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Pathobionts from chemically disrupted gut ==
microbiota induce insulin-dependent diabetes
in mice
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Abstract

Background Dysbiotic gut microbiome, genetically predisposed or chemically disrupted, has been linked with
insulin-dependent diabetes (IDD) including autoimmune type 1 diabetes (T1D) in both humans and animal models.
However, specific IDD-inducing gut bacteria remain to be identified and their casual role in disease development
demonstrated via experiments that can fulfill Koch's postulates.

Results Here, we show that novel gut pathobionts in the Muribaculaceae family, enriched by a low-dose dextran
sulfate sodium (DSS) treatment, translocated to the pancreas and caused local inflammation, beta cell destruction and
IDD in C57BL/6 mice. Antibiotic removal and transplantation of gut microbiota showed that this low DSS disrupted
gut microbiota was both necessary and sufficient to induce IDD. Reduced butyrate content in the gut and decreased
gene expression levels of an antimicrobial peptide in the pancreas allowed for the enrichment of selective members
in the Muribaculaceae family in the gut and their translocation to the pancreas. Pure isolate of one such members
induced IDD in wildtype germ-free mice on normal diet either alone or in combination with normal gut microbiome
after gavaged into stomach and translocated to pancreas. Potential human relevance of this finding was shown by
the induction of pancreatic inflammation, beta cell destruction and IDD development in antibiotic-treated wildtype
mice via transplantation of gut microbiome from patients with IDD including autoimmune T1D.

Conclusion The pathobionts that are chemically enriched in dysbiotic gut microbiota are sufficient to induce insulin-
dependent diabetes after translocation to the pancreas. This indicates that IDD can be mainly a microbiome-depend-
ent disease, inspiring the need to search for novel pathobionts for IDD development in humans.
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Background

Insulin-dependent diabetes (IDD) refers to a wide range
of diabetic conditions characterized by absolute insuffi-
ciency of insulin secretion [1]. The most prevalent type
of IDD is type 1 diabetes (T1D), which is an autoim-
mune condition that leads to specific destruction of beta
cells and complete loss of insulin-production [2]. Except
autoimmune T1D in which genetics may play a critical
role, IDD can be caused by environmental factors, such
as treatment with immune checkpoint inhibitors, toxic
compounds, and infection etc. [3-5]. The rapid increase
in the incidence of IDD in the past three decades indi-
cates that environmental factors, rather than genetics,
may be the main driver of such diseases [6]. However, the
pathological mechanism on how such environmental fac-
tors can induce IDD remain elusive.

It has been hypothesized that gut microbiota may
work as a mediating factor in the development of IDD
[6]. This hypothesis has been supported mainly by stud-
ies on the role of gut microbiota in the development of
T1D in both animal models and human cohorts [7].
Altered gut microbiota in connection to T1D has been
reported in Finnish, German, Italian, Mexican, American
(Colorado) and Turkish children [8-10]. The longitudinal
functional profiling of the developing gut microbiome of
infants in TEDDY study showed that short-chain fatty
acids (SCFAs) from fermentation of gut microbiota have
protective effects in early-onset human T1D [8]. Stud-
ies have shown that the gut microbiota and its metabo-
lites contribute to the development of T1D in NOD
mice through regulating toll-like receptor-dependent
signaling [11, 12], sex hormone-related pathways [13],
IL-17 related mucosal immune reactions [14, 15], and
pancreatic production of antimicrobial peptides [16].
However, germ-free mice derived from NOD mice can
still develop T1D, indicating that the gut microbiota is
not essential for the development of T1D in this animal
model [13]. The development of IDD in mice treated
with toxic compounds, such as streptozotocin (STZ),
has also been associated with gut microbiota dysbiosis.
Interestingly, the depletion of the gut microbiota by an
antibiotic cocktail blocked IDD induction by STZ, show-
ing that the gut microbiota may be indispensable for this
chemically-induced IDD [7]. However, specific members
of the dysbiotic gut microbiota which may drive IDD,
and the associated etiological mechanisms remain to be
elucidated.

Many toxic compounds have been shown to disrupt the
gut microbiota and aggravate inflammation-related dis-
eases, including metabolic diseases [17]. Notably, dextran
sulfate sodium (DSS), a compound with very low bio-
availability, has been well known for its effect on disrupt-
ing the gut microbiota and inducing acute colitis at a high
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dose (2-3%) and chronic colitis at a low dose (0.5-1%)
when administered via drinking water in mice [18-20].
To explore how an even lower level of DSS would affect
the gut microbiota and host health, we reduced the dose
to 0.2%. We serendipitously found that the mice did not
show inflammation or impaired barrier function in their
gut; instead, they developed IDD with pancreatic beta
cells significantly destructed. We identified and isolated
one of the pathobionts in family Muribaculaceae which
was enriched in the low DSS-disrupted gut microbiota
and confirmed that this single pathobiont is sufficient to
induce the initiation and progression of IDD in germfree
mice. This study indicates that IDD can be a microbiome-
dependent disease, inspiring the search of such novel
pathobionts for IDD development in humans.

Results
Low-dose DSS induced gut microbiota-dependent IDD
To determine how a lower than usual dose of DSS would
affect gut microbiota and host health, we randomized
6-week-old C57BL/6 mice into a treatment group with
0.2% DSS in the drinking water or a control group with
no any DSS intake. Compared with control mice, the
mice that received 12 weeks of low dose DSS treatment
showed a significant increase in blood glucose levels and
decrease in insulin levels in oral glucose tolerance test
(OGTT) (Fig. 1A and B). Moreover, the low dose DSS-
treated mice and control did not differ in blood glucose
levels in an insulin tolerance test (ITT), indicating that
the low dose DSS-treated group did not develop insulin
resistance (Fig. 1C). Compared with the control mice, low
dose DSS-treated mice had significantly decreased insu-
lin expression in the pancreas (Fig. 1D). We also found
that the fasting C-peptide level in serum was significantly
lower in mice with low dose DSS treatment than the con-
trol mice, demonstrating that the abnormal high glucose
level was due to low insulin production and secretion
(Figure S1). The low dose DSS-treated mice showed islet
destruction in the pancreas (Fig. 1E). These mice also
showed mild pancreatitis, as indicated by histological
characteristics, such as inflammatory cell infiltration and
edema in the pancreas (Fig. 1F), and an increase in serum
amylase levels (Figure S2). The DSS-treated mice had
significantly higher daily food and water intake than the
control mice starting from the 8" week of treatment (Fig-
ure S3). However, the energy consumption, body weight
gain, and lipid metabolism did not differ between low
dose DSS treatment and control throughout the study
period (Figures S4). Thus, the treatment with 0.2% DSS in
drinking water induced IDD in wild-type C57BL/6 mice.
However, unlike higher doses DSS [21], this low dose
DSS treatment did not induce colitis or gut barrier
impairment in mice. H&E-stained histological sections
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Fig. 1 DD induced by 0.2% DSS treatment in mice A Blood glucose and B insulin levels of normal control (NC) and DSS-treated mice, as measured
by an oral glucose tolerance test (OGTT) (the area under the curve (AUC) is shown in the inset panels). NC group, n=9; DSS group, n=7. C Blood
glucose levels of NC and DSS-treated mice as measured by an insulin tolerance test (ITT) (the AUC is shown in the inset panels). NC group, n=8; DSS
group, n=9. D Histological sections of pancreatic tissue (200x, scale bar = 0.1 mm) from NC and DSS-treated mice stained for insulin (green) and
DNA (blue), and the insulin-positive area was quantified (at right). NC group, n=8; DSS group, n=8. E The number of islets per mm? of pancreatic
tissue was calculated based on H&E-stained histological sections of pancreatic tissue (400x, scale bar = 0.05 mm) from NC and DSS-treated mice.
NC group, n=9; DSS group, n=10. F The histologic pancreatitis score was evaluated by edema, inflammation, and vacuolization in the H&E-stained
histological sections of pancreatic tissue (200x, scale bar = 0.1 mm) from NC and DSS-treated mice. Black arrows, scattered structure; Red arrows,
increased peri-islet neovascularization. NC group, n=10; DSS group, n=10. G The alpha-diversity of gut microbiota in NC and DSS-treated mice. H
Overall gut microbial structure in NC and DSS-treated mice. Principal coordinate analysis (PCoA) was performed on the basis of Bray-Curtis distance
at the amplicon sequence variant (ASV) level. For (G) and (H), NC group, n=17; DSS group, n=18.The data in (A)-(F) are shown as the mean =+ SEM,
and Student’s t-test (two-tailed) was used to analyze difference between NC and DSS groups. *P <0.05 and **P <0.01. NC, control mice provided
pure drinking water; DSS, mice treated with 0.2% (w/v) DSS in drinking water

of colon tissue showed that there were no structural
changes of epithelium in the mice with 0.2% DSS in
drinking water compared with the control (Figure S5).
The fluorescein isothiocyanate (FITC)-dextran test, lev-
els of mRNA expression of 8 different genes related with
gut barrier integrity and immunohistochemical staining

of Occludin and Zo-1 showed no significant difference
in intestinal permeability in mice with or without 0.2%
DSS treatment (Figure S5). Moreover, the fecal lipoca-
lin-2 content, a biomarker for gut inflammation, had no
significant difference between the 0.2% DSS-treated and
control mice (Figure S5).
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Although the dose of DSS used in our model was much
lower than the dose needed to induce colitis [18], the
gut microbiota structure in the low dose DSS-treated
mice was significantly shifted away from the control,
as shown by its reduced richness (Fig. 1G) and signifi-
cant difference in principal coordinate analysis (PCoA)
score plot of Bray-Curtis distance based on the amplicon
sequence variants (ASVs) of the 16S rRNA gene V3-V4
region (P=0.001 by permutational multivariate analysis
of variance (PERMANOVA) test with 999 permutations,
Fig. 1H). Thus, without altering bacterial load (Figure S6),
the development of low dose DSS-induced IDD in mice
was accompanied by significant changes in the gut micro-
biota without inducing colitis.

To find out whether the disrupted gut microbiota
was necessary for the development of IDD induced by
low dose DSS, we treated the adult C57BL/6 mice with
a cocktail of antibiotics for 5 weeks that depleted the
gut microbiota by more than 99% (Figure S7). We then
introduced 0.2% DSS into the drinking water of the mice
which were continuously treated with the antibiotic
cocktail. Under the gut microbiota-depleted condition,
DSS-treated (ABXjgs) and control (ABX,) mice had
indistinguishable glucose metabolism, insulin secretion
and histology in the pancreas (Fig. 2, Figure S2). Thus,
the removal of the gut microbiota abolished the low dose
DSS-induced IDD in mice, indicating that the gut micro-
biota is essential for the disease induction. To test if the
DSS-disrupted gut microbiota is sufficient to induce
IDD, we transferred feces from control and 0.2% DSS-
treated C57BL/6 mice to antibiotic-treated mice [22].
The recipient mice were denoted FMy,- and FM 5 mice,
respectively. Two weeks after the transplantation, the
FMss and FMy- mice developed a gut microbiota more
similar to those of their donor (Figure S8). Moreover, the
FMpg¢ mice showed significantly higher blood glucose
level, lower insulin secretion, more beta cell destruction
and more signs of pancreatitis compared with the FMy,
mice, even though all the recipient mice were provided
pure water during the trial (Fig. 2, Figure S2). This result
demonstrates that the gut microbiota treated by low dose
DSS is sufficient to induce IDD in mice. Thus, this chemi-
cally induced IDD in mice was causally mediated by the
gut microbiota which was disrupted by the low dose DSS
treatment.

Translocation of candidate gut pathobionts

to the pancreas promoted local inflammation

To identify key members of the gut microbiota enriched
by the low dose DSS which may causally contribute to
IDD development, we first identified ASVs in the gut
microbiota which showed significant differences between
the 0.2% DSS-treated and control mice by sparse partial
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least squares discriminant analysis (sPLS-DA) (Fig. 3A
and Figure S8). Notable changes were observed in the
family Muribaculaceae (phylum Bacteroidota), a major
but understudied mouse taxon [23]. Specifically, 4 ASVs
in this family were enriched, while 6 ASVs were depleted
(Fig. 3A). On the other hand, ASVs associated with
potential butyrate producers, such as 2 ASVs in the genus
Eubacterium, were decreased (Fig. 3A). Butyrate content
was significantly lower in DSS-treated than in control
mice (Fig. 3B). The butyrate content was also significantly
lower in FM,¢¢ mice compared with that in FMy,- mice
(Fig. 3B). Reduced diversity of butyrate-producing bacte-
ria and lower gut butyrate content have been linked with
overgrowth of pathobionts [24]. We hypothesized that
the 4 ASVs in the family Muribaculaceae enriched by low
dose DSS may represent candidate pathobionts for IDD
development.

Translocation of gut pathobionts to pancreas has bene
linked with a few disease conditions [25]. We hypothesized
that the candidate pathobionts enriched in low dose DSS
disrupted gut microbiota may translocate to pancreas
and induce IDD. Indeed, qPCR and fluorescence in situ
hybridization (FISH) targeting the 16S rRNA gene showed
that the bacterial load was significantly higher (by at least
one order of magnitude) in the pancreas of the low dose
DSS-treated and FM,¢¢ mice than in that of their respec-
tive controls (Fig. 3C and D, Figure S10 and S11). Absolute
abundance by multiplying the relative abundance from
sequencing the V3-V4 region of the 16S rRNA gene of the
microbiota with qPCR derived total copy number of 16S
rRNA genes in the pancreas showed that the most abun-
dant bacteria in the pancreas of control mice belonged to
the family Akkermansiaceae, but the most abundant of
microbiota in the pancreas of low dose DSS-treated mice
was the family Muribaculaceae, which was 1.44 times that
of the family Akkermansiaceae (Fig. 3E). Notably, the 4
ASVs (ASV 2778, ASV 6220, ASV 6451 and ASV 6263)
in Muribaculaceae, which were significantly enriched
in the gut by 0.2% DSS treatment (Fig. 3A), also showed
a trend of being enriched in the pancreas of the low dose
DSS-treated mice (Fig. 3F). Other ASVs in the same fam-
ily showed no difference in pancreas between the low dose
DSS-treated and control mice. The bacterial load was not
increased in the liver of the low dose DSS-treated mice
(Figure S12), suggesting that the gut microbiota specifi-
cally translocated to the pancreas. Reduced production of
cathelicidin-related antimicrobial peptide (CRAMP) by
pancreatic beta cells has been linked with the development
of autoimmunity in the pancreas and T1D [16]. We found
that the expression of the Cramp gene in the pancreas of
0.2% DSS-treated mice and FM¢; mice was significantly
lower than that in the pancreas of their respective controls
(Fig. 3G). The reduced antimicrobial peptide production
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Fig. 2 The gut microbiota disrupted by 0.2% DSS was both necessary and sufficient for inducing IDD. A Blood glucose and B insulin levels with

the AUC in the OGTT of ABX ABX 55, FMpss and FM,, - mice. For (A), ABX,- group, n=10; ABX 55 group, n=8; FM,- group, n=8; FM s group,

n=8. For (B), ABX - group, n=9; ABX,ss group, n=7; FM, group, n=6; FM s group, n=6. C Histological sections of pancreatic tissue (200, scale
bar = 0.1 mm) from ABX,, ABX 55, FMpss and FMy- mice stained for insulin (green) and DNA (blue), and the insulin-positive area was quantified

(at bottom). ABXy- group, n=7; ABXsss group, n=8; FM,, group, n=6; FMp¢s group, n=5. D The number of islets per mm? of pancreatic tissue

was calculated based on H&E-stained histological sections of pancreatic tissue (400x, scale bar = 0.05 mm) from ABX,, ABX 555, FMpss and FM -
mice. ABXy group, n=5; ABX5ss group, n=6; FM,- group, n=5; FMss group, n=>5. E The histologic pancreatitis score was evaluated by edema,
inflammation, and vacuolization in H&E-stained histological sections of pancreatic tissue (200x, scale bar = 0.1 mm) from ABX,, ABX 555, FMpss

and FM, mice. Black arrows, scattered structure; Red arrows, increased peri-islet neovascularization. ABX,- group, n=6; ABX5ss group, n=6; FM,-
group, n=5; FMpss group, n=5.The data in (A)-(E) are shown as the mean % SEM, and Student’s t-test (two-tailed) was used to analyze the following
pairs of groups: ABXyc vs. ABXyss, Or FMy- vs. FMpss. *P <0.05 and **P <0.01. ABX, antibiotic cocktail-treated mice provided pure water; ABX s,
antibiotic cocktail-treated mice treated with 0.2% (w/v) DSS added to drinking water; FM,,, antibiotic cocktail-treated mice inoculated with the fecal
microbiota from mice in the NC group and provided pure water; FM, antibiotic cocktail-treated mice inoculated with the fecal microbiota from

mice in the DSS group and provided pure water

may have allowed bacterial overgrowth in pancreas. This
may be one of the important reasons why the low dose
DSS enriched ASVs in the gut microbiota translocated to
and overgrew in pancreas.

We then examined immune responses of pancreas
to the bacterial translocation and overgrowth. Infiltra-
tion of macrophages and total T cells were higher in the
pancreas of the low dose DSS-treated mice than control

(Fig. 3H). T cell differentiation toward CD4" and CD8*
T cells were also higher in low dose DSS-treated mice
than control, which may contribute to more inflamma-
tory tissue damage [26]. Moreover, the low dose DSS-
treated mice had a decreased population of regulatory
T (T,eg) cells, which suppress the pathological immune
response [27], suggesting a continued inflammatory pan-
creatic milieu (Fig. 3H). These immune responses were
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also observed in FMp¢¢ mice but not in FM - mice (Fig-
ure S13). ABX s and ABX, mice exhibited no detect-
able pancreatic bacterial loads via qPCR and FISH and
no differences in immune responses (Figure S14). Taken
together, our data supports the hypothesis that the
downregulation of the pancreatic antimicrobial peptide
CRAMP may allow more bacteria to translocate from the
gut to the pancreas and overgrew there, which may lead
to immune tolerance disruption and IDD development.

A pathobiont isolate from the family Muribaculaceae
induced IDD in germfree mice

Based on above findings, we hypothesized that specific
bacteria represented by the 4 ASVs in the family Muri-
baculaceae, which were enriched in both the gut and
pancreas, might represent the key mediators of low dose
DSS-induced IDD. To further examine the causal role
of the bacteria in this family which were associated with
low dose DSS-induced IDD, we first aimed to obtain their
pure cultures from fresh feces of the low dose DSS-treated
mice. Although bacteria in Muribaculaceae are dominant
in the mouse gut microbiota, they had not been cultured
until recently [23]. After sequence-guided screening of
13,079 colonies isolated using 46 different types of media
(Table S1), we obtained a pure culture (named strain MF
13079) and its finished genomic sequence (Fig. 4A and
B). The genome of the strain MF 13079 had two different
16S rRNA genes, each of which had 100% identity in the
V3-V4 region with ASV 6263 and ASV 6451 respectively
(Figure S15). These two ASVs were members of the family
Muribaculaceae, which were among the 4 ASVs enriched
in both the gut and pancreas of low dose DSS-treated
mice (Fig. 3A). The nearest neighbor of MF 13079 in Gen-
Bank is Duncaniella freteri strain TLL-A3 but with only
93.7% homology in 16S rRNA gene sequence (Fig. 4C).
The average nucleotide identity (ANI) values between the
genome of strain MF 13079 and all 10 publicly available
genomes of Muribaculaceae in GenBank ranged from

(See figure on next page.)
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73.3% to 75.1%. Thus, MF 13079 may represent a new
genus in Muribaculaceae [28]. Moreover, we found the
genes for protecting against oxidative damage (COG0605
superoxide reductase, COGO0753 catalase, COG0492
thioredoxin reductase, COG0450/COG2077/COG1225
peroxiredoxin) and genes for adhesion and immune eva-
sion (COGO0133/COGO0159 tryptophan synthase) in the
genome of MF 13079 (Table S2). Such genes may facilitate
the overgrowth of this gut bacterium in the pancreas and
qualify it as a pathobiont [29].

To test if MF 13079 by itself can translocate from the
gut to pancreas and induce IDD, we inoculated only MF
13079 into germ-free adult C57BL/6 mice (Muri) by oral
gavage. A mouse-derived strain, Akkermansia mucin-
iphila 139, was inoculated into germ-free mice as con-
trol (Akk) [30]. Butyrate was not detected in either group
(Fig. 5A), and the pancreatic Cramp gene expression level
showed a trend of being lower in Muri group (Fig. 5B).
MF 13079 attained a significantly higher load in the pan-
creas of Muri mice than A. muciniphila 139 in that of Akk
mice (Fig. 5C), suggesting that the capacity of MF 13079
to translocate to the pancreas is much higher than that of
A. muciniphila 139 in the case of mono-colonization. The
Muri group, but not the Akk group, showed inflamma-
tion in the pancreas and development of IDD (Fig. 5D-F).
Thus, MF 13079 alone can translocate from the gut to the
pancreas, overgrew there and induce IDD.

To test whether MF 13079 can translocate from the
gut to the pancreas and induce IDD when in competi-
tion with a complex normal gut microbiota and in a
host with normal immunity, we transplanted cultured
MF 13079 together with feces from control mice by oral
gavage into antibiotic-treated mice (FMyc,az,). Anti-
biotic-treated mice inoculated with feces from control
mice were denoted as FMy,. We found that FMyc, s,
mice had significantly lower cecum butyrate levels and
pancreatic Cramp expression than FM, mice (Fig. 6A
and B). We obtained the absolute abundance of MF

Fig. 3 Anincrease in bacterial load and the impairment of immune tolerance in the pancreas. A Thirty ASVs that were significantly altered after

3 months of 0.2% DSS treatment, as identified using sPLS-DA models. The cluster tree on the left shows associations between these ASVs, as
determined by the Spearman correlation coefficient based on their relative abundances among all the samples. The heat map shows the relative
abundance (log,, transformed) of each ASV in a sample from an individual mouse. NC group, n=17; DSS group, n=18. B The butyrate content in the
cecum of mice. NC, n=8; DSS, n=9; FM n=8; FM,¢;, n=8.The bacterial load in the pancreas as measured by C real-time gPCR and D fluorescence
in situ hybridization (FISH) of 165 rRNA. NC, n=8; DSS, n=9; FM,, n=>5; FMps, n=5. E Distribution of family-level phylotypes in the pancreas of

NC and DSS-treated mice. The names of the top 10 most abundant families in the DSS group are shown. The abundance was determined by the
relative abundances of these families with the total bacterial load in the pancreas detected with gPCR of 16S rRNA genes. NC, n=9; DSS, n=8.F
The load of the 4 Muribaculaceae ASVs in the pancreas. The load was determined by multiplying the relative abundances of these ASVs with the
total bacterial load in the pancreas detected with gPCR of 16S rRNA genes. NC, n=9; DSS, n=8. G Cramp expression in the pancreas of mice. NC,
n=10; DSS, n=10; ABXc, n=6; ABX 555, n=6; FMy¢, n=>5; FM5, n=>5. H Flow cytometry evaluation of leukocyte subtypes in the pancreas of NC and
DSS-treated mice. Data are presented as the frequency of gated cells (from left to right: F4/80" macrophages, CD3% cells, CD8™ T cells, CD4* T cells,
and Foxp3™* CD4™ cells) among the CD45™ population of cells per mouse. NC group, n=4-5; DSS group, n=4-5. The data are shown as the mean %
SEM, and Student’s t-test (two-tailed) was used to analyze differences between the NC and DSS groups or the FM,- and FM 5 groups. *P <0.05 and

**P <0.01
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Fig. 4 A gut-derived Muribaculaceae isolate enriched by 0.2% DSS treatment A A scanning electron microscopy image of a pure isolate from
the Muribaculaceae family (named strain MF 13079) that was enriched in the gut of DSS-treated mice. B Genome atlas of the MF13079 strain of
Muribaculaceae. From outer to inner: circle 1. tRNAs; circle 2. rRNAs; circle 3. CRISPR sites; circle 4. mean centered GC content; circle 5. Sequencing
depth. C A phylogenetic tree constructed with the 16 rRNA gene of MF 13079 (red), other Muribaculaceae bacteria (blue) and typical bacterial

strains in Bacteroidota

13079 by multiplying the relative abundances of ASVs
6263 and 6451 with the total bacterial load in the pan-
creas detected with qPCR of 16S rRNA genes. We found
that the load of MF 13079 in the pancreas of FMyc, a1
mice was three orders of magnitude higher than that in
the pancreas of FM,, mice (Fig. 6C). Concomitantly,
the FMyc 1,,; mice showed an inflammatory pancreatic
milieu and increased blood glucose and decreased insu-
lin in the OGTT (Fig. 6D-F). Thus, when transplanted
together with the fecal microbiota from healthy mice, MF
13079 still translocated to pancreas and induced IDD in
antibiotic-treated mice.

As recipient mice had normal gut barrier function,
we tested other possible routes for translocation of gut
pathobionts to pancreas. Notably, MF 13079 has a com-
plete flagellar assembly pathway in its genome based on
KEGG database querying, and a flagellar structure was
observed with scanning electron microscopy (Fig. 4A,
Figure S16 and Table S2). We tested bacterial motility
by an agar-based motility assay, and MF 13079 demon-
strated notable motility in vitro (Figure S15). It provides
a means by which MF 13079 might translocate from the
gut to the pancreas via the pancreatic duct. Interestingly,
we also detected a much higher load of MF 13079 in the
mesenteric lymph nodes of Muri mice than A. muciniph-
ila 139 in those of Akk mice (Figure S17), which might
represent another pathway for MF 13079 to gain access
to the pancreas via lymphatic drainage routes [31, 32].

Dysbiotic gut microbiome from IDD patients

including autoimmune T1D induced IDD

in antibiotic-treated mice

To test whether the translocation of human-derived gut
bacteria from IDD patients to the pancreas can induce
the development of IDD in mice, we transplanted the
fecal microbiota from 4 patients with IDD and 3 healthy
participants to antibiotic-treated mice (denoted HFM,

and HFM,,, respectively). Among the four IDD patients,
one was diagnosed to have the GADA antibody, con-
firmed as T1D, 2 showed no common T1D antibodies
(GADA, TA-2A and ZnT8), one did not participate in
antibody test. Each donor’s fecal sample was inoculated
into 6 antibiotic-treated mice. PCoA revealed that the
population structure of the gut microbiota in the HFM,
mice was significantly different from that in HFM,, mice
(P=0.001 by PERMANOVA test with 999 permutations)
and that the gut microbiota of the recipient mice was
more similar to that of the corresponding human donors
(Figs. 7A and S18). Cecal butyrate content and pancre-
atic Cramp expression were significantly decreased in
the HFM, mice compared with the HFM,, mice (Fig. 7B
and C). qPCR and FISH of 16S rRNA genes revealed that
the total bacterial load in the pancreas of HFM, mice
was significantly higher than that in the pancreas of
HEM,; mice (Figs. 7D-E and S19). Moreover, the HFM,,
mice had an inflammatory pancreatic milieu, as shown
by increased macrophage and total T cell population
and decreased Treg cell populations compared with the
HEMy; mice (Fig. 7F). Concomitantly, the HFM, mice
had significantly decreased insulin expression and num-
ber of islets in the pancreas, showed histological charac-
teristics and phenotypes of mild pancreatitis (Fig. 7G-]),
which may underlie the observed loss of insulin produc-
tion and increased blood glucose levels. These results
suggest that the gut microbiota from IDD patients has
the capacity to translocate to the pancreas and induce the
phenotypes of IDD in antibiotic-treated mice.

Discussion

Our study demonstrated that novel pathobionts enriched
in a low DSS-disrupted gut microbiota can translocate
to pancreas and induce IDD in mice. Such pathobionts
are both necessary and sufficient to induce IDD. Genetic
predisposition to IDD here was not required from the
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Fig. 5 MF13079 induced IDD by translocating to the pancreas in germ-free mice. A The butyrate content in the cecum of mice in the Muri and Akk
groups. Akk, n=12; Muri, n=11. B Cramp expression in the pancreas of mice in the Muri and Akk groups. Akk, n=6; Muri, n=5. CThe MF 13079 load
in the pancreas of mice in the Muri and Akk groups assessed via qPCR of the 16S rRNA gene of each strain. Akk, n=6; Muri, n=5. D Flow cytometry
evaluation of leukocyte subtypes in the pancreas of mice in the Muri and Akk groups. Data are presented as the frequency of gated cells (left to
right: F4/80" macrophages, CD3" cells, CD8T T cells, CD4™ T cells, and Foxp3™ CD4™ cells) among the CD45™ population of cells per mouse. Akk,
n=>5; Muri, n=5. Blood glucose (E) and insulin (F) levels of the mice in Muri and Akk groups as measured by OGTT (the AUC is shown in the inset
graph). For (E), Akk, n=12; Muri, n=11. For (F), Akk, n=10; Muri, n=10. Muri, germ-free mice inoculated with the MF 13079 strain and provided pure
water; Akk, germ-free mice inoculated with the Akkermansia muciniphila strain 139 and provided pure water. In (A)-(F), the data are shown as the
mean =+ SEM, and Student’s t-test (two-tailed) was used to analyze the differences between the Muri and Akk groups. *P <0.05 and **P <0.01
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host side as the mice we used were with no known rel-
evant genetic defects. More importantly, a single isolated
pathobiont MF 13079 corresponding to 2 of the 4 Muri-
baculaceae ASVs which were enriched in the gut and
translocated to the pancreas in low DSS-treated mice,
was sufficient to induce IDD when mono-associated with
wildtype germfree mice. The fact that IDD was induced
when MF 13079 was mixed with normal gut microbiota
and transplanted to antibiotic treated wildtype mice
which have well-developed immune system shows that
predominant population level of this pathobiont in the
gut is sufficient to IDD development. Thus, this pathobi-
ont has been identified as an etiological factor for induc-
ing IDD as what we did fulfilled Koch’s postulates which
were established for identifying the causal agent for an
infectious disease.

Bacteria in the family Muribaculaceae (phylum Bac-
teroidota) are dominant in the gut microbiota of mice
and generally detected in the intestine of other homeo-
thermic animals [23, 33]. Due to the difficult isolation of
this family, there are few studies on the biological func-
tions of single strains of family Muribaculaceae. From the
analysis of the draft genomes, the bacteria derived from
the family Muribaculaceae may have abundant enzymes
that decompose complicated carbohydrates and proteins,
which help them adapt to environmental stress, such as
changes of diets, and become the dominant bacteria in
the gut [34, 35]. Not all the members of Muribaculaceae
had the capacity for inducing IDD. Among the 4 ASVs,
that were enriched by low DSS and translocated to pan-
creas, the genome of MF 13079 harbors 2. The other 2
ASVs may also have the capacity to induce IDD. This
needs to be validated when we have their cultures. In
previously published studies on microbiome and T1D,
taxa other than Muribaculaceae were shown to be associ-
ated with T1D development in NOD mice [36]. There is
a possibility that more pathobionts in different taxa may
be found to have IDD inducing capacity. This IDD-induc-
ing capacity may be a redundant function of many gut
pathobionts in the same mouse, however, translocation
of one such pathobiont to pancreas seems to be enough
for inducing IDD and host genetic defect is not required.

(See figure on next page.)
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Studies in humans have shown that acute or chronic
inflammation of the entire pancreas may drive beta-cell
death and lead to IDD [37]. Translocation of pathobi-
onts to pancreas has been shown a pivotal role in induc-
ing various pancreatic diseases [25]. A previous study
showed that the deficiency of butyrate in NOD mice
induced decreased production of CRAMP by pancre-
atic B-cell, which has been linked with the development
of autoimmunity in pancreas and type 1 diabetes, but
the mechanism is unclear [16]. Pancreatic CRAMP can
change the gut microbiota and intestinal immunity when
secreted to the gut via the pancreatic duct, but its rela-
tionship with pancreatic microbiome is not known [38].
Our study showed that enrichment and overgrowth of
pathobionts in the pancreas is necessary for CRAMP-
induced stimulation of local immune cells because antibi-
otic removal of the gut microbiota resulted in pancreatic
microbiome depletion and abolished DSS-induced IDD.

Intriguingly, the dysbiotic gut microbiota from IDD
patients including autoimmune T1D also induced IDD in
antibiotic-treated wildtype mice. This indicates that IDD-
inducing pathobionts may exist in the gut microbiota of
these patients. Genetic predisposition is known to play an
important role in T1D development, but the mechanism
involved remain elusive. One possibility could be that
the genetic defect leads to disruption of the gut micro-
biota with enrichment of pathobionts which translocate
to pancreas and induce IDD. Our study provides strong
evidence to support this hypothesis. The result that the
dysbiotic gut microbiota from IDD patients was suffi-
cient to induce IDD in antibiotic-treated mice indicates
that we may be able to identify and isolate IDD-inducing
pathobionts from the patients’ gut microbiota following
the strategy established in this study.

Studies showed that reduced butyrate production in
the gut may drive the decreased gene expression of pan-
creatic CRAMP [16]. This might be a mechanism for
induction of pancreatic inflammation and IDD in our low
DSS model. The low dose DSS treated mice had depletion
of butyrate producers and reduced butyrate production
in their gut and decreased gene expression of pancreatic
CRAMP. This warrants further studies.

Fig. 6 MF 13079 translocated from the gut to the pancreas and induce IDD when in competition with a complex gut microbiota. A The butyrate
content in the cecum of FMy and FMycy . Mice. FMye, n=10; FMycy 1 n=10. B Cramp expression in the pancreas of FMy-and FMy .y, mice.
FMye n=5; FMyc i n=5. € The amount of the MF 13079 in the pancreas of FMy ¢, and FM,c mice assessed with the method described

in Fig. 3F. FMye, n=4; FMyc o n=>5. D Flow cytometry evaluation of leukocyte subtypes in the pancreas of FMy- 4, and FM,- mice. Data are
presented as the frequency of gated cells (left to right: F4/80" macrophages, CD3" cells, CD8 T cells, CD4™ T cells, and Foxp3* CD4™ cells)

among the CD45" population of cells per mouse. FMye, n=4; FMyc y1,» "=4. Blood glucose (E) and insulin (F) levels of FMyc 4, and FM,, mice

as measured by an OGTT (the AUC is shown in the inset graph). For (E), FM, n=10; FMy, 1, n=10. For (F), FMy, n=8; FM i n=10. FMq,
antibiotic cocktail-treated mice inoculated with the fecal microbiota from mice in the DSS group and provided pure water; FMy - 4, antibiotic
cocktail-treated mice inoculated with a mixture of the fecal microbiota of the NC group and the MF 13079 strain and provided pure water. In (A)-(F),
the data are shown as the mean = SEM, and Student’s t-test (two-tailed) was used to analyze the differences between the FM-and FMyc, i

groups. *P <0.05 and **P <0.01
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Fig. 7 The gut microbiota from patients with IDD increased the bacterial load in the pancreas, disrupted local immune tolerance and induced
IDD in recipient mice. A The overall structure of the gut microbiota of the IDD patients, healthy human donors, and mouse recipients. Principal
coordinate analysis (PCoA) was performed on the basis of Bray-Curtis distance at the amplicon sequence variant (ASV) level. The bacterial load in

the pancreas of HFM, and HFMp, mice as measured by B real-time gPCR and C FISH of 16S rRNA genes. HFM,,, n=16; HFMp, n=13. D Flow cytometry
evaluation of leukocyte subtypes in the pancreas of mice in the HFM,, and HFM, groups. Data are presented as the frequency of gated cells (left to
right: F4/80" macrophages, CD3* cells, CD8™ T cells, CD4™ T cells, and Foxp3™ CD4™ cells) among the CD45% population of cells per mouse. HFM,,
n=4; HFM, n=4. E Histological sections of pancreatic tissue (scale bar = 0.1 mm) from HFM,, and HFM, mice stained for insulin (green) and DNA

(blue). The insulin-positive area in pancreatic tissue was calculated. HFM, n=10; HFMp, n=10. F H&E-stained histological sections of pancreatic
tissue (400x, scale bar = 0.05 mm) from HFM,, mice and HFM,, mice. The number of islets per mm?2 of pancreatic tissue was counted. HFMj,

n=18; HFMp, n=16. G H&E-stained histological sections of pancreatic tissue (200x, scale bar = 0.1 mm) from HFM, and HFM, mice. The histologic
pancreatitis score was evaluated by edema, inflammation, and vacuolization. HFMy, n=10; HFM, n=10. H The blood glucose level of HFM,, and
HFMp, mice according to OGTT (the AUC is shown in the inset graph). HFMy, n=4; HFM,, n=4. HFM,, antibiotic cocktail-treated mice inoculated
with the fecal microbiota of healthy human donors; HFM, antibiotic cocktail-treated mice inoculated with the fecal microbiota of IDD patients. The
data are shown as the mean = SEM, and Student’s t-test (two-tailed) was used to analyze differences between groups. *P <0.05 and **P <0.01

Conclusion

Our study shows that toxic chemicals such as DSS
may disrupt the gut microbiota and lead to serious
health consequences even at a low dosage which does
not cause acute local responses in the gut. The over-
growth in the gut and translocation to the pancreas of
pathobionts may induce inflammation in the pancreas,

destruct beta cells and lead to IDD. This study inspires
us to search for similar pathobionts in patients with
IDD. Suppression of the overgrowth of pathobionts
in the gut and prevention of their translocation to the
pancreas via restoration of a normal structure of the
gut microbiota may become a promising ecological
approach for managing IDD.
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Methods

Animal trials

Mice

Five-week-old SPF male mice (C57BL/6) were obtained
from SLAC Inc. (Shanghai, China) and kept under SPF
environment at the animal facility of Shanghai Jiao Tong
University, Shanghai, China. Mice (three-five mice/cage)
were housed in IVC system cages (Dimensions 325 x 210
x 180 mm; Suzhou Fengshi Laboratory Animal Equip-
ment Co., Ltd). The mice were fed with a sterilized nor-
mal chow diet (10% energy from fat; 3.25 kcal/g; 10100009,
SLAC) and were housed in a room maintained at 22.0 +
1°C with 30-70% humidity, with a 12 h light/dark phase
cycle (lights on at 07:00 am).

Eight-week-old of germ-free male C57BL/6 mice were
maintained in flexible-film plastic isolators at the Labora-
tory Animal Center of the SLAC Inc. (Shanghai, China).
The mice were fed a sterilized normal chow diet (10%
energy from fat; 3.25 kcal/g; P1103F-50, SLAC). The
mice were housed in a room maintained at 22.0 £+ 1°C
with 30-70% humidity with a 12 h light/dark phase cycle
(lights on at 06:00 am). Surveillance for bacterial contam-
ination was performed by periodic bacteriological exami-
nations of feces, food and padding. Detailed operations
of surveillance for bacterial contamination were consist-
ent with previous work [39].

Animal trials

Trial-1 After one-week of acclimation, the mice were
randomly assigned to 2 groups: (i) NC group (n = 7-10),
control mice provided pure drinking water for feeding 12
weeks; (ii) DSS group (n = 7-10), mice treated with 0.2%
(w/v) DSS (0216011080, MP Biomedicals, USA) to drink-
ing water for feeding 12 weeks. Independently repeated
trials were performed three times.

Trial-2 After one-week of acclimation, a cocktail of
antibiotics (0.5 g/L of vancomycin, 1 g/L of ampicillin, 1
g/L of neomycin, 1 g/L of metronidazole) was introduced
in drinking water [40]. For 5 weeks. The mice were then
randomly assigned to 2 groups: (i) ABXy group (n =
10), antibiotic cocktail-treated mice provided pure drink-
ing water for 12 weeks; (ii) ABX,g¢ group (n = 8), antibi-
otic cocktail-treated mice with 0.2% (w/v) DSS added to
drinking water for 12 weeks. During the 12 weeks, both
groups continued to have the antibiotic cocktail in their
drinking water.

Trial-3 After one-week of acclimation, the antibiotic
cocktail was introduced in drinking water for 5 weeks. The
mice were then randomly assigned to 2 groups: (i) FMy¢
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group (n = 10), antibiotic cocktail-treated mice inoculated
with the fecal inoculum from mice in the NC group and
provided pure water for feeding 20 days; (ii) FM¢s group
(n = 10), antibiotic cocktail-treated mice inoculated with
the fecal inoculum from mice in the DSS group and pro-
vided pure water for feeding 20 days. The oral gavage was
performed once a day for 3 times (Day 0, Day 1 and Day 4).
Each mouse was given 200 pL of inoculum every time.

Trial-4 After one-week of acclimation, the antibiotic
cocktail was introduced in drinking water for 5 weeks. The
mice were then randomly assigned to 2 groups: (i) FM¢
group (n = 10), antibiotic cocktail-treated mice inoculated
with the fecal inoculum from mice in the NC group and
provided pure drinking water for 20 days; (ii) FMycyapi
group (n = 10), antibiotic cocktail-treated mice inoculated
with a mixture of the fecal inoculum of the NC group and
the MF 13079 strain and provided pure drinking water for
20 days. The oral gavage was performed once a day for 3
times (Day 0, Day 1 and Day 4). Each mouse was given 200
uL of fecal inoculum every time in FM,,- group; and each
mouse was given 100 pL fecal inoculum and 100 pL bacte-
rial suspension in FMyc, a1, group.

Trial-5 The germ-free mice were randomly assigned
to two groups and each group was kept in an individual
plastic isolator. (i) Akk group (n = 12), germ-free mice
inoculated with the Akkermansia muciniphila strain 139
and provided pure drinking water for 14 days; (ii) Muri
group (n = 11), germ-free mice inoculated with the MF
13079 strain and provided pure drinking water for 14
days. The oral gavage was performed once a day for 2
consecutive days. Each mouse was given 200 pL of bacte-
rial suspension every time.

Trial-6 After one-week of acclimation, an antibiotics
cocktail was introduced in drinking water. After 5 weeks,
the mice were randomly assigned to 2 groups: (i) HFM,,
group (n = 18), the mice were inoculated with fecal inoc-
ulum from healthy human donors (n = 3) by oral gavage
and maintained for 20 days; (ii) HFMy;p,, group (1 =
24), the mice were inoculated with fecal inoculum from
IDD patients (# = 4) by oral gavage and maintained for
20 days. Fecal sample from each volunteer was prepared
separately and 6 mice were inoculated with each inocu-
lum. The oral gavage was performed once a day for 3
times (Day 0, Day 1 and Day 4). Each mouse was given
200 pL of inoculum every time.

Sequence-guided bacteria isolation
Fresh fecal samples from DSS group were collected and
mixed in anaerobic sterile Ringer working buffer in an
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anaerobic workstation (Don Whitley Scientific Ltd, Ship-
ley, UK). The 10° diluted suspension with Ringer work-
ing buffer was placed onto 46 medium plates (Table S1)
and incubated under anaerobic condition (80% N,, 10%
CO,, and 10% H,) at 37°C for 7 days. The 16S rRNA
gene of each colony was obtained using the primers 27-F
(AGAGTTTGATCCTGGCTCAG) and 1492-R (GGT
TACCTTGTTACGACTT). The obtained 16S rRNA
sequences were sequenced and aligned with the ASVs in
Muribaculaceae enriched in the gut of DSS-treated mice.
One Muribaculaceae strain (MF13079) was isolated using
a previously reported MPYG medium [41] which was
modified by adding 3% fetal bovine serum (FBS, GIBCO,
10099-141). The Muribaculaceae strain MF13079 16S
rRNA sequence was aligned with the GenBank. All the
16S rRNA sequence of the isolated strains in the family
Muribaculaceae and the 16S rRNA sequence of the rep-
resentative strains in other families of the phylum Bac-
teroidota were selected to build a phylogenetic tree by
using the Neighbor-Joining method in MEGA 6.

Preparation of inoculum

Preparation of inoculum from mice feces

Fresh fecal samples from each mouse in NC and DSS
groups (in the 12th week of Trial-1) were collected. The
fecal samples in the same group were mixed in anaerobic
sterile Ringer working buffer (9 g/L of sodium chloride,
0.4 g/L of potassium chloride, 0.25 g/L of calcium chlo-
ride dehydrate and 0.05% (w/v) L-cysteine hydrochlo-
ride) in an anaerobic chamber (80% N, :10% CO, :10%
H,) [42], and diluted to 50 times. Then the suspensions
were added with 20% (w/v) skim milk (LP0031, Oxoid,
UK) and the final fecal suspensions were diluted to 100
times. The fecal suspensions were preserved at —80 °C
until inoculation.

Preparation of inoculum from human feces

Recruitment of volunteers was approved by the ethics
committee of Henan Provincial People’s Hospital and
all participants gave written informed consent (registra-
tion number: ChiCTR2000030049). Four IDD patients
and three age- and sex-matched healthy controls were
recruited. Diabetes diagnosis was performed accord-
ing to the 1999 World Health Organization criteria [43].
IDD was diagnosed following criteria: acute-onset keto-
sis or ketoacidosis with immediate insulin replacement
therapy; impaired islet function. Among the four IDD
patients, one was diagnosed to have the GADA antibody,
confirmed as classical T1D, 2 showed no common T1D
antibodies (GADA, IA-2A and ZnT8), one did not partic-
ipate in antibody test. All healthy controls were negative
for GADA, TA-2A and ZnT8A.
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Preparation of bacterial suspensions

Akkermansia muciniphila strain 139 was cultured in
a synthetic medium [44] and Muribaculaceae strain
MF13079 was cultured in a modified MPYG medium
(Table S1). The harvested bacterial cells were washed
twice with PBS (pH 7.4) and resuspended in PBS (pH 7.4)
and added with equal volume of 20% skim milk to a den-
sity of 10° cells/ml. The bacterial suspensions were stored
at — 80 °C until inoculation.

Glucose tolerance test and estimation of insulin sensitivity
Oral glucose tolerance test (OGTT)

The first batch of mice were fasted for 6 h and baseline
blood glucose levels were measured with an Accu-Check
Performa blood glucose meter (Roche, USA) using blood
collected from the tail vein. After administration of glu-
cose (2.0 g/kg body weight) via oral gavage, blood glucose
levels were measured at 15, 30, 60, and 120 min. Serum
insulin levels were also measured by ELISA kit (90080,
Crystal Chem, USA) at 0, 15, 30, 60 min after glucose
challenge.

Insulin tolerance test (ITT)

Six hours fasted second batch of mice were injected intra-
peritoneally with 1.0 U insulin/kg body weight (Novolin,
Novo Alle, Denmark). Blood glucose was then measured
at 0, 15, 30, 60, and 120 min after injection with the blood
glucose meter (Roche, USA).

In vivo intestinal permeability assay

Intestinal permeability was measured based on the per-
meability to 4000 Da-FITC-dextran in plasma (DX-
4000-FITC) (46944; Sigma-Aldrich, St. Louis, Missouri,
USA) as previously described [45]. Briefly, after fasting
for 6 h, the mice were administered with DX-4000-FITC
(500 mg/kg body weight, 125 mg/mL) by oral gavage.
After 4 h, blood plasma collected from the tip of the tail
vein was diluted with equal volume of PBS (pH 7.4) and
analyzed for DX-4000-FITC concentration with a fluores-
cence spectrophotometer (HTS-7000 Plus-plate-reader;
Perkin Elmer, Wellesley, Massachusetts, USA) at an exci-
tation wavelength of 485 nm and emission wavelength of
535 nm. A standard curve was obtained by diluting FITC-
dextran in non-treated plasma diluted with PBS (1:3 v/v).

Energy assessment of feces

Fecal output measurement

Mice were placed in a clean cage individually and feces
were collected for 24 h. Dry weights were taken after
fecal pellets were incubated at 65°C in an oven for 24 h
(JC101, Shanghai Chengshun Instrument & Meter Co.,
Ltd, Shanghai, China).
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Bomb calorimetry

Bomb calorimetry was performed on dried fecal pellets.
Gross energy content was measured using an isoperibol
bomb calorimeter (C6000, IKA, Germany). The calorim-
eter energy equivalent factor was determined using ben-
zoic acid standards.

Triglycerides and cholesterol measurement

Serum cholesterol and triglycerides were quantified with
colorimetric kits (A111-1-1-1 and A110-1-1, respec-
tively) from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China).

Frozen liver sample was homogenized in a corre-
sponding volume (1:9, w:v) of homogenizing buffer (pH
7.4, 0.01 mol/L Tris-HCI, 0.1 mmol/L EDTA-2Na, 0.8%
NaCl). The supernatant was collected after centrifuga-
tion for 25 min at 2,000xg and 4 °C. Cholesterol and
triglycerides in homogenized tissue were quantified by
colorimetric kits from Nanjing Jiancheng Bioengineer-
ing Institute (Nanjing, China). Tissue homogenized total
protein was measured with the Protein Quantification
Kit (20202ES76; Yeasen Biotechnology Ltd., Shanghai,
China).

Amylase and lipase measurement

Serum amylase and lipase were quantified with colori-
metric kits (C016-1-1 and A054-2-1, respectively) from
Nanjing Jiancheng Bioengineering Institute (Nanjing,
China).

Fecal lipocalin-2 detection

Fecal lipocalin-2 content was quantified with a Lipoca-
lin-2/NGAL Quantikine ELISA kit (DLCN20, R&D
Systems).

mRNA expression of genes related with gut barrier
integrity in the colon

The total RNA of colons was extracted using the RNeasy
Plus Universal Tissue Mini Kit (73404, Qiagen, Dues-
seldorf, Germany). The RNA was reverse-transcribed to
cDNA using the SuperScript” III First-Strand Synthesis
(18080051, Invitrogen, Calif., USA). RT-qPCR was per-
formed with the Light Cycler 96 (Roche, Geneva, Swit-
zerland) using iQ SYBR Green Supermix (170-8882AP,
BIO-RAD, CA, USA). The PCR conditions were 95°C for
3 min, followed by 40 cycles of 95°C for 205, 56°C for 30s,
and 72°C for 30s, and plate reads for 5s. Gene expres-
sion levels were determined using the comparative AAC
method (2742€,. method), with the B-actin gene serving
as the housekeeping gene. Forward (F) and reverse (R)
primer sequences are as follows:
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B-actin, -CCTTCTTGGGTATGGAATCCTGTG, and
R-CAGCACTGTGTTGGCATAGAGG;

Tipl, F-ACCCGAAACTGATGCTGTGGATAG, and
R-AAATGGCCGGGCAGAACTTGTGTA;

Cldnl, F-GATGTGGATGGCTGTCATTG, and R-CCT
GGCCAAATTCATACCTG;

Mucl, F-TACCCTACCTACCACACTCACG, and R-CT
GCTACTGCCATTACCTGC;

Muc2, F-CACCAACACGTCAAAAATCG, and R-GG
TCTCTCGATCACCACCAT;

Muc3, F-CTTCCAGCCTTCCCTAAACC, andR-TC
CACAGATCCATGCAAAACG;

Muc4, F-GAGAGTTCCCTGGCTGTGTC,andR-GG
ACATGGGTGTCTGTGTTG;

Zo-1, FFACCCGAAACTGATGCTGTGGATAG, and
R-AAATGGCCGGGCAGAACTTGTGTA;

Occludin, F- ATGTCCGGCCGATGCTCTC,and R-TTT
GGCTGCTCTTGGGTCTGTAT.

Histopathology

Fresh epididymal fat pads were fixed with 4% paraform-
aldehyde for 48 h, embedded in paraffin, sectioned, and
stained with hematoxylin and eosin (H&E) (G1003;
Wuhan Servicebio technology Ltd., Wuhan, China). Digi-
tal images of sections were acquired with a Leica DMRBE
microscope. Adipocyte sizes were assessed using Image
Pro Plus v6.0 (Media Cybernetics Inc., Silver Springs,
MD, USA). For each mouse, mean areas of adipocytes
were determined in five discontinuous scans under x200
magnification.

Fresh liver tissues were fixed with 4% paraformaldehyde
for 48 h, embedded in paraffin, sectioned, and stained
with hematoxylin and eosin (H&E) (G1003; Wuhan Ser-
vicebio technology Ltd., Wuhan, China). Digital images
of sections were acquired with a Leica DMRBE micro-
scope. For Oil Red O staining of liver sections, liver tis-
sues were fixed in 4% paraformaldehyde for at least 48 h,
embedded in optimal cutting temperature (OCT) com-
pound (4583; CellPath Ltd., Newtown, Powys, UK) and
frozen at —20 °C. Sections were stained with Oil Red O
(00625; Sigma-Aldrich Ltd., St. Louis, MO, USA). Digi-
tal images of sections were acquired with a Leica DMRBE
microscope.

Fresh pancreatic tissues were fixed with 4% paraform-
aldehyde for 48 h, embedded in paraffin, sectioned, and
stained with hematoxylin and eosin (H&E) (G1003;
Wuhan Servicebio technology Ltd., Wuhan, China). Digi-
tal images of sections were acquired with a Leica DMRBE
microscope. pancreas islet number were assessed using
Image Pro Plus v6.0 (Media Cybernetics Inc., Silver
Springs, MD, USA). Histological analysis of pancreatitis
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was determined by one observer who was blinded to
the treatment group. Scores of pancreatitis severity was
assessed as described previously [46].

Immunofluorescence observation of insulin

in the pancreas

Fresh pancreatic tissues were fixed with 4% paraform-
aldehyde and then embedded in paraffin. Subsequently,
4 pum sections were blocked with 5% bovine albumin
(BSA), and stained overnight with anti-insulin pAb
(1:500, Abcam, ab7842) at 4°C. After washing, anti-pig-
AlexaFluor488 secondary antibody as the second-step
reagents were applied. The sections were incubated for
15 min at room temperature in the dark. Nuclei were
stained with DAPI (G1012, Servicebio). Digital images of
sections were acquired with a Leica DMRBE microscope
after completely rinsing with sterile PBS. The insulin-
positive area of each section was counted with the ‘auto-
matic bright objects’ option in the ‘Measure/count/size’
panel in Image Pro Plus v6.0 (Media Cybernetics Inc., Sil-
ver Springs, MD, USA).

Immunohistochemical analysis of ZO-1 and occludin

in the colon

After deparaffinization and processing for antigen
retrieval, the blank colon sections were incubated over-
night at room temperature with anti-rabbit ZO-1 anti-
body (1:500, catalog no. GB11195; Servicebio, China)
and Occludin antibody (1:200, catalog no. GB11149; Ser-
vicebio) separately. Sections were then incubated with
anti-rabbit IgG secondary antibody (KPL, MA, USA) for
50 min at room temperature. After washing with PBS, the
DAB Envision kit (catalog no. K5007; Dako, Copenhagen,
Denmark) was used to develop color; ZO-1 and Occludin
appear brown, while nuclei are blue. Images of each colon
section were obtained in tripartite by experienced staff
who were blind to the experiment under x200 magnifi-
cation using a Leica DMRBE microscope and were ana-
lyzed using Image Pro Plus 6.0, according to the method
previously described [47]. The integrated optical density
(IOD) values were logl10 transformed.

Flow cytometry evaluation of subtypes of leukocytes

in the pancreas

Randomly selected 2-3 mice in the NC group and DSS
group of each batch of animals were harvested fresh
pancreatic samples for flow cytometry. Fresh pre-cut
pancreatic tissue (2 x 2 mm) were digested with a solu-
tion of collagenase P in HBSS-1% HEPES (0.75 mg/
mL, Roche) at 37°C for 7 min with shaking. Digestion
was stopped by adding HBSS-10% FCS 1% EDTA fol-
lowed by extensive washes by FACS buffer (1xPBS
pH7.2, 0.5% BSA, 2mM EDTA). The suspensions were
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filtered through 100 pm cell strainer (352360, FAL-
CON, USA). Suspensions were transfer into Polystyrene
Round-Bottom Tube (352052, FALCON, USA) followed
by centrifugation at 400xg at 4°C for 5 min. To ensure
single cell bioactivity, it was necessary to disperse the
cells quickly after discarding the supernatant. 500 pL
FACS buffer was added to re-suspend cells. The wash
step was repeated twice to get a single cell suspension.
Non-specific binding was blocked with FcR blocking
antibody (anti-mouse CD16/32, 553142, BD Pharmin-
gen) before surface staining with the following mAbs:
Anti-mouse CD45.2 (563051, BD Horizon), Anti-
mouse-CD3e (562600, BD Horizon), Anti-mouse-CD4%
(553653, BD Pharmingen), Anti-mouse-CD8a (551162,
BD Pharmingen), Anti-mouse-F4/80 (12-4801-82, eBio-
science). Single cell suspension was washed twice as
described above by 500 uL FACS buffer. Intracellular
staining was carried out after fixation and permeabiliza-
tion (00-5523-00, eBioscience) with the following anti-
bodies: Anti-mouse Foxp3 (77-5775-40, eBioscience).
Dead cells were excluded with a fixable viability dye (65-
086514, Invitrogen, USA). The fluorescence was exam-
ined on an Flowcytometer (BD LSRFortessa, Becton,
Dickinson and Company, USA).

Short-chain fatty acids (SCFAs) profiling

For the determination of SCFAs in cecum content, 200
mg cecum content was homogenized with 1 mL PBS
(pH=7.2) and centrifuged at 16000 x g for 15 min (4°C).
The supernatants were filtered through 0.22 pm filters.
100 pL of cecal content water sample was acidified by
adding 0.1 mL of 50% (v/v) sulfuric acid. After vortexing
and standing for 2 min, the organic acids were extracted
by adding 0.4 mL of diethyl ether. Then the concentration
of SCFAs was measured using the Agilent 6890 (Agilent
Technologies, CA, USA) with flame ionization, thermal
conductivity detectors, and capillary column.

Whole-genome sequencing and analysis of MF13079
Whole-genome DNA of Muribaculaceae strain MF13079
was extracted with QIAamp BiOstic Bacteremia DNA
Kit (12240-50, Qiagen, USA) and sequenced with the
Oxford® Nanopore PromethION platform (performed by
Nextomics Biosciences, Wuhan, China). Subreads of the
sequence were assembled into a single complete chromo-
some using the HGAP 2.3.0 pipeline [48].

The genome sequence of Muribaculaceae strain
MF13079 was adjusted to start with the replicational ori-
gin (location of DnaA) for comparison. Protein-coding
sequences (CDSs), tRNAs, and rRNAs were predicted
and annotated using the Prokka 1.12 pipeline (Table S2)
[49]. Functional annotation of genes related with flagella-
synthesis in the CDSs of MF13079 was performed using
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the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database.

Microbiota profiling in tissues

DNA extraction of microorganisms in tissues

Pre-cut pancreatic tissue (5x5 mm) and mesenteric
lymphatic nodes (MLNs) were homogenized using a
sterile pestle in a sterile mortar under liquid nitrogen as
the media. Homogenate was used for DNA extraction
by QIAamp Pro DNA Kit (51804, Qiagen, Duesseldorf,
Germany). Sterile DNA-free water was used as negative
controls.

Bacterial load in the pancreas and mesenteric lymphatic
nodes (MLNs)

Nested PCR was used in this situation. The 16S rRNA
gene was first amplified using the primers 27-F (AGA
GTTTGATCCTGGCTCAG) and 1492-R (GGTTAC
CTTGTTACGACTT). PCR was performed in a volume
of 25.0 ul with 10 ng DNA template, 1 pl of each primer
(12.5 uM), 2.5ul of 10x PCR buffer, 0.3l of Taq poly-
merase (TaKaRa), 1 pl of ANTP mix (2.5 mM). The reac-
tion conditions consisted of initial denaturation at 94°C
for 5min; 25cycles of 94°C for 30s, 55°C for 30s and
72°C for 90s; and a final extension step for 10min at
72°C. Subsequently, a 466 bp length sequence located in
16S rRNA gene was used for quantitative PCR through
the primers Uni331F (TCCTACGGGAGGCAGCAGT)
and Uni797R (GGACTACCAGGGTATCTAATCCTG
TT) [50]. Briefly, qPCR was performed with the Light
Cycler 96 (Roche, Geneva, Switzerland) using iQ SYBR
Green Supermix (170-8882AP, BIO-RAD, CA, USA).
The PCR conditions were 95°C for 3 min, followed by 40
cycles of 95°C for 155, 60°C for 60s and plate read for 5s
at 80°C. A whole-length 16S rRNA gene of an Akkerman-
sia muciniphila strain derived from mice intestine was
used to plot a standard curve to calculate the copies of
16S rRNA genes in the samples.

Fluorescence in situ hybridization (FISH) of 16S rRNA

in the pancreas

The EUB338 16S rRNA probe labeled with the fluoro-
phore Cy3 (extinction wavelength, 555 nm; emission
wavelength, 570 nm; Servicebio, China) was used to
detect the bacterial colonization within mouse pancreatic
tissues by FISH. Nuclei were stained with DAPI (G1012,
Servicebio). Fluorescence microscopic analysis was con-
ducted with Nikon Eclipse 90i confocal microscope
(Nikon, Melville, NY) using a Cy3 labeled-probe at 1uM
as described [51-53].
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Pancreatic microbiota analysis by sequencing of V3-V4
region in 16S rRNA gene

The 16S rRNA gene was first amplified from total
DNA of the second batch of pancreatic tissue using the
primers 27-F (AGAGTTTGATCCTGGCTCAG) and
1492-R  (GGTTACCTTGTTACGACTT). The PCR
products were used as a template, a sequencing library
of the V3-V4 region of the 16S rRNA gene was con-
structed following the manufacturer’s instructions (Part
# 15044223Rev.B; Illumina Inc., San Diego, CA, USA)
with improvement as previously described [20], and
sequenced on the Illumina MiSeq platform (Illumina,
Inc., San Diego, CA, USA). The negative controls from
DNA extraction step were amplified and sequenced. Ster-
ile DNA-free water was also used as template for PCR in
sequencing library preparation and then sequenced.

The raw paired-end reads were processed and ana-
lyzed using the Quantitative Insights into Microbial Ecol-
ogy 2 (QIIME2, v2019.01) platform [41]. Demultiplexed
sequence data was imported into QIIME2, adapters
and primers were trimmed. Amplicon sequence vari-
ants (ASVs) from each sample was inferred by using the
DADA?2 pipeline [54] for filtering, dereplication, sam-
ple inference, merging of paired-end reads and chimera
identification. In the process of running the DADA2
pipeline, based on the quality profile of the data, forward
and reverse reads were trimmed accordingly to ensure
that the median quality score for each position is above
32. Potential reagent and environmental contaminations
were identified using “decontam (v.1.2.1)” package in R
(v3.4.4) based on the frequency of the ASV in the nega-
tive controls with threshold set at 0.5 [55]. The identified
contaminants were removed from dataset. After remov-
ing contaminants, all samples were rarefied to 6,000
reads per sample for downstream analysis.

Gut microbiota profiling
The bacterial DNA extraction from fecal samples of
first and third batches of mice was performed as previ-
ously described [56]. A sequencing library of the V3-V4
region of the 16S rRNA gene was constructed following
the manufacturer’s instructions (Part # 15044223Rev.B;
Ilumina Inc., San Diego, CA, USA) with improvement as
previously described [20], and sequenced on the Illumina
MiSeq platform (Illumina, Inc., San Diego, CA, USA).
The raw paired-end reads were processed and ana-
lyzed using the QIIME2. Demultiplexed sequence data
was imported into QIIME2, adapters and primers were
trimmed. ASVs from each sample was inferred by using
the DADA2 pipeline for filtering, dereplication, sam-
ple inference, merging of paired-end reads and chimera
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identification. In the process of running the DADA2 pipe-
line, based on the quality profile of the data, forward and
reverse reads were trimmed accordingly to ensure that the
median quality score for each position is above 32. The
taxonomy of all ASVs were annotated by SILVA (v132) ref-
erence database [57]. All samples were rarefied to 10,000
reads per sample for downstream analysis. Principal coor-
dinate analysis (PCoA) of ASVs based on Bray-Curtis dis-
tance was performed using QIIME2. Subsequently the
statistical significance was assessed using permutational
multivariate analysis of variance (PERMANOVA) with
9,999 permutations and P values were adjusted for mul-
tiple comparison with Benjamini-Hochberg method [58].

Sparse partial least-squares discriminant analysis
(sPLS-DA) models [59] were established to identify spe-
cific ASVs that contributed to the segregation of gut
microbial structure in NC and DSS mice using “mixOm-
ics (v6.3.1)” package [60] in R (v3.4.4). Centered log ratio
(CLR) transformations of the relative abundance of ASVs
were implemented in sPLS-DA models. The optimal clas-
sification performances of the sPLS-DA models were
estimated by the perf function using 5-fold cross-valida-
tion with the smallest balanced error rate.

Statistical analysis

Data in point plots and bar plots, horizontal lines indi-
cate Mean + S.E.M. Statistical significance was assessed
by Student’s two-tailed t test using GraphPad Prism (ver-
sion 8), with P values of <0.05 considered significant.

Abbreviations

IDD Insulin-dependent diabetes

T1D Type 1 diabetes
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SPLS-DA Sparse partial least squares discriminant analysis
FISH Fluorescence in situ hybridization
CRAMP Cathelicidin-related antimicrobial peptide
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