_ ;;\ %
2] | g ] % 601 £
= = = *
&9 © O 20
5] ] S+ &%
b e g2 40; 8¢
2] 2] 58 $3
g @ ‘f > & 104
I " >& 20 -8
Q=3 23 < 5
(=] E w
©3021L3004%) @6 27%)| < Ja2LLee42% mE772%|  © Ja2LLE211% M1(37.66%) o £
0 To* 100 10° i 1ot 0 10° 0 0t 08 100 = g 0-
> O 9 oF
Ly6C > I~
v NPt C O
€S &
&L ©
& &
h i j
NC: CD3+ HFHCD : CD3+ HFHCD+ABX: CD3+ -
H @
3
= 3] 8] g x
s ’ ; s &
gaT+(1.87%) T+ (4.68%) gaT+(2.28%) 3 =]
=2 c
] 21 & -
< 3
Q ~
] E
=7 T N Y e T 2
0 100 10t 10t 1t 10° 10° o 100 10t 10® et 10° 10® 0 100 102 10° gt 10° 10®

¥oT >

,r
3
H

300+ 300q -
NC: CD3+ ) HFHCD : CD3+ HFHCD+ABX: CD3+ [ o
= = ‘:E' [ | — [ | —
Q1-UL(7.56%) gdT17(1.49%) Q1-UL(13.21%) 0dT17(3.31%) Q1-UL(10.14%) dT17(1.23%)
= g
®3 "3 ®3 < 2001 2 2001
. 2 =
] Cﬂ 5] - 7]
5 H <
<
= = 1004 1004
S
e s ]
a3 of ol
= " Jot-Lieas0% Q1-LR(1.15%) Q1-LR(2.22%) Q1-LL(87.09%) Q1-LR(1.54%)
[ T 10 10 1ot 0 16 o 0 10 107 10t 0P 100 o102 10 10 10° 100 9= 0
1 1 1 1 100 1 0 10" 102 100 10t 0% 10 (¥ Q 3 < 3
V5T > ngs: o"‘g’ é"zg\bo o"v@
O @)
& &

Figure 3. Hepatic y6T cells and proinflammatory macrophages were enriched in NASH patients and were controlled by antibiotics in
HFHCD mice. (a and b) the percentages of hepatic macrophages were quantified by single-cell RNA sequencing. (c) the percentages of
hepatic proinflammatory macrophages (M1 cells) and anti-inflammatory macrophages (M2 cells) and (d) the percentages of hepatic
apT cells and yoT cells in healthy controls and NAFL and NASH patients. Groups: HC, healthy controls, n = 3; NAFL, nonalcoholic fatty
liver patients, n = 3; NASH, nonalcoholic steatohepatitis patients, n = 3. (e) Representative flow cytometric analysis of proinflammatory
macrophages (Ly6C* CD206~ cells) and anti-inflammatory macrophages (Ly6C~ CD206™ cells). Plots were gated on macrophages (F4/
80" CD11b* cells). The percentages of proinflammatory macrophages (f) and anti-inflammatory macrophages (g) among macro-
phages were quantified by flow cytometry. (h) Representative flow cytometric analysis and (i) percentages of hepatic yoT cells were
quantified by flow cytometry. Plots were gated on CD3" T cells. (j) the percentages of hepatic IL — 17" y8T cells were quantified by
flow cytometry, and (k) representative flow cytometric analysis. n =8 mice/group. (I and m) the levels of serum ALT and AST were
measured at 18 weeks. (e-m) n = 10 mice/group. Groups: NC, normal chow control; HFHCD, high-fat high-carbohydrate diet; HFHCD +

ABX, high-fat high-carbohydrate diet and oral treatment with antibiotics. Data are shown as the mean + SEM or the median with
interquartile range. p values were determined using one-way ANOVA or the Kruskal-Wallis test. *p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 4. Akkermansia muciniphila treatment decreased the hepatic expression of microbiota-related TLR2 in NASH mice. (a) the
hierarchical cluster analysis of hepatic inflammation-related genes measured by RNA sequencing was based on the log2 fold change
of the fragments per kilobase of transcript per million (FPKM) values in each sample divided by the group area of the NC. (b) the gene
expression of hepatic TNF-a was measured by RNA sequencing. (a and b) n =5 mice/group. (c) Qrt—PCR analysis of TNF-a expression in
the liver. n = 8 mice/group. (d) the gene expression of hepatic TLR1 and TLR2 was measured by RNA sequencing. n =5 mice/group. (e
and f) the expression of TLR1 and TLR2 in the liver was measured by Qrt—PCR analysis. n = 8 mice/group. Data are shown as the mean
+ SEM. p values were determined using one-way ANOVA. *p < 0.05, ** p < 0.01, *** p < 0.001. Groups: NC, normal chow control; HFD,
high-fat diet; HFD + AKK, high-fat diet and oral treatment with Akkermansia muciniphila.

PERMANOVA and ANOSIM highlighted an
obvious difference between the HFD and control
group or the HFD+AKK group (Table S1 and
Figure S8¢, d). Additionally, we analyzed the gene

expression of colonic antibacterial peptides, which
serve as the first line of defense against gut patho-
gens and maintain homeostasis of the gut
microbiota.”> Compared to the mice in the HFD
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group, A. muciniphila administration upregulated
the gene expression of antibacterial peptides (such
as Reg3a, Reg3b and Reg3g) (Figure S8e), highlight-
ing a regulatory effect of A. muciniphila on the
composition of the gut microbiota.

Comparisons of the microbiome composition at
the phylum level showed a decrease in the abun-
dances of Bacteroidetes and Verrucomicrobia and
an increase in the abundance of Firmicutes in the
HFD group compared to the control group (Figure
S8f). LEfSe analysis revealed that HFD treatment
enriched the relative abundance of the phylum
Firmicutes, while it decreased that of the phylum
Bacteroidetes and the phylum Verrucomicrobia
and its subgroups, including the genus
Akkermansia (Figure S8g). Notably, the phylum
Firmicutes, composed of typical gram-positive
bacteria,”* was enriched in the gut of NASH mice
(Figure S8f-h). Although A. muciniphila did not
affect the relative abundance of the phylum
Firmicutes in NASH mice, it caused the intestinal
barrier-protecting bacteria (A. muciniphila) to
flourish as assessed by continuous qPCR analysis
(Figure 5d,e).

A. muciniphila enhanced intestinal barrier function
in NASH mice

The emergence of A. muciniphila has been found to
enhance repair of intestinal barrier failure.”
Accordingly, we tested the intestinal barrier function
in vivo by orally administering FITC-dextran at 7
weeks, 14 weeks and 18 weeks (Figure 5f). Challenge
with oral administration of FITC-dextran led to an
increase in intestinal permeability in HFD mice
compared with controls after seven weeks of treat-
ment (Figure 5f). The circulating bacterial product
LPS also increased in the HFD group (Figure 5g),
supporting intestinal barrier failure. The above
damage was obviously improved by A. muciniphila
administration after fourteen weeks (Figure 5f,g).

Furthermore, the results of mucin immunostaining
in the colon showed a loss of intestinal epithelial
integrity in HFD mice compared with controls,
and A. muciniphila administration promoted
mucus production in HFD mice (Figure 5h,i). In
addition, based on the RNA sequencing analysis,
we focused on the gene expression of tight junction
proteins with significant differences among the
groups. HFD treatment downregulated the expres-
sion of tight junction proteins (such as Ocln, Cldn23,
Muc2, ZO—-1, Cldnl, and Tjp3), which was reversed
by A. muciniphila administration (Figure 5j). These
findings supported that A. muciniphila specifically
rescues intestinal barrier function in HFD mice.

A. muciniphila increased the intestinal SCFA
concentrations and tryptophan metabolism of
NASH mice

We then explored the potential mechanism by
which A. muciniphila protects the intestinal bar-
rier. Previous studies have indicated that
A. muciniphila produces SCFAs (such as propio-
nate and acetate,”® which are involved in maintain-
ing intestinal immune homeostasis.””** We then
determined the concentrations of SCFAs, including
formic acid, acetic acid, propanoic acid, butyric
acid, 2-methylbutyric acid, isovaleric acid and vale-
ric acid, in the cecal contents. The concentrations
of formic acid, acetic acid and propanoic acid were
significantly reduced in HFD mice compared to
those in the control group (Figure 6a).
A. muciniphila supplementation induced the
enrichment of propanoic acid, 2-methylbutyric
acid, isovaleric acid and valeric acid and caused
a trend toward an increase in formic acid, acetic
acid and butyric acid in HFD mice (Figure 6a). The
total SCFA concentration was decreased in HFD
mice and reversed by supplementation (Figure 6b).
Correspondingly, HFD obviously downregulated
the gene expression of the SCFA receptor FFAR2

representative image of mucin expression in the colon by immunofluorescent staining in paraffin sections (i). Muc2, green; DNA, blue.
Scale bar, x400 (left), X800 (right). Pictures are representative of 5 biological replicates. (j) Heatmap of differentially expressed genes in
the tight junction pathway between the HFD and HC groups or the HFD+AKK and HFD groups. The log2 (fold change) values were
calculated from the fragments per kilobase of transcript per million (FPKM) values of RNA sequencing. n = 3/group. Data are shown as
the mean + SEM or the median with interquartile range. p values were determined using one-way ANOVA. *p < 0.05, ** p < 0.01, *** p
<0.001. Groups: NC, normal chow control; HFD, high-fat diet; HFD + AKK, high-fat diet and oral treatment with Akkermansia

muciniphila.
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feces between the HFD and HC groups or the HFD+AKK and HFD groups. The log2 (fold change) values were calculated from the
normalized area values of untargeted metabolomics profiling. n =8 mice/group. (g) the gene expression of colonic enzymes in the
kynurenine pathway was measured by RNA sequencing. n = 3 mice/group. (h and i) AhR-responsive gene expression (Cyp1a1, Cyp1b1,
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(GPR43) in the colon tissue, and A. muciniphila
restored FFAR2 expression to the levels in the
control group mice (Figure 6¢). In addition, HFD
upregulated the colonic gene expression of DPPIV,
the enzyme that inactivates GLP-1, and reduced
serum GLP-1 levels, which were reversed by
A. muciniphila administration (Figure 6d,e).

In addition to SCFAs, emerging data have
demonstrated that the gut microbiota plays a role
in intestinal barrier-protection through the modu-
lating effects of metabolites including BAs and tryp-
tophan metabolites.'>*® In the gut, tryptophan can
be directly or indirectly metabolized by the micro-
biota through three major pathways: the indole
pathway, kynurenine pathway and serotonin
pathway.*® Based on global metabolic profiling, we
found that HFD treatment reduced most tryptophan
metabolites in the gut, including indole, melatonin,
indole—3-lactic acid, 3-hydroxykynurenine, indole
—3-acetic acid, L-kynurenine, and serotonin
(Figure 6f). Continuous administration of
A. muciniphila partly reversed the levels of trypto-
phan metabolites, especially 3-hydroxykynurenine
and 5-hydroxykynurenine (Figure 6f). Notably,
A. muciniphila treatment upregulated the gene
expression of the enzymes that mediate tryptophan
degradation into kynurenine (Idol, Ido2, Tdo2,
Kynu and Kmo) in the gut of HFD mice
(Figure 6g). We also analyzed the target genes of
AhR activation (Cyplal, Cyplbl and Ahr) in the
colon, together with the genes controlled by AhR
activation (such as IL-22). A. muciniphila obviously
reversed the gene expression of Ahr, Cyp1bl and IL
—22 in the gut of HFD mice (Figure 6h,i). That is,
A. muciniphila also regulated tryptophan metabo-
lism toward the kynurenine pathway in the gut of
NASH mice. Further, we analyzed the serum levels
of bile acids in NASH mice with or without
A. muciniphila and normal chow control mice
(Supplementary Figure S9a). Interestingly, there
was a trend that the supplement of A. muciniphila
only reversed the cholic acid level of the HFD-
NASH mice model to the level of normal mice, but
did not observe in the other bile acids. Moreover, the
hepatic genes involved in BAs synthesis (Cyp7al,
Cyp7bl, Cyb8bl, Cyp27al) were significantly
decreased in HFD- NASH mice, and improved or
reversed to normal levels by the supplement of
A. muciniphila (Supplementary Figure S9b).

TLR2 agonist promoted hepatic y8T cell
accumulation and abolished the protective
effect of A. muciniphila against NASH in mice

We further investigated the potential interplay
between microbiota-derived TLR2 and hepatic
macrophages or yOT cells via TLR2 agonist admin-
istration. Notably, lipoteichoic acid (LTA) alone
enriched the proportion of liver y8T cells, TLR2"
yOT cells and y8T17 cells (Figure 7a-d) but did not
directly affect M1/M2 cells (Figure 7e,f) in mice fed
a normal chow diet. Interestingly, chronic infusion
of LTA increased the proportions of liver y8T cells
and TLR2" y8T cells in A. muciniphila-treated
HFD-induced NASH mice to proportions similar
to those without the probiotic treated NASH mice
(Figure 7g-j). TLR2 activation abolished the pro-
tective effect of A. muciniphila against HFD-
induced liver injury, as demonstrated by histologi-
cal analysis and measurement of blood markers for
liver dysfunction (Figure 7k-m). HFD-induced
NASH mice obviously were associated with the
changed appearance of the liver, which exhibited
a granular and yellow appearance, and was not
improved by the combined treatment with
A. muciniphila and LTA (Figure S10a). HE analysis
and the NAS scores also revealed that chronic
infusion of LTA abolished the protective effect of
A. muciniphila against liver steatosis and inflam-
matory cell infiltration in HFD-induced NASH
mice (Figure 7k-n). LTA altered the levels of ALT
and AST in HFD+AKK group mice such that they
were close to those in HFD group mice (Figure 7k-
m), but it had no influence on food intake, body
weight, TC and TG compared to those in mice in
the HFD+AKK group (Figure S10b-e). LTA treat-
ment alone did not alter the levels of ALT, AST, TC
and TG in the control group mice (Figure S10f-i).
Overall, our study indicated that A. muciniphila
reduced hepatic inflammatory y8T cells by down-
regulating gut-derived TLR2 signals.

yOT cell likely interact with macrophage via IL-17
signaling

Since a modulation effect of A. muciniphila on liver
inflammation via regulating y0T accumulation and
macrophage polarization presenting in our NASH
mice model, we measured the levels of hepatic y§T
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cells and M1 cells. Importantly, we found that
hepatic yOT cells were positively correlated with
M1 cells in our NASH mice (Figure 8a). These
tindings indicated a role of y8T cells in macro-
phage polarization. To further investigate whether
yOT cell, a main type of IL-17-producing cell, had
any regulating effect on macrophage polarization,
we stimulated macrophage cells with recombinant
IL-17A in vitro. We stimulated bone marrow-
derived macrophage (BMDM) cells with 10 ng/
mL or 100ng/mL recombinant IL-17A.
Interestingly, IL-17 significantly facilitated the
gene expression of M1 markers (Nos2 and IL—6)
by BMDMs (Figure 8b,c) and slightly affected the
gene expression of an M2 marker (Arg—I). Further
to validate the interaction between IL-17 and
macrophage cells, IL-17 significantly facilitated
the gene expression of M1 markers (Nos2 and IL
—6) and inhibited that of M2 markers (Arg—1 and
IL-10) by macrophage Ana-1 cells (Figure 8e-h)
consistently. The results demonstrated that IL-17
could promote macrophage polarization into
proinflammatory M1 cells. HFThese findings of
our study supported that the activated ydT cells
could promote macrophage polarization via IL
—17, suggesting the direct communication between
the two hepatic innate immune cells.

Discussion

First, we identified two key hepatic innate
immune cells (y0T and macrophages) regulated
by A. muciniphila. Then, we found that
A. muciniphila protected the intestinal barrier
and further downregulated microbiota-derived
TLR2 signaling in the livers of NASH mice.
Furthermore, by administration of a TLR2 ago-
nist, we demonstrated that A. muciniphila
reduced y8T17 cell levels by downregulating
hepatic TLR2 signaling. The y8T cells contribute
to macrophage polarization toward proinflam-
matory M1 cells via IL-17. Overall, A.mucini-
phila enhanced the intestinal barrier by
modulating tight junction proteins and micro-
biota-derived metabolites, decreased hepatic
y8T17 cells by downregulating TLR2, which
further regulated hepatic macrophage polariza-
tion via IL-17, and finally inhibited nonalcoholic
steatohepatitis (Figure 8i). To our knowledge,

this study is the first to identify the immune-
regulatory effects of A. muciniphila for NASH
prevention.

In our study, A. muciniphila protected against
not only glucose and lipid metabolic disorders but
also liver inflammation in HFD-fed NASH mice
model. The exploration on the beneficial role of
A. muciniphila was mainly focused in metabolic
disorders, especially glucose intolerance. In consis-
tent with our findings, the supplementation with
A. muciniphila or its extracellular vesicles tended to
reverse insulin resistance and improve glucose
intolerance of HFD-fed obese mice in previous
studies.'>'®***! In agreements with our results,
Kim et al. reported that A. muciniphila prevented
fatty liver disease and decreased serum
triglycerides.’” In line with the protective effect
on the liver function, previous study of Tilg et al.
reported a protective effect of A. muciniphila
against liver injury of alcoholic liver disease.'”
Importantly, the novelty of our results showed
that daily oral gavage with A. muciniphila for
twenty weeks could alleviate liver inflammation,
and twenty-six weeks show the improving trend
on liver fibrosis in HFD-fed NASH mice, which is
the main clinical predictor for clinical outcome in
clinical trials. Further validation studies should be
conducted in several well-known diets for NASH
model in rodents.

NASH is a complex disease driven by lipotoxi-
city and activation of the inflammation and innate
immune pathways. Fatty acid metabolism change is
also important for triggering the second hit-
inflammation on NAFLD formation. Although
A. muciniphila did not regulate the genes of fatty
acid metabolism such as de novo lipogenesis, oxi-
dation, transplantation, the A. muciniphila
decreased the body weight and hepatic lipid accu-
mulation in our HFD-fed NASH mice. Despite the
unchanged hepatic genes of fatty acid metabolism,
the improvement in hepatic steatosis and inflam-
mation by A. muciniphila supplementation are
likely not independent of weight loss,”>* which
could help head off lasting damage caused by
NAFLD. Our data supported that oral supplemen-
tation of A. muciniphila is a promising prevention
strategy for NASH liver inflammation. But we did
not find the evidence for the link between weight
loss and hepatic y0T17 cells/macrophages of
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Figure 8. IL — 17 signals promoted macrophage polarization into proinflammatory M1 cells. (a) the relationship between hepatic y6T
cells and M1 cells in HFD-induced NASH mice. n = 24 mice. Gene expression of Nos —1 (b), IL— 6 (c) and Arg —1 (d) in bone marrow-
derived macrophages (BMDM:s) after 10 or 100 ng/mL IL — 17 stimulation. Gene expression of Nos —1 (e), IL — 6 (f), Arg —1 (g) and IL —
10 (h) in Ana —1 cells after 10 or 100 ng/mL IL — 17 stimulation. Data are shown as the mean + SEM or the median with interquartile
range. p values were determined using one-way ANOVA or the Kruskal—Wallis test. *p < 0.05, ** p < 0.01, *** p < 0.001. (i) Schematic
showing the regulatory role of Akkermansia muciniphila in HFD-induced hepatic inflammation. Akkermansia muciniphila enriches
intestinal tight junction proteins, SCFAs (and their receptor GPR43), and tryptophan metabolites (and their receptor AhR) and further
enhances intestinal barrier function. Following the restoration of intestinal barrier function, Akkermansia muciniphila inhibits liver
inflammation by downregulating gut-derived signals (TLR2) in the liver. Specifically, hepatic y8T cells activated by molecules of G*
bacteria (TLR2 ligands) were decreased in HFD mice. Moreover, Akkermansia muciniphila reduced IL — 17-promoted hepatic proin-
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A. muciniphila treated mice in the study, the exact
mechanism of which is worthy of further study.

Notably, we identified two immune cell groups,
namely, macrophages and y8T cells, that were
enriched in NASH and reduced by
A. muciniphila. The findings indicated that the
effect of A. muciniphila on NASH might be attrib-
uted to the modulation on immune microenviron-
ment. Macrophages.® and yOT cells.”'° have been
demonstrated to be important promotors of stea-
tohepatitis. For example, macrophage depletion
protected against the development of steatosis in
mice fed a HED or high-sucrose diet.” In addition,
TCRS knockout mice displayed reduced steatohe-
patitis in an HFD/HFHCD-induced NAFLD
model.'® Interestingly, we observed that
A. muciniphila administration specifically reduced
hepatic y8T (y0T17) cells and M1 cells in the livers
of NASH mice. At present, studies have reported
the regulatory effect of A. muciniphila on macro-
phages but not y8T «cells. For example,
A. muciniphila reduced macrophage infiltration in
the colon.>® Nevertheless, our study and other stu-
dies also confirmed that the gut microbiota regu-
lates the pool of hepatic ydT17 cells in HFD-fed
mice or normal chow diet-fed.'® mice via antibiotic
administration. Thus, we provided evidence that
A. muciniphila downregulated hepatic yOT
(y8T17) and M1 cells, which further contributed
to NASH prevention.

Given the close association between the gut
microbiota and two hepatic immune cells (y8T17
and M1 cells) demonstrated by antibiotics treat-
ment, we investigated the changes in microbiota-
related signals in the liver of NASH and identified
the key molecule TLR2 that was downregulated by
A. muciniphila. Similarly, live and pasteurized
A. muciniphila (including its AmEVs) were also
reported to reduce hepatic TLR2 expression in
HFD/CCl4-induced fibrotic mice.”” A previous
study reported that TLR2 knockout could suppress
NASH progression.’® Hence, we then explored
whether hepatic immune cells (y8T17 and M1
cells) were activated by TLR2 signaling in NASH
mice. Our results demonstrated that the gut-
derived signal TLR2 could activate hepatic y8T
cells (not M1 cells), and A. muciniphila inhibited
hepatic y8T cell accumulation via TLR2 in NASH
mice. y8T cells can be activated by antigen-

presenting cell-released cytokines (such as IL
~23),>>*% as well as microbiota-derived pathogen-
associated molecular patterns (PAMPs), such as
lipid antigens and LPS.'™*' However, our study
showed that A. muciniphila did not decrease the
typical PAMP receptors, including CD-1d, NOD
—1 and TLR4, but did decrease TLR2. TLR2 ligand
has been demonstrated to induce a high number of
yOT cells derived from lymphocytes in vivo and
vitro.*' That is, A. muciniphila reduced hepatic
yOT17 cells by downregulating TLR2 signaling in
NASH mice.

Because the TLR2 agonist did not obviously
affect the proportion of hepatic macrophages, we
explored other possible mechanisms by which
A. muciniphila regulates macrophage polarization
in NASH mice. Interestingly, IL-17, which can be
secreted by y8T cells, has been reported to regulate
innate immune cells (such as Kupffer cells and
neutrophils).**"** Notably, exposure to both IL
—-17A and GM-CSF could induce macrophage
necroptosis.*’ Another study found that IL-17A
controlled the recruitment of inflammatory macro-
phages to the liver.*® Notably, y8T cells can regu-
late myeloid cell recruitment (inflammatory
monocytes) in NASH mice.” Our data supported
that IL-17 promoted macrophage polarization
toward proinflammatory M1 cells in vitro. It is
likely that A. muciniphila modulated the IL-17
signals of yOT cells to affect macrophage polariza-
tion in NASH mice. Thus, A. muciniphila regulates
the crosstalk between the two hepatic immune cells
(y0T17 and M1 cells). It is noteworthy to further
investigate whether A. muciniphila can direct or
influence hepatic macrophages.

Additionally, our study provided the extensive
evidence for the intestinal barrier-protecting
effect of A. muciniphila in HFD-fed NASH mice.
A. muciniphila, as the only representative of the
phylum Verrucomicrobia in human, was reduced
in obese adults.*” and patients with NAFLD-
related cirrhosis.*®> In consistent with these
studies,””*® a decreased Verrucomicrobia and
increased Firmicutes were found in our continu-
ous HFD-fed NASH mice. The latter can provide
TLR2 ligands (e.g,, LTA) that are recognized by
the innate immune system.”* Although it did not
reduce the relative abundance of intestinal bac-
teria that provide TLR2 ligands in our NASH



mice, the supplementation of A. muciniphila
exerted a gut barrier-protecting effect. First, in
line with previous findings,'* A. muciniphila
enriched the gene expression of colonic antibac-
terial peptides (including Reg3a, Reg3b and
Reg3g). Second, A. muciniphila upregulated the
intestinal expression of tight junction proteins,
the therapeutic effect of which was reported for
metabolic disorders in others’ study.”® The
novelty findings of our study demonstrated that
A. muciniphila shifted the intestinal contents of
microbial metabolites (SCFAs and tryptophan
metabolites) and associated signaling pathways
in NASH mice. Among them, SCFAs are usually
derived from dietary fibers by microbial fermen-
tation, and degraded from mucin by
A. muciniphila.*® In agreement with previous
report on the role of SCFAs in the maintenance
of intestinal homeostasis,”*° our results demon-
strated that A. muciniphila reversed the contents
of intestinal reduced SCFA and GPR43 expression
in HFD-fed NASH mice. Further, A. muciniphila
upregulated AhR activity.”' and enzymes of the
kynurenine pathway (such as IDO1 and IDO2) in
the colon of HFD-induced NASH mice. IDO
metabolization of tryptophan into AhR
ligands,”> and AhR activation in the gut exert
barrier-protective effects.”> Thus, our study sup-
ported a potentially causative role of
A. muciniphila in protecting the intestinal barrier
function in NASH mice via regulating the micro-
bial metabolites, which might further prevent
intestine-derived TLR2 ligands from entering the
circulation. In future investigations, the mutant
A. muciniphila, the intestinal injury and AhR or
GPR 43/41 knockout model could be used to
confirm the involved metabolic pathways.

In conclusion, our study first provided evidence
that A. muciniphila inhibits nonalcoholic steatohe-
patitis by orchestrating TLR2-activated y0T17 cell
levels and further macrophage polarization.

Materials and methods
Animal experiments

Six-week-old wild-type male C57BL/6 mice were
purchased from Shanghai SLAC Laboratory
Animal, Co., Ltd. Mice were fed a normal chow
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diet, acclimated for 1 week, and then randomly
divided into groups according to the basal level of
serum ALT. Mice were maintained with four or
five mice per cage and had access to water and
food (normal chow or high-fat diet) ad libitum in
a controlled SPF environment for 20 weeks. The
high-fat diet (HFD, Research Diets, D12492, New
Brunswick, NJ, USA) provides 60% kcal from fat,
20% kcal from carbohydrates and 20% kcal from
proteins. A. muciniphila (10.° CFU) was suspended
in 200 pL of sterile anaerobic PBS containing 2.5%
glycerol and was administered daily by gavage for
20 weeks. A TLR2 agonist (LTA, Sigma, 10 pg/kg)
in saline was administered daily by intraperitoneal
injection for 20 weeks. An AhR agonist (6-formy-
lindolo[3,2-b] carbazole, FICZ, MedChemExpress,
1 pg/mouse) in sterile water containing 0.0125%
DMSO was administered daily by intraperitoneal
injection from week 16 until euthanasia.

The high-fat high-carbohydrate diet (HFHCD)
consisted of 60% kcal from fat, 20% kcal from
protein, 20% kcal from carbohydrate (Research
Diets, D12492, New Brunswick, NJ, USA), and
carbohydrates (23.1 g/L fructose and 18.9g/L
sucrose) in drinking water.”* A portion of the
HFHCD mice were treated daily with a cocktail of
antibiotics (including 1.86 mg of neomycin sulfate,
0.96 mg of vancomycin, 1.86 mg of ampicillin and
1.2 mg of metronidazole) (Sigma—Aldrich, USA) or
not by oral gavage for 18 weeks.

The culture of Akkermansia muciniphila

A. muciniphila (Cat. No. BAA-835, ATCC) was
grown in brain heart infusion medium (Oxoid,
England) under strictly anaerobic conditions
(10% H2, 10% CO2, and 80% N2) using
AW300SG anaerobic workstations (Electrotek,
England). The concentration of bacteria was mea-
sured by a spectrophotometer (Biotek, Vermont,
USA) at an excitation wavelength of 600 nm.'®

Cell culture

Mouse primary bone marrow-derived macrophage
(BMDM) and Ana-1 cells were purchased from
Procell Life Science & Technology Co., Ltd.
(Wuhan, China). The cells were plated in 24-well
plates and stimulated with RPMI medium
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containing 10 ng/ml or 100 ng/ml recombinant IL
—17 (MedChemExpress, USA). After 24 h of stimu-
lation, the cultured cells were collected for RNA
extraction.

Analysis of serum parameters

Serum alanine aminotransferase (ALT) activity,
aspartate transaminase (AST) activity and lipid indi-
cators, including total cholesterol (TC), triglyceride
(TG), low-density lipoprotein (LDL), and high-
density lipoprotein (HDL), were measured using
a 7600-210 automatic analyzer (Hitachi 7600-210;
Hitachi, Tokyo, Japan). The level of serum endo-
toxin (LPS) was detected by the limulus amoebocyte
lysate (LAL) chromogenic endpoint assay (HIT302,
Hycult Biotech, Plymouth Meeting, PA) according
to the manufacturer’s instructions.

Glucose tolerance test (GTT)

After fasting for 16 h, the baseline fasting blood
glucose level was measured in tail vein blood
using an Accu-Check glucometer (Roche, Basel,
Switzerland). Then, mice were injected intraperito-
neally with glucose (1g glucose/kg bw in sterile
PBS) for a glucose tolerance test as described in
our previous protocol.” Blood glucose was subse-
quently measured at 15, 30, 60, and 120 min after
the glucose injection.

In vivo intestinal barrier permeability

A fluorescein isothiocyanate (FITC)-labeled dextran
method.”® was performed to evaluate intestinal bar-
rier function in vivo. Mice were deprived of all food
for 6 h and then orally gavaged with the permeability
tracer FITC-dextran (FD4-1G, Sigma—Aldrich,
St. Louis, MO) (600 mg/kg body weight). Plasma
was collected retroorbitally after 4 h and mixed with
PBS (1:1). The fluorescence intensity was detected by
a fluorescence spectrophotometer (Varioskan™ Flash,
Thermo Fisher Scientific, USA) at excitation/emis-
sion wavelengths of 485 nm/535 nm.

Immunostaining of intestinal mucins

Mucus immunofluorescence was performed on
paraffin-embedded colon sections (4 um). Slides

were incubated with primary Mucin 2 antibody
(GTX100664, GeneTex, 1:200) and then Alexa
Fluor® 488-conjugated secondary antibody
(Servicebio GB2530, Wuhan, China; 1:400), fol-
lowed by DAPI staining. Images were acquired
with an inverted microscope (NIKON ECLIPSE
TI-SR, Japan). All morphometric analyses were
performed by Image-Pro Plus 6.0 software (Media
Cybernetics, Rockville, Md, USA). For quantifica-
tion, 5 randomly selected 400x fields from each
sample were measured.

Liver tissue histology

Liver tissue was dissected, fixed in 4% paraformal-
dehyde (wt/vol), dehydrated, cleared and
embedded in paraffin successively. Sections (4
um) were obtained and stained with hematoxylin
and eosin (H&E) to assess morphology. Tissue
analyses were performed by two independent
pathologists for steatosis, inflammation and bal-
looning, which were combined to generate the
NAFLD activity score (NAS).”

RNA extraction and quantitative real-time PCR
(qPCR)

Colon and liver tissues were collected and quick-
frozen in liquid nitrogen. Total RNA of tissue and
cells was extracted using an RNeasy Plus mini kit
(Qiagen, Germany) following the manufacturer’s
protocol. The extracted RNA was analyzed with
a Nanodrop 1000 spectrophotometer (Thermo
Fisher Scientific, USA) for concentration and purity
analysis, followed by reverse transcription into cDNA
using a QuantiTect Reverse Transcription Kit
(Qiagen, Hilden, Germany). qPCR was performed
using a QuantiFast SYBR Green PCR Kit (Qiagen,
Germany) and a ViiA7 Real-time PCR system
(Applied Biosystems, USA). The primers used for
PCR are shown in Table S2. Gene expression was
determined by the comparative cycle threshold (Ct)
method and was normalized to B-actin.”®

RNA sequencing

The procedures for RNA library construction and
sequencing were conducted as previously
described.”® The sequencing procedures were



performed on the BGISEQ-500 platform (BGI,
Wuhan, China). High-quality reads were aligned
to the mouse genome (mm10) by HISAT2. The
expression levels for each of the genes were nor-
malized to fragments per kilobase of exon model
per million mapped reads (FPKM) in each sam-
ple using RNA-seq by Expectation Maximization
(RESM) software. The significance of the differ-
entially expressed genes (DEGs) and hierarchical
cluster analysis were conducted using an online
website provided by BGI (https://biosys.bgi.com/
). The DEGs were defined as genes with
a combination of |log2-ratio| = 1 and FDR<
0.001.

Flow cytometry

For extracellular and intracellular staining of
immune markers, single-cell suspensions were pre-
pared by mechanical dispersion and enzymatic
digestion of fresh liver tissues in mice, as previously
described.”’ The cells were washed with cell stain-
ing buffer (Miltenyi Biotech, Germany) and then
sequentially incubated with Fc-block (Miltenyi
Biotech, Germany) and antibodies against surface
markers. For intracellular staining, cells were incu-
bated with Leuko Act Cktl with GolgiPlug (2 pL of
cocktail for every 1076 cells, BD Pharmingen) for 6
h and collected. The cells were processed with
Fixation/Permeabilization Solution (BD
Pharmingen). The antibody cocktails for extracel-
lular staining, including CD45, CD3, F4/80,
CD11b, Ly6C, CD206, TLR2 and AhR, and that
for intracellular staining, including IL-17, are sum-
marized in Table S3. Fluorescence data were col-
lected on a CytoFLEX (Beckman Coulter, Inc,,
USA) and analyzed with CytExpert 2.0 software.

High-throughput untargeted metabolomics
profiling

Fecal samples were prepared and examined accord-
ing to previously established methods.®® The sam-
ple was detected by a Dionex UltiMate 3000 RS
ultraperformance liquid chromatography (UPLC)
system. A Hypersil Gold C-18 column (2.1 x 100
mm, 1.9 um, Thermo Fisher Scientific, USA) was
used in both ESI" and ESI” modes. Mass spectro-
metric analysis was detected by Q Exactive HF-X
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mass spectrometry (MS) with a heated-ESI-II
(HESI-II) ion source (Thermo Scientific, USA).
Raw data were collected by Xcalibur™ 4.1 software
and processed by Compound Discoverer™ 3.1 soft-
ware (Thermo Fisher Scientific, USA). The hier-
archical cluster analysis of metabolites was based
on the log2 fold change of the normalized area in
each sample divided by the group area of the NC
and was conducted using Cluster 3.0 software.

Quantitative detection of SCFAs

Cecal samples were prepared according to
a previous method with modifications.®'
Approximately 20 mg of cecal contents, 250 mL of
10% isobutanol and ceramic beads were mixed,
homogenized (50 Hz, 30 s, twice) and centrifuged
(12,000 rpm, 5 min). Then, 180 pL of supernatant
was collected and mixed with 65pL of 20 mM
NaOH and 200 pL of chloroform. The mixture
was vortexed and centrifuged. A total of 200 pL of
upper aqueous phase, 40 uL of isobutanol, 50 uL of
pyridine and ultrahigh-quality water were mixed in
a total volume of 325 pL. We then added 25 uL of
isobutyl chloroformate to the mixture and opened
the lid to release generated gases. Next, 75 uL of
hexane was added, and the samples were centri-
fuged. SCFA separation was achieved by a 0.25-pm
HP-5MS column (Agilent, USA). Fifteen SCFAs
were used as external standards. The SCFA con-
centrations in the feces of mice were determined by
the Shanghai Metabolome Institute (SMI, China)
using a gas chromatograph (Agilent Technologies
7890B) coupled to a mass spectrometer (Agilent
Technologies 5977).

Bacterial 16S rRNA deep sequencing

Total fecal genomic DNA of humans and mice was
extracted with a QIAamp® fast DNA Stool Mini Kit
(Qiagen, Hilden, Germany) according to the man-
ufacturer’s protocol, as previously described by our
group.”® The concentrations of DNA were deter-
mined with a NanoDrop 2000c spectrophotometer
(Thermo Fisher Scientific, USA). The bacterial
genomic DNA of mice was subjected to polymerase
chain reaction (PCR) amplification targeting the
V3-V4 region of the 16S rRNA gene with
a primer pair. The PCR products were pooled and
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sequenced in an Illumina® MiSeq platform. The
high-quality reads were grouped into operational
taxonomic units (OTUs) at a 97% level of sequence
similarity and then were annotated with the QIIME
package (version 1.8.0).°> Representative OTUs
were classified taxonomically wusing the
Greengenes  reference  database  (version
gg 13_8).°* The community richness (Chaol and
Ace) and diversity (Shannon and Simpson) were
analyzed with Mothur (v.1.30.1).°> Principal coor-
dinate analysis (PCoA) was conducted using
R software. The linear discriminant analysis
(LDA) effect size (LEfSe) method was used to iden-
tify taxa of microbiota with statistical
signiﬁcance.66 PERMANOVA (Adonis) was used
to evaluate the P-diversity based on nonmetric
multidimensional scaling (NMDS), unweighted
and weighted UniFrac distance matrices and
Bray—Curtis distance matrices. The ANOSIM (ana-
lysis of similarities) test on Bray—Curtis distances
was also used to evaluate the differences in bacterial
communities.

Single-cell RNA sequencing

Fresh liver tissue was dispersed and digested as
single-cell suspensions, and the cells were captured
by the 10x Genomics platform (Pleasanton, CA,
USA). The ¢cDNA libraries were prepared and
sequenced to a mean depth of approximately
39,000 reads per cell. The raw data were analyzed
by Cell Ranger software (version 3.1.0) to assess the
quality and further processed by the R package
Seurat.®” The cluster of cells was visualized by uni-
form manifold approximation and projection
(Umap) in Seurat. Each cluster with marker genes
was identified by the FindAllMarkers function in
Seurat and defined by a published article based on
the top genes. The sequencing procedures were
performed by PLT TECH (Zhejiang, China).

Statistical analysis

Statistical analysis was performed by SPSS software
(version 16.0; Chicago, IL, USA) and GraphPad
Prism Software Version 6.0 (San Diego, CA,
USA). The significance among groups was ana-
lyzed by one-way analysis of variance or the
Kruskal-Wallis test. A p value less than 0.05 was

considered statistically significant. The hierarchical
clustering algorithm of heatmaps was performed
by Cluster 3.0 software. The network diagram was
generated by Cytoscape software (version 3.8.0).
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