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ABSTRACT

Objective Type 1 diabetes (T1D) is an autoimmune
disease caused by the destruction of pancreatic B-cells
producing insulin. Both T1D patients and animal models
exhibit gut microbiota and mucosa alterations, although
the exact cause for these remains poorly understood.
We investigated the production of key cytokines
controlling gut integrity, the abundance of segmented
filamentous bacteria (SFB) involved in the production of
these cytokines, and the respective role of autoimmune
inflammation and hyperglycaemia.

Design We used several mouse models of autoimmune
T1D as well as mice rendered hyperglycaemic without
inflammation to study gut mucosa and microbiota
dysbiosis. We analysed cytokine expression in immune
cells, epithelial cell function, SFB abundance and
microbiota composition by 16S sequencing. We assessed
the role of anti-tumour necrosis factor ot on gut mucosa
inflammation and T1D onset.

Results We show in models of autoimmune T1D

a conserved loss of interleukin (IL)-17A, IL-22 and
IL-23A in gut mucosa. Intestinal epithelial cell function
was altered and gut integrity was impaired. These
defects were associated with dysbiosis including
progressive loss of SFB. Transfer of diabetogenic T-cells
recapitulated these gut alterations, whereas induction
of hyperglycaemia with no inflammation failed to do
so. Moreover, anti-inflammatory treatment restored

gut mucosa and immune cell function and dampened
diabetes incidence.

Conclusion Our results demonstrate that gut mucosa
alterations and dysbiosis in T1D are primarily linked

to inflammation rather than hyperglycaemia. Anti-
inflammatory treatment preserves gut homeostasis and
protective commensal flora reducing T1D incidence.

INTRODUCTION

Type 1 diabetes (T1D) is an autoimmune disease
characterised by the destruction of pancreatic
B-cells that produce insulin.! The pathological acti-
vation of the immune system results in pancreatic
inflammation, anti-islet antibody production, and
islet infiltration by cytotoxic cells.”® Both innate
and adaptive immune systems are inappropriately

Significance of this study

What is already known on this subject?

» Individuals affected by type 1 diabetes (T1D)
exhibit an altered gut mucosa associated
with increased intestinal permeability and a
proinflammatory immune profile.

» Intestinal interleukin (IL)-17A and IL-22
participate in the maintenance of gut integrity
and both can be induced by segmented
filamentous bacteria (SFB) in the ileum.

» Gut microbiota of both diabetic and at-risk
patients differs from that of healthy subjects.

What are the new findings?

» In non-obese diabetic mice, diabetes onset was
associated with reduced IL-17A, IL-22 and IL-
23A production in ileum, increased intestinal
permeability and bacteria translocation.

» There was a progressive loss of SFB during
disease development.

» Hyperglycaemia alone did not recapitulate gut
mucosa and microbiota alterations occurring in
autoimmune models of T1D.

» Anti-inflammatory treatment restored gut
mucosa and immune cell function, and reduced
diabetes development.

How might it impact on clinical practice in the

foreseeable future?

» Our results reveal SFB as a potential biomarker
of T1D progression in at-risk individuals and
suggest that an anti-inflammatory treatment
might be of interest to reduce intestinal
alteration associated with T1D onset.

activated and involved in disease progression, in
the pancreas and associated pancreatic lymph nodes
(PLN).” * The resulting loss of insulin production
leads to chronic hyperglycaemia and forces patients
to rely on an insulin replacement therapy for life."
Another organ severely affected in T1D is
the gastrointestinal tract. Several studies have
described structural alterations of the gut

296 E

Rouland M, et al. Gut 2022;71:296-308. doi:10.1136/gutjnl-2020-323664 BMJ

'saiIfojouyoal Jejiwis pue ‘Buiuresy |v ‘Buluiw elep pue 1xa1 01 pale|al sasn 1o} Buipnjoul ‘1ybliAdod Aq palosalold
"‘NVYSO0I191g selluewny ul|d 1su| 1e G20z ‘o€ Arenuer uo jwoo fwginby/:dny woll papeojumoq "TZ0zZ Arenigsd 9T U0 $99£2¢-0202-IuiNB/9ETT 0T Se paysiignd 1s.1) ;1N


http://www.bsg.org.uk/
http://gut.bmj.com/
http://orcid.org/0000-0002-8019-7629
http://orcid.org/0000-0001-5584-3476
http://orcid.org/0000-0002-1089-2837
http://orcid.org/0000-0002-0450-3321
http://crossmark.crossref.org/dialog/?doi=10.1136/gutjnl-2020-323664&domain=pdf&date_stamp=2021-11-16
http://gut.bmj.com/

Gut microbiota

mucosa, such as a reduction in crypt length and tight junc-
tion proteins expression in both patients with T1D and
animal models.*” Functional studies using mannitol-lactose
clearance in patients with T1D and fluorescein isothiocy-
anate (FITC) dextran in animal models of T1D demon-
strated that gut integrity is weakened, allowing an increased
crossing of bacterial components from the gut lumen to
systemic circulation.!®"® Several factors are suspected to
be involved in gut permeability increase in the context of
diabetes, including alimentation, microbiota alteration and
enteric infection.® '*77

In parallel, the gut immune system, which resides in close
contact with microbiota, displays proinflammatory features
on T1D development.'®2° The incidence of chronic intes-
tinal inflammation is higher in patients compared with the
general population.*' % Infiltration of proinflammatory cells
is increased in the gut mucosa of T1D patients compared
with healthy controls while Forkhead box P3* (FOXP3™¥)
regulatory T cells frequencies are reduced.' ' 2* We previ-
ously reported that mucosal-associated invariant T (MAIT)
cells exert a key role in maintaining gut integrity that is lost
during T1D progression in non-obese diabetic (NOD) mice.**
Indeed, MAIT-deficient NOD mice develop an exacerbated
disease associated with increased gut alterations and bacteria
DNA translocation into PLN.** During disease progression
in NOD females, MAIT cells lose interleukin (IL)-17A and
IL-22 production, two critical cytokines required to main-
tain gut integrity.” 2’

Given that a variety of gut immune cells can produce
IL-17A and IL-22, we examined whether the cytokine
production loss, observed in MAIT cells, was extended to
these other cells in the context of T1D. Since segmented
filamentous bacteria (SFB) can induce the production of
both cytokines and has been associated with T1D in mouse
models, we investigated whether SFB was altered during
diabetes development. Finally, using several different mouse
models of diabetes we sought to determine the cause of
gut and microbiota alterations in T1D. Our study reveals
a concomitant loss of SFB, IL-17A, IL-22 and gut integrity
during T1D progression and that gut inflammation, rather
than hyperglycaemia, is an important driver of gut mucosa
alteration and dysbiosis. Moreover, our results highlight the
potential of treating gut inflammation to prevent diabetes.

RESULTS

T1D development in NOD mice is associated with decreased
production of IL-17A, IL-22 and IL-23A by intestinal immune
cells

We first began our investigation of gut alterations by
analysing the production of cytokines in the lamina propria
(LP) of ileum from female NOD mice at prediabetic stage
(8-10 weeks) and at diabetes onset. A significant decrease in
transcripts for I/17a, 1122 and I123a was observed in diabetic
compared with younger prediabetic NOD mice (figure 1A).
To confirm this decrease at the protein level, flow cytom-
etry analyses of LP cells were performed. Intracellular
labelling of IL-17A and IL-22 cytokines of haematopoietic
cells (CD45"), T cell receptor (TCR)-B* cells and TCR-B
lymphoid cells also revealed a significant decrease in the
frequency of IL-17A and IL-22-producing cells in diabetic
mice (figure 1B,C). Similar reductions were observed in
absolute cell numbers (online supplemental figure 1A,B).

Since the Retinoic-acid-receptor-related Orphan nuclear
Receptor gamma (RORyt) is a key transcription factor
controlling IL-17A** and IL-22 production,” we used a
RORyt-Green Fluorescent Protein (GFP) reporter NOD
mouse line that we had generated to evaluate RORyt cellular
expression.”* At the diabetic stage, an overall decrease of
RORyt-GFP expression was observed in CD45*, TCRB*
and TCRp  cells (figure 1D and online supplemental figure
1C). Moreover, we observed the same decrease in CD4 T,
invariant Natural Killer T (iNKT), MAIT, y8T and innate
lymphoid cells (online supplemental figure 1D). These data
show that T1D development is associated with a general
defect in IL-17A and IL-22 production by gut mucosa
immune cells.

T1D development is associated with alteration of gut mucosa
functions and decreased SFB abundance

The fucosyltransferase 2 (FUT2) enzyme expressed by gut
epithelial cells (ECs) is representative of a protective mech-
anism promoting the maintenance of the commensal gut
microbiota, protecting the host against opportunistic patho-
gens.”” Since IL-22 can induce Fut2 expression by ileum
ECs, we analysed Fut2 expression in the ileum of female
NOD mice at different disease stages.”” ** mRNA expression
of Fut2 in ileum of diabetic mice was significantly lower
than in younger prediabetic mice (figure 2A). In addition,
analysis of a(1,2)-fucose levels on EC surface by the binding
of fluorescent Ulex europaeus agglutinin-1 (UEA-1) lectin
showed a significant decrease in the frequency and intensity
of EC fucosylation in diabetic mice (figure 2B).

Since SFB is intimately attached to ECs in ileum and induce
IL-17A and IL-22 production by gut immune cells,*'>¢ we
investigated whether ECs alterations were associated with
a loss of SFB. The relative abundance of SFB in ileum was
significantly reduced in diabetic mice compared with predi-
abetic mice (figure 2C). The decrease of SFB relative quanti-
ties in diabetic mice was also observed in faeces (figure 2D).
Analysis revealed that SFB levels progressively decreased
from 4 weeks up to 13 weeks old female NOD mice free
from diabetes (figure 2E). Progressive loss of SFB was similar
between age-matched female C57BL/6] and female NOD
mice that remained diabetes-free until up to 13 weeks of
age. However, SFB loss was significantly increased as soon
as 9 weeks of age in female NOD mice that became subse-
quently diabetic at 13 weeks of age (figure 2F). Of note,
SFB relative quantity in faeces stabilised at diabetes onset.
The diminished amount of SFB in ileum positively correlated
with the decreased expression of Fut2 mRNA in diabetic
mice (figure 2G).

After oral gavage, blood FITC-dextran concentration
was significantly higher in diabetic NOD mice than in
10-week-old NOD mice (figure 2H). We also observed
a reduction of claudin-4 (Cldn4), tight junction protein
1 (Tjp1), occludin (Ocln) and mucin-2 (Muc2) mRNA in
sorted epithelial cell adhesion molecule (EpCam)* ECs of
ileum from diabetic compared with younger mice (figure 2I).

We next analysed whether loss of gut integrity in diabetic
mice was associated with bacterial translocation. Increased
detection of 16S DNA was observed in liver of diabetic NOD
mice compared with prediabetic NOD and C57BL/6] mice
(figure 2J). There was also an increase of CFU of anaerobic
and aerobic bacteria in liver from 17-week-old and diabetic
mice compared with younger NOD and control C57BL/6]
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Figure 1 Decreased IL-17A and IL-22 cytokine production in the gut mucosa of diabetic NOD mice. Lamina propria (LP) cells from small intestine
(ileum) of prediabetic (8—10 weeks) and diabetic females NOD mice were analysed. (A) RT-qPCR of //17a, 122 and //23a mRNA in ileum of NOD mice
(n=8 mice per group). Results were normalised to the expression of the reference gene Gapdh. (B, C) Mice were stimulated for 2 hours in vivo by
injection of flagellin. Activated LP cells were analysed by flow cytometry. Representative dot plots and percentages of IL-17A* cells (B) and IL-22* cells
(C) among CD45%, TCRB* or TCRB™ lymphoid cells are shown (n=7 mice per group). (D) Flow cytometry analysis of RORyt-GFP expression by LP cells in
RORyt-GFP NOD mice. Representative dot plots and percentages of RORyt-GFP* cells among CD45, TCRB* or TCRB” lymphoid cells are shown (n=6
mice per group) according to cell size (FSC-A). Data are representative of two or three independent experiments and small horizontal lines indicate
the median, each data point represents one individual mouse. *P<0.05, **p<0.01and ***p<0.001 (two-tailed Mann-Whitney U test). FSC-A, forward
scatter-area; GFP, green fluorescent protein; IL, interleukin; NOD, non-obese diabetic; ROR, Retinoic-acid-receptor-related Orphan nuclear Receptor;
TCR, T-cell receptor.
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Figure 2 T1D development in NOD mice is associated with altered epithelial cells (ECs) function and decreased SFB level. LP cells from small 85
intestine (ileum) of prediabetic (8—10 weeks) and diabetic females NOD mice were analysed. (A) Relative mRNA expression of fucosyltransferase 3 2
2 (Fut2) in ileum (n=14-16 mice per group). Results were normalised to the expression of the reference gene Gapdh. (B) ECs from small intestine §3
(ileum) were analysed (n=6 mice per group). Flow cytometry analysis of intestinal ECs (CD45 EpCam™) was performed with UEA-1-FITC lectin to > «
detect fucosylated-ECs. Representative dot plots, percentages and mean fluorescence intensity (MFI) of fucosylated ECs are shown according to %‘N
cell size (FSC-A). (C, D) lleal tissues and faecal content were collected and extracted DNA was analysed by gPCR for the presence of intestinal SFB s 3
(n=15 mice per group). (E) SFB level was assessed by qPCR in faeces from non-diabetic NOD mice from 4 to 13 weeks of age (n=4-12 mice per 3 S
group). (F) SFB level was quantified by qPCR and followed from 7 weeks to 13 weeks of age in faeces from female C57BL/6J mice, female NOD o
mice that became, or not, diabetic at 13 weeks of age (n=4—15 mice per group). Significant differences between C57BL/6J and diabetic NOD mice ‘(ED- é
are represented by a $ symbol. (G) Spearman’s correlation between SFB level and Fut2 relative expression in ileal tissues (n=16 diabetic mice). (H) o o)
Intestinal gut permeability measured by in vivo FITC-dextran assay in NOD mice at 6, 10, 12 weeks of age and at diabetes onset (n=3-10 mice per 5
group). (I) RT-gPCR analysis of claudin 4 (Cldn4), tight junction protein 1 (Tjp1), occludin (Ocln), mucin 2 (Muc2) mRNA in EpCam* cells from ileum I
of female NOD mice (n=4-7 mice per group). Results were normalised to the expression of Gapdh. (J) 165 bacterial DNA level from the liver was 3
assessed by qPCR from 6 to 11 weeks of age NOD mice, diabetic NOD mice and C57BL/6J mice (n=3-16 per group). (K) Livers were recovered in 3
aseptic conditions from NOD mice at different ages and C57BL/6J control mice (n=2-5 mice per group). Liver cells were lysed and then plated on g
Terrific broth agar plates at 37°C in aerobic or anaerobic conditions to evaluate bacterial dissemination. The number of CFU was assessed after o
a 24-hour (aerobic) or 48-hour (anaerobic) incubation period. SFB levels were normalised to the respective abundance of total bacteria. Data are o
representative from at least two independent experiments and horizontal lines indicate the median, each data point represents an individual mouse. g
*/$P<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (two-tailed Mann-Whitney U test). FITC, Fluorescein isothiocyanate; FSC-A, forward scatter-area; )
LP, lamina propria; NOD, non-obese diabetic; SFB, segmented filamentous bacteria; T1D, type 1 diabetes; UEA-1, ulex europaeus agglutinin-1. jZ>
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mice (figure 2K). Bacteria analysis highlighted that bacteria
of anaerobic and aerobic culture from the liver were mostly
Lactobacillus  murinus (online supplemental table 1).
Together these data show that progression toward diabetes
in NOD mice is associated with several gut mucosa alter-
ations and a dramatic decrease of SFB.

Gut mucosa alterations in streptozotocin-induced diabetes in
NOD and C57BL/6J mice

We next investigated whether the observed gut mucosa alter-
ations and SFB loss were restricted to T1D development
in NOD mice or could be observed in other T1D mouse
models. A commonly used mouse model of T1D is based on
treatment with multiple low doses of streptozotocin (STZ)*’
(figure 3A). NOD males became diabetic shortly after STZ
treatment and harboured the same mucosa alterations
as spontaneous diabetic NOD females: notably reduced
Il17a, 1122 and 1123a mRNA expression in LP cells of ileum
(figure 3B), a significant decrease of UEA-1" ECs frequen-
cies (figure 3C) as well as a reduction of Fut2 mRNA tran-
scription (figure 3D) and diminished levels of SFB in faeces
associated with treatment duration (figure 3E). To exclude
the possibility of NOD mouse-specific defects we also anal-
ysed C57BL/6] mice treated with STZ (figure 3F). As in
diabetic NOD mice, diabetes in STZ-treated C57BL/6] mice
was associated with reduced transcripts for Il17a, 1122 and
I123a in LP cells of ileum (figure 3G), decreased frequencies
of UEA-1% ileum ECs, as well as a slight decrease of mean
fluorescence intensity of UEA-1 (p=0.0519) (figure 3H). We
observed decreased levels of SFB in ileum and faeces as in
NOD mice (figure 31). Therefore, these gut microbiota and
mucosa alterations seem to represent common features asso-
ciated with T1D onset.

Hyperglycaemia does not replicate intestinal alterations
observed in T1D

Next, we investigated whether these alterations observed in
diabetic mice could occur on induction of hyperglycaemia
in absence of autoimmune/inflammatory reaction. To this
end, C57BL/6] mice were grafted with a pump allowing
continuous diffusion of S961, an insulin receptor antag-
onist®® (figure 4A). In contrast to what was observed in
prediabetic NOD and STZ-treated mice, hyperglycaemia
in S961-treated mice induced a significant increase of SFB
abundance in faeces and ileum (figure 4B). Moreover, there
was no difference in UEA-1 expression on intestinal ECs
and no modification of 1/17a and 1122 mRNA expression in
cells from ileum LP (figure 4C,D). However, hyperglycaemia
induced a significant increase of I123a mRNA expression in
LP cells from ileum (figure 4D). These data show that hyper-
glycaemia alone does not induce SFB, IL-17A, IL-22 and
IL-23A loss that we observed in NOD and STZ-treated mice.

Diabetes induced by diabetogenic T-cells alters intestinal
homeostasis and SFB level

We transferred by intravenous injection diabetogenic T cells
(BDC2.5) in Trac” NOD recipient mice. This model allows
synchronisation of T1D induction and monitoring of diabe-
togenic CD4% T cells migration within different tissues.
Onset of diabetes in recipient mice (figure 5A) was asso-
ciated with the same gut alterations as observed in NOD
mice such as a significant decrease of SFB in ileum and
faeces (figure 5B), an enhanced gut permeability evaluated

by FITC-dextran in blood after oral gavage (figure 5C), and
a decrease in mRNA transcripts for Il17a, 1122 and 1123a
in cells from ileum (figure 5D). Increased gut permeability
in diabetic recipient mice was associated with a significant
decrease of Tjp1 and Muc2 mRNA levels and a slight reduc-
tion of Cldn4 (p=0.07) and Ocln (p=0.10) mRNA levels in
intestinal ECs (figure SE).

We next assessed whether diabetogenic BDC2.5 T cells
could home into the ileum of recipient mice. Flow cytom-
etry analysis showed presence of BDC2.5 T cells from
day 2 to day 13 in the ileum, PLN and mesenteric lymph
nodes (MLN) (figure SF,G and online supplemental figure
2). BDC2.5 T cell frequency in ileum was higher at day 13
compared with MLN and PLN (figure SF,H). Furthermore,
an elevated frequency of BDC2.5 T cells in ileum produced
interferon (IFN)-y and tumour necrosis factor (TNF) o
compared with MLN and PLN (figure 5L,J). We also trans-
ferred BDC2.5 T cells in wild-type NOD recipient mice, in
which they do not induce diabetes,*” allowing analysis of
BDC2.5 T cell behaviour without potential contribution of
homeostatic proliferation that could occur in Trac” NOD
recipient mice. Flow cytometry analysis confirmed the pres-
ence of BDC2.5 T cells at day 8 in ileum, MLN, PLN and
pancreatic islets (figure SK,L and online supplemental figure
3AB). Increased frequency of BDC2.5 T cells in these organs
resulted from their higher proliferation rate compared with
host CD45.2" CD4" T cells (figure SM and online supple-
mental figure 3C-E). Moreover, BDC2.5 T cells produced
high levels of IFN-y and TNFa in ileum, MLN and PLN
compared with host CD45.2" CD4" T cells and the highest
TNFa level in BDC2.5 T cells was observed in ileum even
when compared with all organs, including pancreatic islets
(figure SN,0 and online supplemental figure 3FG). These
data suggest that gut mucosa alterations in recipient mice are
caused by diabetogenic T cell production of inflammatory
cytokines in ileum.

Gut microbiota alteration in NOD mice matches the
observations in BDC2.5 model

As our data revealed the impact of gut inflammation on SFB
levels, we next performed a more extensive analysis of gut
microbiota alterations in mouse models of T1D versus our non-
autoimmune hyperglycaemic mouse model. 16S ribosomal DNA
sequencing confirmed SFB reduction with T1D progression in
NOD mice at different ages as well as in BDC2.5 T cell recip-
ient mice (figure 6A). 16S DNA sequencing also confirmed the
increase of SFB in hyperglycaemic S961-treated mice (figure 6A).
Principal component analysis (PCA) of 16S ribosomal DNA
sequencing showed an unsupervised overview of gut microbiota
modification in these mice (figure 6B). In NOD mice, there was
a shift of the gut microbiome from 6-week-old to 10-week-old
mice to diabetic mice with the PC2 (9.85%). In BDC2.5 T
cell transfer experiments, two clusters separated control from
BDC2.5 T cell-induced diabetic mice mostly by PC2 (20.23%)
(figure 6B). Lastly, in S961 experiments we observed two clus-
ters that separated control from hyperglycaemic mice mostly by
PC1 (34.05%) (figure 6B).

We next explored more precisely gut microbiota modifications
during T1D progression in NOD mice. 16S sequencing of faecal
content from NOD mice from 6 weeks of age to diabetes onset
showed a total of 24 phyla and genera modifications (figure 6C
and online supplemental figure 4). As previously shown, relative
abundance of Bacteroidetes and Firmicutes were, respectively,
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Figure 3 Modification of gut mucosa homeostasis in streptozotocin (STZ)-induced diabetes in NOD and C57BL/6J mice. Male NOD and C57BL/6)
mice received three low doses (50 mg/kg) of STZ during three following days, starting on day 0, to induce diabetes, control mice received citrate buffer
injection only. (A) NOD mice treated with STZ were monitored with daily measurement of blood glucose concentration (mg/dL) (n=6-15 mice per
day and group). (B) RT-qPCR analysis of //17a, /22 and /l23a mRNA from ileum LP of NOD mice on day 10 after treatment or not with STZ (n=4 mice
per group). Results were normalised to the expression of Gapdh. (C) Flow cytometry analysis of intestinal ECs (CD45 EpCam™) was performed with
UEA-1-FITC to detect fucosylated-ECs. Representative dot plots and percentages of fucosylated ECs are shown (n=5 mice per group) according to

cell size (FSC-A). (D) Relative expression of Fut2 in ileum 10 days after STZ injection (n=4 mice per group). Results were normalised to the expression
of Gapdh. (E) SFB level was assessed daily by gPCR analysis in faeces of STZ treated mice from day 0 to day 3 (n=6 mice per group) and on day 10
(n=10 mice per group). Results were normalised to the respective abundance of total bacteria. (F) C57BL/6J mice treated with STZ were monitored
with daily measurement of blood glucose concentration (mg/dL) (n=5-6 mice per group). (G) RT-qPCR analysis of //77a, //22 and //23a mRNA from
ileum LP of C57BL/6J mice treated or not with STZ on day 11 post-treatment start (n=5—6 mice per group). Results were normalised to the expression
of Gapdh. (H) Flow cytometry analysis of intestinal ECs (CD45 EpCam*) was performed with UEA-1-FITC to detect fucosylated-ECs. Representative
dot plots, percentages, and mean fluorescence intensity (MFI) of fucosylated-ECs are shown (n=5-7 mice per group) according to cell size (FSC-A).

(I) SFB level was assessed by qPCR analysis in faeces and ileum on day 11 (day of sacrifice) (n=5-6 mice per group). Results were normalised

to the respective abundance of total bacteria. Data are representative of at least two independent experiments and horizontal lines indicate the
median, each data point represents one individual mouse. *P<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 (two-tailed Mann-Whitney U test).
ECs, epithelial cells; EpCam, EC adhesion molecule; FSC-A, forward scatter-area; IL, interleukin; LP, lamina propria; NOD, non-obese diabetic; SFB,
segmented filamentous bacteria; UEA, ulex europaeus agglutinin-1.
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Figure 4 Hyperglycaemia does not replicate intestinal alteration observed during T1D progression. Hyperglycaemia was induced by a continuous
administration of $961, an antagonist of insulin receptor molecule at 20 nmol/week with a flow rate of 0.5 uL/hour for 7 days, and PBS was used for
control mice. (A) Mice were monitored with measurement of blood glucose level (mg/dL) every 48 hours. Glycaemia kinetic representative of one
experience among all (n=4 mice per group). (B) Relative SFB levels were analysed by qPCR in faeces on day 0 (before pump graft), 5 and 7, and in
ileum after sacrifice on day 7 (n=8-13 mice per group). Results were normalised to the respective abundance of total bacteria. (C) Flow cytometry
analysis of intestinal ECs (CD45" EpCam*) was performed with UEA-1-FITC to detect fucosylated-ECs. Representative dot plots, percentages and mean
fluorescence intensity (MFI) of fucosylated ECs are shown (n=6 mice per group) according to cell size (FSC-A). (D) RT-qPCR analysis of //17a, 1122
and //23a mRNA in LP of ileum on day 7 (n=12-13 mice per group). Results were normalised to the expression of Gapdh. Data are representative
of at least three independent experiments and horizontal lines indicate the median, each data point represents one individual mouse. *P<0.05,
***n<0.001, ****p<0.0001 (two-tailed Mann-Whitney U test). ECs, epithelial cells; EpCam, EC adhesion molecule; FSC-A, forward scatter-area; IL,
interleukin; LP, lamina propria; SFB, segmented filamentous bacteria; T1D, type 1 diabetes; UEA, ulex europaeus agglutinin-1.

decreased and increased in diabetic NOD mice as compared with
prediabetic mice.* We further observed other modifications
during T1D progression in NOD mice and several were common
with modifications occurring in BDC2.5 T cell recipient mice that
became diabetic. A significant increase of Coprococcus, Dorea,
Oscillospira, Thiobacter was associated with disease progres-
sion (figure 6C,D). However, other gut microbiota modifica-
tions were similar during the development of diabetes in NOD
mice and induction of hyperglycaemia in S961-treated mice. In
both mouse models, there was a significant decrease of Bacteroi-
detes phylum and an increase of Bacteroides genus. Conversely,
Parabacteroides was reduced in hyperglycaemic mice compared
with diabetic NOD mice (figure 6C,E). We did not observe
any similarities in microbiome alteration between BDC2.5 T
cell-transferred mice and hyperglycaemic S961-treated mice
(figure 6D,E and online supplemental figure 5). Some modifica-
tions only occurred in S961-treated mice such as an increase of
Enterococcus, Erwinia and Klebsiella and a decrease of Allobac-
ulum genera (figure 6E). While Coprococcus increased in diabetic
NOD mice and BDC2.5 T cell-transferred mice, this genus was

rather reduced (p=0.0642) in hyperglycaemic S961-treated mice
compared with their controls (figure 6E). Similarly, the increase
of Dorea and Oscillospira genera in both diabetic NOD mice and
BDC2.5 T cell-transferred mice was not observed in hypergly-
caemic S961-treated mice. Overall, these data highlight several
gut microbiota modifications occurring in two mouse models of
autoimmune diabetes but not on induction of hyperglycaemia.

Anti-TNFo treatment prevents gut mucosa alterations,
restores SFB levels and prevents T1D onset

Since transferred BDC2.5 diabetogenic T cells migrated and
expanded to the ileum where they produced a large amount of
TNFo, we assessed the impact of Remicade, an anti-TNFo, anti-
body (Infliximab), on gut inflammation and diabetes develop-
ment. Anti-TNFa antibody treatment had a major impact on gut
mucosa as it increased I/17a and II22 mRNA levels as well as
Foxp3 transcript abundance in LP cells of ileum from treated mice
compared with isotype-injected control mice (figure 7A). Ileal
EC function was improved by anti-TNFo treatment as UEA-1
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Figure 5 Transfer of BDC2.5 T cells impacts small intestine homeostasis. Diabetes was induced by intravenous injection of CD45.2* CD4* CD62L* T
cells from BDC2.5 Trac” NOD mice into CD45.1* Trac” NOD recipient mice. lleum, MLN, PLN and faecal pellets from NOD recipients and non-injected
mice were collected and analysed. (A) Incidence of diabetes of recipient Trac”” NOD mice after transfer with BDC2.5 T cells (n=7 mice per group).

(B) Relative SFB abundance was analysed by qPCR in faeces (on day 0, 5, 8 and 13) or in ileum (after sacrifice on day 13) (n=5—6 mice per group).
Results were normalised to the respective abundance of total bacteria. (C) Intestinal gut permeability evaluated by in vivo FITC-dextran assay in
recipient mice and their controls (n=5-10 per group). (D) On day 13, mice were sacrificed and the relative expression of //17a, 1122 and //23a mRNA
in LP of ileum were analysed by RT-gPCR (n=9-10 mice per group). Results were normalised to the expression of Gapdh. (E) RT-qPCR analysis of
mRNA encoding for Cldn4, Tjp1, Ocln, Muc2 in sorted ECs from ileum (n=6-7 mice per group). Results were normalised to the expression of Gapdh.
(F, G) Representative dot plots and evolution of BDC2.5 T cells frequency among CD45" cells in ileum, MLN, and PLN at day 2, 4, 8 and 13 after
BDC2.5 T cell transfer into Trac’ NOD recipient mice (n=3—18 mice per group). (H) Frequencies of CD45.2* TCRB* BDC2.5 T cell among CD45* cells
in ileum, MLN and PLN of Trac”” NOD recipient mice at day 13 after BDC2.5 T cell transfer (n=12-18 mice per group). (I, J) Representative dot plots
and frequencies of cytokine production (IFN-y and TNFo) among BDC2.5 T cells stimulated by PMA/ionomycin in ileum, MLN, and PLN on day 13 after
BDC2.5 T cell transfer into Trac” NOD recipient mice (n=12-18 mice per group). (K-0) Proliferation and cytokines secretion were analysed in CD45.1*
NOD mice ileum, MLN and PLN after intravenous injection of CD45.2* CD4* CD62L" T cells from BDC2.5 Trac” mice. (K-L) Representative dot plots
and frequencies of CD45.2" TCRB™ BDC2.5 T cell frequencies among CD45" cells at day 8 after BDC2.5 T cell transfer into NOD mice (n=12 mice per
group). (M) Frequency of Ki-67* cells in CD45.2* or CD45.2" cells among CD4* cells in ileum, MLN and PLN at day 8 after BDC2.5 T cell transfer in
NOD mice (n=12 mice per group). (N, O) Representative dot plots and frequencies of TNFow and IFN-y expression in CD45.2* BDC2.5 or CD45.2" cells
among CD4™ T cells in ileum, MLN, and PLN at day 8 after BDC2.5 T cell transfer in NOD mice (n=12 mice per group). Data are representative of at
least two independent experiments and horizontal lines indicate the median, each data point represents one individual mouse for transferred Trac”
NOD recipient mice and two pooled mice for transferred NOD recipient mice. *P<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (two-tailed Mann-
Whitney U test). IFN-y, interferon-y; LP, lamina propria; MLN, mesenteric lymph nodes; NOD, non-obese diabetic; PLN, pancreatic lymph nodes; SFB,
segmented filamentous bacteria; TCR, T cell receptor; TNFo., tumour necrosis factor o.
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Figure 6 Gut microbiota composition of mice with autoimmune diabetes or metabolic-mediated hyperglycaemia. Microbiota composition was A
determined by 16S bacterial DNA sequencing of faeces from three groups of NOD mice at 6—10 weeks, 11-16 weeks and diabetic stages, C57BL/6) 5
mice grafted with $961-containing pumps, and recipient Trac” NOD mice transferred with BDC2.5 T cells, models respectively described in figures 4 I
and 5). (A) Percentages of SFB among total bacteria in faeces of NOD mice, BDC2.5 T cell recipient mice or PBS-treated and C57BL/6J mice grafted 3
with S961- or PBS-containing pumps (n=11-26 mice per group). (B) Principal component analysis (PCA) plot highlighting 16S-sequenced gut 5
microbiota differences of the respective groups in the three different mouse models. (C) Detailed analysis of the bacterial phyla and genera during g
T1D development in NOD mice (n=14-26 mice per group). (D) Detailed analysis of the bacterial phyla and genera in recipient mice after BDC2.5T cell o
transfer or not in Trac’ NOD mice (n=11-13 mice per group). (E) Detailed analysis of the bacterial phyla and genera after hyperglycaemia induction @
or not in C57BL/6J mice (n=13 mice per group). Horizontal lines indicate the median, each data point represents one individual. *P<0.05, **p<0.01, g
***p<0.001, ****p<0.0001 (Kruskal-Wallis test with Dunn’s Multiple Comparison post-test or two-tailed Mann-Whitney U test). NOD, non-obese %)
diabetic; SFB, segmented filamentous bacteria. jZ>
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Figure 7  Anti-TNFo. treatment prevents gut mucosa alteration and diabetes onset. Recipient CD45.1* Trac” NOD mice were transferred with
0.5x10°CD45.2* CD4* CD62L* BDC2.5 T cells and treated with anti-TNFo. (10mg/kg) or human control IgG1 antibodies on day 0, 3, and 6. (A) RT-
gPCR analysis of mRNA encoding for //17a, 1122, 1123a and Foxp3 from LP cells (n=9-11 mice per group). Results were normalised to the expression of
Gapdh. (B) Flow cytometry analysis of intestinal ECs (CD45  EpCam*) was performed with UEA-1-FITC to detect fucosylated-ECs. Representative dot
plots and percentages of fucosylated-ECs are shown (n=3-9 mice per group) according to cell size (FSC-A). (C) RT-gPCR analysis of mRNA encoding
for Cldn4, Tjp1, Ocln and Muc2 in sorted ECs from ileum (n=10 mice per group). Results were normalised to the expression of Gapdh. (D) Intestinal
gut permeability was evaluated with in vivo FITC-dextran assay (n=6-10 mice per group). (E) Relative SFB abundance and level determined by 165-
sequencing and qPCR of faecal contents and ileum tissue on day 13 post-transfer (n=6—10 mice per group). qPCR results were normalised to the
respective abundance of total bacteria. (F) Mice were sacrificed on day 13 and ileum and pancreatic lymph nodes (PLN) were collected and analysed.
Frequency of CD11b* CD103* DCs among CD11c*F4/80™ cells and mean fluorescence intensity (MFI) of MHC class Il on these CD11b* CD103* DCs in
PLN and ileum from recipient mice treated with anti-TNFo. or human control IgG1 antibodies (n=10-11 mice per group). (G) Absolute number and
frequency of BDC2.5 T cells in ileum and PLN of recipient mice treated with anti-TNFo. or human control IgG1 antibodies (n=12 mice per group). (H, I)
Representative dot plots and frequencies of FOXP3 expression in BDC2.5 T cells and IFN-y and TNFa: cytokine expression in PMA ionomycin activated
BDC2.5T cells in PLN and ileum on day 13; after BDC2.5 T cell transfer into recipient mice treated with anti-TNFo. or human control IgG1 antibodies
(n=8-12 mice per group). (J) Analysis of pancreatic islet infiltration and incidence of diabetes of recipient rac” NOD mice on day 15 after transfer
with BDC2.5 T cells and treatment with either anti-TNFo or human control IgG1 antibodies (n=26-27 mice per group). All data are representative of
at least three independent experiments and horizontal lines indicate the median, each data point represents an individual mouse. *P<0.05, **p<0.01
(unpaired t-test (in panel A), for Foxp3 mRNA) and two-tailed Mann-Whitney U test). FSC-A, forward scatter-area; IFN-y, interferon-y; LP, lamina
propria; NOD, non-obese diabetic; PLN, pancreatic lymph nodes; SFB, segmented filamentous bacteria; TNFot, tumour necrosis factor o; UEA-1, ulex
europaeus agglutinin-1.
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expression on intestinal ECs increased (figure 7B). In addi-
tion, transcript levels coding for Cldn4, Ocln were significantly
elevated, with a slight increase of Muc2 mRNA level (p=0.07),
and gut permeability was significantly decreased (figure 7C,D).
This was associated with an increase of SFB frequencies and rela-
tive quantity in faecal content, although it remained similar in
ileum (figure 7E). Changes were also observed in other bacte-
rial genera with an increase in AF12, Parracoccus, Acinobacter
and a decrease in Clostridium, Coprobacillus and Streptococcus
(online supplemental figure 6A). Of note, macrophages, which
are able to produce TNFa in the LP, were not affected by anti-
TNFa treatment (online supplemental figure 6B). We next anal-
ysed dendritic cells (DCs) since we had previously shown that
loss of gut integrity in NOD mice could lead to bacterial compo-
nents translocation and increased CD11c*CD11b*CD103"*
DCs frequencies and activation.”* Indeed, anti-TNFa antibodies
induced a significant reduction of this DCs subset in ileum of
BCD2.5 T cell-transferred mice, however, such reduction was
not observed in PLN (figure 7F and online supplemental figure
6C). Moreover, anti-TNFo, treatment also decreased ileum
CD11c¢"CD11b*CD103* DCs activation as shown by their
lower surface levels of MHC-II compared with non-treated
control mice (figure 7F). Interestingly, anti-TNFo reduced the
frequency and absolute numbers of BDC2.5 T cells in ileum but
not in PLN (figure 7G). This was associated with a significant
increase of FOXP3" BDC2.5 T cell frequency in ileum and not
in PLN (figure 7H and online supplemental figure 6D). Further
analysis of autoreactive T cells showed a significant reduction of
their IFN-y production in both ileum and PLN from mice treated
with anti-TNFo compared with control mice whereas TNFo
production by BDC2.5 T cells remained unchanged (figure 71
and online supplemental figure 6E). Finally, the decreased IFN-y
production by BDC2.5 T cells in anti-TNFa treated mice was
associated with a lower incidence of T1D and less severe insu-
litis (figure 7]). Altogether these data support again a key role
for gut inflammation in promoting anti-islet T cell effector func-
tion leading to pancreatic infiltration and T1D onset. Reducing
inflammation (by anti-TNFa treatment) helps correcting T1D-
associated SFB dysbiosis and mucosal dysfunctions (online
supplemental figure 7).

DISCUSSION

Our study brings new knowledge on the nature and the origin
of gut mucosa and microbiota alterations associated with T1D
development. Using several mouse models of T1D, we showed
that with disease development (1) gut immune cells produced
lower levels of IL-17A, IL-22 and IL-23A, (2) intestinal ECs
displayed decreased expression markers of gut integrity
(Claudin 4, Occludin, Tight junction protein 1 and Mucin 2),
and decreased fucosylation levels and (3) gut microbiota changes
were associated with reduced abundance of SFB in ileum. More-
over, our results revealed that these modifications were not
observed on metabolic induction of hyperglycaemia. Several
reports had described gut alterations in T1D, obesity and T2D
as well as after induction of hyperglycaemia by insulin receptor
blockade."? * *' While NOD mice develop gut alterations in
several weeks, the other diabetes models (STZ multi-low-dose
injections, S961-treatment and BDC2.5 T cell transfer) induced
diabetes within a week. Therefore, chronicity of gut inflamma-
tion is not required for gut alterations observed in T1D. Modifi-
cations of gut microbiota composition were very similar between
spontaneously diabetic NOD, and BDC2.5 T cells transferred
Trac” recipient mice in contrast to gut microbiota modification

observed in metabolically induced hyperglycaemic mice. Taken
together, this suggests that targeting only hyperglycaemia in
T1D would not resolve mucosal dysfunctions whereas treating
inflammation could restore intestinal homeostasis.

T1D is characterised by the development of autoimmune
responses associated with inappropriate activation of immune
cells that infiltrate the pancreas.' We and others have described
gut inflammation associated with T1D suggesting that gut inflam-
mation could lead to decreased mucosal IL-17A, IL-22 and IL-23A
production, EC defect and loss of ileum SFB.**** It was striking
that BDC2.5 T cell frequency was higher in the gut mucosa than
in MLN and PLN, and they produced the highest level of TNFo. in
the gut. TNFo production by low-proliferating BDC2.5 T cells in
ileum is probably due to the proinflammatory environment rather
than potential microbiota cross-reactivity. These results prompted
us to assess the efficiency of anti-TNFo treatment, which is a
common treatment in Crohn’s disease.* This treatment had a
major effect on the gut mucosa as it increased IL-22 and IL-17A
production, fucosylation of ECs and SFB abundance. Moreover,
lower DC activation and increased T regulatory cell frequency
were observed in the ileum but not in PLN supporting a primary
effect on the gut mucosa. Furthermore, it has been reported that
gut IL-10" T regulatory cells could migrate to PLN.** Systemic
anti-TNFa treatment does not exclude that anti-inflammatory
mADb could directly act on pathogenic cells in PLN and pancreas.
TNFo can exert an ambivalent role in the development of T1D
in mouse models** and a previous report has shown that anti-
TNFo treatment at the perinatal period in NOD mice prevents
T1D onset.”” Of note, gut mucosa was not analysed in this
pioneer study. Interestingly, anti-TNFo. treatment in a patient with
Crohn’s disease and T1D not only improved intestinal pathology
but also T1D.* Our present data further highlights the relevance
of controlling gut inflammatory status to dampen pathogenic anti-
islet T cells in PLN, severe insulitis and T1D.

We showed for the first time that SFB levels in ileum and
faeces were decreased during the establishment of spontaneous
diabetes in NOD mice, in T1D induced by STZ treatment in
NOD and C57BL/6] mice as well as on transfer of autoreactive
BDC2.5 T cells. In contrast, metabolic induction of hypergly-
caemia enhanced SFB levels in ileum and faeces and is reminis-
cent with SFB requiring high glucose levels to grow on ECs.*°
Thus, low SFB level in T1D might be a consequence of local
inflammation, despite increased glycaemia. This finding is inter-
esting in light to previous studies asking whether SFB could exert
a protective role against T1D. Comparison of two NOD colo-
nies from different breeding companies showed that the colony
harbouring SFB had a lower incidence of T1D than the other
colony.** In another study, germ-free NOD mice were colonised
with SFB, however, incidence of T1D was only slightly decreased
in recipient males, not females.’’ Our study established a strong
parallel between SFB abundance in ileum and intestinal IL-17A
and IL-22 production. Both cytokines can be induced by
SFB**7¢ and maintain gut homeostasis thereby preventing bacte-
rial component translocation and inflammation. Several mech-
anisms could be at play. IL-22 can upregulate Fut2 expression
and ECs fucosylation favouring the maintenance of commensal
flora.”” *° TL-22 can also maintain gut integrity by promoting
expression of tight junctions proteins and production of mucus
preventing pathogenic bacteria invasiveness.’* IL-22 could also
alleviate pancreatic B cell stress, preventing the generation of
islet neoantigens playing a critical role in the autoimmune attack
of B cells.’**

The role of SFB in the dampening of gut mucosa inflammation
and diabetes development can also be associated with increased
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diabetes incidence after antibiotic treatment.”® Indeed, SFB is
extremely sensitive to antibiotics.’® Another protective role of
SFB could be related to their ability to prevent bacterial and
viral infections. SFB can induce the production of IL-22 that
controls Citrobacter rodentium infection,’” an intestinal patho-
genic bacteria that is known to accelerate T1D development in
NOD mice.® Similarly, SFB prevents rotavirus infection in mice
that might be involved in T1D development.*®*® Thus, our study
provides new insights in the deleterious role of gut inflammation
against protective commensal microbiota in the physiopathology
of T1D.

MATERIALS AND METHODS

Mice

Male and female C57BL/6], male and female NOD, female
RORyt-GFP NOD, female BDC2.5 CD45.2*" Trac’” NOD and
female recipient CD45.1*"* Trac’” NOD mice were previously
described.** °° All mice were bred under specific pathogen-
free conditions. Detailed experimental methods concerning
the different mice models are described in online supplemental
methods.

Cell preparations and flow cytometry
Cells were prepared from different tissues and analysed by flow
cytometry as described in online supplemental methods.

Isolation of DNA, RNA and RT

For DNA extraction, fresh stool or small pieces of ileum tissue
were weighted, recovered, immediately frozen in liquid nitrogen
on collection, and stored at —80°C until DNA isolation. DNA
extraction was performed using NucleoSpin Tissue (Macherey-
Nagel) following the manufacturer’s instructions. Sections of
liver near the portal vein were recovered from mice at different
ages and DNA was extracted as previously described.** For RNA
isolation, cells were lysed in RLT buffer with 1% B-mercaptoeth-
anol, and mRNA was purified from lysed cells using RNeasy
Mini Kit (Qiagen). cDNA was synthesised using the Superscript
III reverse transcriptase (Invitrogen). Quantitative PCR analysis
was performed with SYBR Green (Roche) and analysed using
a LightCycler 480 (Roche). The relative expression was calcu-
lated using the 2 method and normalised to the expression
of the housekeeping gene Gapdh or the expression of total
bacteria, as appropriate. The stability of Gapdh expression was
confirmed by comparison with hypoxanthine phosphoribosyl-
transferase mRINA expression. Used primers and their sequences
are described as follows (online supplemental table 2).

In vivo analysis of intestinal permeability
Intestinal permeability was determined by measuring the level
of FITC dextran as described in online supplemental methods.

Bacterial dissemination and identification

Liver was collected at different time points in aseptic conditions.
Tissues were processed to harvest cells, then lysed and plated
to identify bacteria by mass spectrometry as described in online
supplemental methods.

Fecal microbiota analysis

16S rRNA gene amplification and library constructions were
performed according to Illumina recommendations. Sequencing
was performed on an Illumina MiSeq. Taxonomy and data anal-
yses were conducted using Quantitative Insights Into Micro-
bial Ecology (QIIME). The detailed procedures of mice faecal

microbiota 16S sequencing are described in online supplemental
methods.

Statistical analysis

Statistical analyses were performed with Prism software (Graph
Pad V.8.3). All datasets were tested for normal distribution using
the Shapiro-Wilk normality test. Datasets were compared using
either parametric two-tailed unpaired t-test, non-parametric
two-tailed Mann-Whitney or Kruskal-Wallis tests with multiple
comparisons Dunn’s post-test, as appropriate. Significant
differences in taxonomic abundances were assessed with non-
parametric Kruskal-Wallis test with the false-discovery rate
correction implemented in QIIME. Diabetes incidence was
plotted according to the Kaplan-Meier method and statistical
differences were analysed using the Mantel-Cox (log-rank test).
Differences were considered significant at p<0.05 (*/$p<0.05,
*#45<0.01, ***p<0.001, ****p<0.0001).
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