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Changes to the gut bacteria have been associated with the development of
arthritis; however, the mechanistic connection with disease remains unknown.
Matei et al. identify pathological changes to the gut tissue in arthritis, including
loss of gut-barrier integrity and inflammatory-cell infiltration, and show that
restoration of gut homeostasis ameliorates disease.
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SUMMARY

Background: Evidence suggests an important role for gut-microbiota
dysbiosis in the development of rheumatoid arthritis (RA). The link be-
tween changes in gut bacteria and the development of joint inflamma-
tion is missing. Here, we address whether there are changes to the gut
environment and how they contribute to arthritis pathogenesis.
Methods: We analyzed changes in markers of gut permeability, dam-
age, and inflammation in peripheral blood and serum of RA patients.
Serum, intestines, and lymphoid organs isolated from K/BxN mice
with spontaneous arthritis or from wild-type, genetically modified
interleukin (IL)-10R™~ or claudin-8~/~ mice with induced arthritis
were analyzed by immunofluorescence/histology, ELISA, and flow
cytometry.

Findings: RA patients display increased levels of serum markers of gut
permeability and damage and cellular gut-homing markers, both pa-
rameters positively correlating with disease severity. Arthritic mice
display increased gut permeability from early stages of disease, as
well as bacterial translocation, inflammatory gut damage, increases
in interferon v (IFNy)* and decreases in IL-10" intestinal-infiltrating
leukocyte frequency, and reduced intestinal epithelial IL-10R expres-
sion. Mechanistically, both arthritogenic bacteria and leukocytes are
required to disrupt gut-barrier integrity. We show that exposing intes-
tinal organoids to IFNy reduces IL-10R expression by epithelial cells
and that mice lacking epithelial IL-10R display increased intestinal
permeability and exacerbated arthritis. Claudin-8/~ mice with consti-
tutively increased gut permeability also develop worse joint disease.
Treatment of mice with AT-1001, a molecule that prevents develop-
ment of gut permeability, ameliorates arthritis.

Conclusions: \We suggest that breakdown of gut-barrier integrity con-
tributes to arthritis development and propose restoration of gut-barrier
homeostasis as a new therapeutic approach for RA.

Funding: Funded by Versus Arthritis (21140 and 21257) and UKRI/MRC
(MR/T000910/1).

INTRODUCTION

Rheumatoid arthritis (RA) is a systemic chronic autoimmune disorder characterized
by a persistent inflammation that results in an aggressive synovitis and destruction

Context and significance
Rheumatoid arthritis is an
autoimmune disorder
characterized by chronic joint
inflammation. Accumulating
evidence suggests that changes in
the composition of the bacteria
residing in the gut could be
responsible forjointinflammation.
Currently, it is unclear how
bacteria or their products instruct
cells of the immune system to
become harmful and induce
arthritis. Researchers at University
College London have shown that,
in arthritis, there is profound
damage to the gut lining, which
fails to work properly as a barrier,
as well as an accumulation in the
gut of white blood cells that cause
inflammation. The authors show
that, in arthritis, bacteria cross the
prohibited border of the intestinal
lining and that repairing gut
permeability defects with specific
drugs inhibits joint inflammation.
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of joint cartilage and bone." Despite our improved understanding of the genetic and
environmental factors that contribute to RA, the etiopathology of disease is still not
well understood.’ There has been a considerable interest in gut microbiota dysbiosis
as a possible driver of disease in RA.?"* Abnormal expansion of Prevotella copri, for
instance, has been associated with the pathogenesis of RA.*” The abundance of
P. copri has been reported to be raised in the feces of treatment-naive new-onset
RA patients,” P. copri-derived peptides have been shown to increase Th1 responses
in the peripheral blood mononuclear cells (PBMCs) of these patients,® and transfer of
P. copri to germ-free mice has been suggested to be sufficient to induce joint
swelling in the SKG model of spondyloarthritis.® Dysbiosis in RA has been hypothe-
sized to contribute to disease pathogenesis by a number of mechanisms, including
providing a source of citrullinated peptides,” antigenic mimicry,'® activation of anti-
gen-presenting cells and T cells,’" and potentially by altering the integrity of the in-

testinal epithelium.’?

The major function of the intestinal epithelial barrier is to prevent the passage of bac-
teria and other pathogens from the lumen into the gut tissue and into systemic cir-
culation, while still allowing passage of nutrients."® The gut barrier is maintained by a
fine balance of both adherence junctions and tight junctions between epithelial
cells, the latter being mainly formed by zonula occludens (ZO) proteins, claudins,
and occludins.”®'* The integrity of these junctions can be compromised by changes
to the makeup of the bacteria in the gut'*'> or by inflammatory changes to the

1617 \which can result in the aberrant translocation of luminal contents

mucosal tissue,
into the mucosa. For example, bacteria, such as Collinsella aerofaciens, which are
found in abundance in RA, can increase intestinal permeability in mice through
disruption of ZO-1 expression.'® Similarly, dysregulated mucosal cytokine produc-
tion, such as increases in interferon y (IFNy) or tumor necrosis factor alpha
(TNF-a), can reorganize or reduce tight junction protein expression, compromising
gut barrier integrity.'”?? In homeostasis, interleukin-10 (IL-10) expression in the in-
testinal tissue counteracts transient increases in inflammatory cytokine production
and promotes barrier integrity.'®?" Losses of gut barrier homeostasis have been
implicated in the development of a number of systemic diseases, including anky-
losing spondylitis (AS),”*** type 1 diabetes,?” and multiple sclerosis.”**’
Here, we set out to investigate whether compromised intestinal barrier function is a
pathological feature of RA and whether these changes contribute to disease. We
report that arthritis is accompanied by loss of gut barrier integrity and altered leuko-
cyte gut homing and that correcting either of these can reduce the severity of arthritis.
We show that RA patients have increased serum levels of lipopolysaccharide (LPS), LPS
binding protein (LBP), and intestinal fatty acid binding protein (I-FABP), markers of in-
testinal damage and permeability, and a systemic rise in leukocytes expressing gut-
homing markers chemokine receptor 9 (CCR9) and lymphocyte Peyer's patch adhe-
sion molecule 1 (LPAM-1) compared to healthy individuals. We also show that LBP
levels were significantly increased in active compared to inactive patients, that they
correlated with disease severity, and that loss of gut integrity in RA is partially cor-
rected in etanercept (TNF-o inhibitor)-treated patients. To further understand the
impact of arthritis on gut mucosal homeostasis and whether these changes are path-
ological in disease, we took advantage of spontaneous and induced experimental
models of RA. We show that the development of arthritis is intrinsically linked to the
development of gut permeability and inflammation. We demonstrate that a loss of
gut epithelial cell responsiveness to IL-10 as arthritis develops leads to increased
gut permeability and to an exacerbated arthritis. We show, however, that the increase
in permeability in arthritis also requires the presence of arthritic cells and gut bacteria.
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These findings, together with those showing that constitutively enhanced gut perme-
ability causes worse arthritis and that restoration of tight junction integrity or preven-
tion of recirculation of leukocytes to the gut can ameliorate arthritis, demonstrate the
intricacy of the gut-joint axis in the pathogenesis of arthritis.

RESULTS

RA patients display raised levels of serum markers of intestinal barrier
damage

To determine whether RA is accompanied by a loss of gut membrane integrity, we
compared the serum levels of three biomarkers of gut permeability in RA patients
and healthy controls: LPS, a gram-negative bacterial membrane component; LBP,
an acute phase protein produced by the intestinal epithelium and the liver in
response to translocation of LPS;?®?? and |-FABP, a specific biomarker of gut epithe-
lial integrity.?® Patients with serological evidence of arthritis, joint pain but no syno-
vitis (pre-RA), displayed significantly increased levels of LPS, a trend to raised levels
of LBP, and moderately elevated I-FABP levels compared to healthy controls,
although patients showing early undifferentiated clinical arthritis (early RA) dis-
played significantly raised levels of LBP and moderately elevated LPS and I-FABP
levels compared to healthy controls (HC). All three markers were significantly
increased in the serum of RA patients with established disease compared to healthy
controls (Figures 1A-1C; Table S1). Common treatments for arthritis, such as non-
steroidal anti-inflammatory drugs (NSAIDs), have been reported to increase intesti-
nal permeability.®’ The levels of LPS, LBP, and I-FABP remained significantly higher
after exclusion of NSAID-treated patients from the analysis (Figures STA-S1C). Simi-
larly, the levels of LPS, LBP, and |-FABP were significantly higher in untreated RA pa-
tients compared to healthy controls (Figures 1D-1F). Moreover, no differences were
observed in levels of gut-permeability markers when patients were stratified accord-
ing to treatment, ruling out a putative role of NSAIDs in the increase of gut-perme-
ability markers that we observe in this disease (Figures 1G-11).

To assess whether gut permeability might change according to disease severity, we
stratified patients into inactive (28 joint disease activity score [DAS28] < 2.6), inter-
mediate (2.6 < DAS28 < 5.1), and active disease (DAS28 > 5.1) and analyzed the
levels of serum LPS, LBP, and I-FABP within each group. All activity groups showed
significantly higher levels of the three markers than healthy controls. LBP was signif-
icantly lower in patients with intermediate or inactive disease compared to patients
with active disease. A trend for a reduction in serum LPS concentration in intermedi-
ate and inactive disease groups compared to active was also observed (Figures 1J-
1L). Analysis of all RA patients revealed that serum LBP concentrations directly

Figure 1. Increased gut permeability in rheumatoid arthritis

(A-C) Concentrations of (A) lipopolysaccharide (LPS), (B) LPS-binding protein (LBP), and (C) intestinal fatty acid binding protein (I-FABP) in the serum of
healthy individuals (HC; n = 34), patients with serological evidence of arthritis but no synovitis (pre-RA; n = 7), patients showing early undifferentiated
clinical arthritis (early RA; n = 7), and RA patients (n = 133) by ELISA.

(D-F) Concentrations of (D) LPS, (E) LBP, and (F) I-FABP in the serum of healthy individuals (n = 34) and untreated RA patients (n = 14 LPS and I-FABP; n =
10 LBP).

(G-I) Concentrations of (G) LPS, (H) LBP, and (1) I-FABP in serum from RA patients stratified by disease severity (remission—DAS28 < 2.6, intermediate—
DAS28 > 2.6 and <5.1, and active—DAS28 > 5.1), measured by ELISA.

(J-L) Concentrations of (J) LPS, (K) LBP, and (L) I-FABP in serum from RA patients stratified by treatment group, measured by ELISA.

(M) Correlation between LBP and disease activity scores measured by DAS28 (n = 124). Circle sizes reflect CRP level of each patient.

(N) Flow cytometric analysis of the expression of LPAM-1 and CCR9 on live peripheral blood mononuclear cells (PBMCs) from RA patients (n = 16) and
healthy controls (n = 11).

(O) Correlation between LPAM-1*CCR9" live PBMCs and disease activity scores measured by DAS28 (n = 13).

*p <0.05; **p <0.01; ***p < 0.001; ns, no significance. (A-C and G-I) One-way ANOVA with multiple comparisons calculated by Tukey’s test, (D-F and N)
unpaired t test, (J-L) Mann-Whitney t test, and (M and O) Pearson’s correlations. Data represent mean + S.E.M.

4 Med 2, 1-20, August 13, 2021



Please cite this article in press as: Matei et al., Intestinal barrier dysfunction plays an integral role in arthritis pathology and can be targeted to
ameliorate disease, Med (2021), https://doi.org/10.1016/j.medj.2021.04.013

Med ¢ CelPress

OPEN ACCESS

correlate with both DAS28 and C-reactive protein (CRP), with the highest combined
DAS28 scores and CRP levels recorded in patients with the highest levels of serum
LBP (Figures 1M and S1D).

Stratification of our cross-sectional cohort of RA patients showed that the levels of
gut-permeability markers were not affected by the different treatments. However,
patients with less active disease displayed lower levels of LBP and a trend for a
reduction in the levels of LPS, suggesting that inhibition of inflammation in RA by
successful treatment may be able to reduce gut permeability. Thus, given that
some TNF-a inhibitors can be effective treatments for both RA and inflammatory
bowel diseases, it was surprising that we observed no effect in treatment stratifica-
tion. To address whether neutralization of TNF-a affects the levels of serum markers
of gut permeability, we tested the concentration of LPS, LBP, and I-FABP in the
serum of a longitudinal cohort of TNF-a inhibitor (etanercept)-treated RA patients
before and 6 months after the start of treatment (6 months is a sufficient time to
determine response to therapy; Figures STE-S1G). Patients responding to etaner-
cept therapy, defined as a decrease in DAS28 of more than 1.2, showed significant
reductions in levels of serum LPS and LBP. Levels of I-FABP were, however, unaf-
fected by etanercept. Patients who did not respond to etanercept treatment did
not display a reduction in any of the markers of gut permeability.

It has been previously shown that CCR? and LPAM-1 are expressed predominantly
by lymphocytes that recirculate to and from the gut. Mice deficient in CCR? or
vitamin A, the dominant inducer of CCR? and LPAM-1 expression, have reduced
numbers of lymphocytes recruited to the intestinal lamina propria.’**® RA patients
displayed an increase in the percentage of PBMCs co-expressing the gut-tropic
markers LPAM-1 and CCR? (Figures 1N and S1H), suggesting an increase in gut
homing in RA. The percentage of LPAM-1"CCR9" PBMCs also positively correlated
with disease severity (DAS28), further linking immune events in the gut with the path-
ogenesis of RA (Figure 10).

Arthritic mice display increased intestinal permeability and inflammation

To investigate in detail how the integrity of the gut is affected during the develop-
ment of arthritis, we took advantage of the K/BxN spontaneous mouse model of
arthritis, which mimics several aspects of RA (Figure S2A).** For clarity of presenta-
tion, we define different stages of disease as pre-disease (at 2 weeks), early disease
(at 4 weeks), and established disease (at 6 weeks). Control mice (CTRL) were 6-week-
old naive C57BL/6 mice. Increased levels of serum LBP were observed in mice at
early stages of disease and in mice with established arthritis compared to CTRL
and pre-disease mice (Figure 2A). Serum LBP concentration positively correlated
with the severity of joint swelling (Figure 2B). Further assessment of gut barrier integ-
rity by measuring uptake of orally gavaged fluorescein isothiocyanate (FITC)-dextran
confirmed an increase in permeability from an early stage of arthritis, rising to a peak
at the height of disease (Figure 2C). Histologically, we observed a loss of expression
of ZO-1, a critical mediator of tight junction assembly and integrity,***¢ by the small
intestinal (SI) and colonic epithelial cells of arthritic mice (Figures 2D, 2E, S2B, and
S2C). In agreement with serum measurements of permeability, ZO-1 expression
also decreased from the earliest stages of disease. In addition, significant morpho-
logical changes, including epithelial erosion and crypt elongation, were detected in
the Sl (Figures 2F and 2G) and colon (Figures S2D and S2E) of K/BxN mice with early
and established arthritis, compared to pre-disease and CTRL mice.?” Of note, the
presence of inflammatory cell infiltrates in the Sl and the colons of arthritic mice sug-
gested immune-cell-mediated alterations to the intestines (Figures 2F, 2G, S2D, and

Med 2, 1-20, August 13, 2021 5



Please cite this article in press as: Matei et al., Intestinal barrier dysfunction plays an integral role in arthritis pathology and can be targeted to
ameliorate disease, Med (2021), https://doi.org/10.1016/j.medj.2021.04.013

¢? CellP’ress Med

OPEN ACCESS

40 o wx AWK 150 4000 ns
wwen2Wk 8 p=0.0009 " Fr.ont paw = ns °
TS r=08119 + Hindankle 2 D e
2 ¢ E = u 53000
E’ ¥ 3 Eioo " 0.9011 LM 5 5 .%.
2 o 2WKY = .
S 2a = S 2000 % o e
o b3 [0} b o P
o S a 50 5 50
= ns g 3
107 ;s 5 p=0.0002 (51000
< 1=0.8822 2
v o
0 R o r=0.9393 =
0t ‘ : ; ‘ 0l— . .
CTRL2 3 4 5 6 10 20 30 ) CTRL Early Established
Age (weeks) LBP (ug/mL) T
K/BxN
Arthritis
CJCTRL
3 Pre-disease

CTRL Pre-disease Early ‘ Established

= 3

mm Early arthritis
= Established arthritis

Small Intestine ©
Z0-1 Mean intensity

ZO-1 EpCAM DAPI

F Arthritis G
. : 5 -
CTRL ~_Pre-disease o Egrly Estabhsh;sd . S ) Crypt
§ X& {& FrTs Taas 5 4 elongation
. ?' : § B Muscle wall
8 inflammation
3 N |nflammatory
gy ¥ ,3 infiltrates
= T B Epithelial
T e T (s erosion
Early Established
Arthritis
H Anrthritis |
CTRL Pre-disease Early Established - 4
o) B = D5 *
£ 5 ; 30 ns
5 = < ns
3 E 2.
c s ] T
[l E -
= [}
g § g0
w = b4
0
CICTRL B8 Early arthritis

[ Pre-disease ® Established arthritis

Figure 2. Mice with arthritis display intestinal permeability and intestinal inflammation

(A) Concentration of LBP in serum of K/BxN mice at marked ages and naive C57BL/6 control mice (n = 3/group), as measured by ELISA.

(B) Correlation of serum LBP concentration with increase in joint size in 4- to 5-week-old K/BxN mice (n = 8).

(C) Concentration of FITC-dextran in serum of naive C57BL/6 control mice (CTRL) (n = 9) and K/BxN mice with early arthritis (n = 7) and with established

arthritis (n = 9).
(D-J) Representative (D) ZO-1 staining, (E) mean ZO-1 intensity, (F) H&E staining, (G) histological scores, (H) MUC2 staining, () mean MUC2 intensity,
and (J) goblet cell counts from periodic acid-Schiff (PAS) staining for Sl of K/BxN mice throughout arthritis development and compared to naive C57BL/

6 control mice.
*p <0.05; **p <0.01; ***p < 0.001; ****p < 0.0001. (A, C, E, I, and J) One-way ANOVA, (B) Pearson’s correlations, and (G) two-way ANOVA. For all panels,

one out of two experiments is shown. Data represent mean + S.E.M.

S2E). In contrast to the morphological changes and loss of ZO-1 expression
observed in the intestinal epithelium of arthritic mice, we detected no significant
changes in the mucosal epithelium of the lung, suggesting that the loss of mucosal
epithelial integrity is primarily restricted to the gut (Figures S2F-S2H).

The integrity of the mucous-layer lining of the luminal side of the epithelium is an
objective measurement of gut health and homeostasis, ' with mucin 2 (MUC2) being
the most abundant protein component of the intestinal mucous layer.*® We report a
significant loss of MUC2 in the S| of arthritic K/BxN mice compared to pre-disease
and CTRL mice (Figures 2H and 2I). Goblet cell numbers were also significantly
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reduced on the villi of the SI of arthritic mice compared to CTRL, supporting the
reduction in MUC2 expression (Figure 2J). No differences in MUC2 protein levels
were detected in the colon of arthritic mice compared to pre-disease and CTRL
mice, despite an increase in goblet cell numbers in arthritis (Figures S21-S2K).

A combination of arthritic microbiota and cells drive disruption of gut
permeability

Given the accumulation of inflammatory infiltrates we observed in arthritic mice
and considering the role of the microbiota in the development of arthritis both
in humans and in mouse models,?*” we next investigated the contributions of pe-
ripheral arthritic lymphocytes and gut bacteria to the loss of intestinal barrier
integrity. In agreement with patient data showing higher LPAM-1*CCR9™ expres-
sion by RA PBMCs compared to healthy individuals (Figure 1N), we observed sig-
nificant increases in the frequency of LPAM-1"CCR9"CD45" cells in the spleens,
Peyer’s patches (PPs), mesenteric lymph nodes (mLNs), and paw-draining axillary
lymph nodes (ALNs) in arthritic K/BxN mice compared to CTRL mice (naive non-
obese diabetic [NOD] mice), suggesting that increased cellular circulation to the
gut is a feature of arthritis (Figure 3A).

To address directly whether cells from arthritic mice, either alone or in combination
with arthritic gut microbiota, contribute to the loss of gut barrier integrity, we trans-
ferred arthritic splenocytes and/or feces to lymphocyte-deficient NOD scid gamma
(NSG) mice and assessed the effects on gut permeability by FITC-dextran uptake.
Arthritic splenocytes showed an elevated expression of pro-inflammatory cytokines,
such as IFNy, IL-6, and TNF-a (Figure 3B). Feces from arthritic K/BxN donor mice
showed an enrichment of bacteria previously published to be associated with
arthritis,"~ including an expansion of bacteria from the Prevotella genus, compared
to pre-disease mice and to the KRN control (Figures 3C, S2L, and S2M). To remove
potential confounding effects of endogenous bacteria, prior to cell or fecal transfer,
NSG mice were treated with broad-spectrum antibiotics known to ablate gut bacte-
ria.”” NSG recipients were then orally gavaged with feces from arthritic K/BxN mice
or control KRN mice (the maternal strain for K/BxN mice) and left to reconstitute for
1 week. Arthritic or non-arthritic control splenocytes (splenocytes from NOD mice,
the paternal strain for K/BxN mice) were transferred intravenously to untreated, an-
tibiotics-treated, or fecal-transfer-recipient NSG mice, and intestinal permeability
was measured 2 days later. Reconstitution of antibiotics-treated NSG mice with
feces alone from either control or arthritic K/BxN mice did not significantly increase
permeability compared to untreated NSG mice (Figures 3D and 3E). Transfer of con-
trol splenocytes, with or without fecal gavage, did not increase permeability (Fig-
ure 3E). Transfer of splenocytes from arthritic K/BxN mice resulted in a moderate in-
crease in permeability in untreated NSG mice. However, it was only when K/BxN
splenocytes were co-transferred with K/BxN feces that we noted a significant in-
crease in permeability compared to untreated NSG mice (Figure 3D). These results
demonstrate that both arthritogenic cells and arthritogenic gut microbiota are
necessary to induce disruption of gut permeability.

One of the consequences of increased gut permeability may be the translocation of
the bacteria themselves into circulation. Mice with established arthritis displayed an
accumulation of bacterial 16 s DNAin mLNs, ALNs, and in spleens compared to mice
in the early stage of disease (Figure 3F). These findings further confirm that arthritis
development is accompanied by a loss of intestinal barrier integrity and also show
that this defect leads to a systematic dissemination of bacteria, which could
contribute to the pathogenesis of arthritis.
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Figure 3. Arthritic splenocytes and dysbiosis can cause increased intestinal permeability

(A) Representative fluorescence-activated cell sorting (FACS) plots of LPAM-1 and CCR9 expression by splenocytes and bar chart showing the mean
percentage expression of LPAM-1"CCR9" on total CD45" isolated from noted tissues from K/BxN mice with established arthritis (n = 4) and naive NOD
controls (n = 3).

(B) Mean percentage of CD45" splenocytes isolated from K/BxN mice in the early stages of disease and with established arthritis (n = 5/group)
expressing marked cytokines.

(C) Bar chart showing the abundance of the noted bacterial phyla in samples collected from K/BxN mice at pre-disease (3 weeks old) and established
arthritis (6 weeks old), compared to control (KRN maternal strain).

(D) Concentration of FITC-dextran in serum of untreated or antibiotics-treated NSG mice, with or without reconstitution with feces and/or splenocytes
from arthritic K/BxN mice (n > 4/group).

(E) Concentration of FITC-dextran in serum of untreated or antibiotics-treated NSG mice, with or without reconstitution with feces from arthritic K/BxN
mice or KRN control, and with or without transfer of splenocytes from control NOD donors (n > 4/group).

(F) Degree of bacterial translocation to the spleen (SP), mesenteric (MLN), and joint-draining (axillary; ALN) lymph nodes of K/BxN mice in the early
stages of disease and with established arthritis, as assessed by levels of bacterial 16 s rDNA measured by gPCR (n = 6/group).

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (A, D, and F) Unpaired t test and (E) one-way ANOVA with multiple comparisons calculated by Tukey's
test. For all panels, one out of two experiments is shown. Data represent mean + S.E.M.
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Figure 4. Loss of IL-10 signaling affects intestinal permeability and arthritis severity
(A) Bar graphs displaying the ratio of IFNy"CD45" cells to IL-10"CD45" cells from intra-epithelial lymphocytes (IELs) and lamina propria mononuclear
cells (LPMCs) isolated from early-arthritic K/BxN mice (n = 5) and K/BxN mice with established arthritis (n = 6), as assessed by flow cytometry.

(B and C) Mean percentages of (B) IL-10"CD45" and (C) IFNy"CD45™ IELs isolated from C57BL/6 naive and arthritic mice (AIA day 3; n = 8/group), as

assessed by flow cytometry.
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(D-G) Mean percentage expression of IL-10R by intestinal epithelial cells isolated from the (D) duodenum and (E) colon of naive C57BL/6 CTRL and K/
BxN mice with established arthritis (n = 6/group) and (F) duodenum and (G) colon of naive C57BL/6 and arthritic mice (AIA day 3; n = 14/group).
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Loss of intestinal epithelial IL-10 signaling contributes to gut barrier
dysfunction and arthritis severity

To confirm our results in a second arthritis model and to determine whether the in-
crease in gut permeability associated with arthritis would normalize as disease
abates, we took advantage of a self-remitting antigen-induced arthritis (AIA) mouse
model (Figure S3A)."*? Mice in the acute phase of arthritis showed increased levels
of serum LBP and FITC-dextran and decreased epithelial ZO-1 expression compared
to naive mice (Figures S3B-S3H). Mice with AIA displayed similar inflammatory
morphological changes to the gut mucosa as arthritic K/BxN mice and a systemic in-
crease in LPAM-1 and CCR9 expression during disease (Figures S3I-S3N). Of inter-
est, both gut inflammation and intestinal barrier integrity, as well as expression of
gut homing markers, were partially recovered during the remission phase of AlA,
suggesting that inflammation and/or activation of the peripheral immune system
is intimately linked with changes to the health and permeability of the gut (Figures
S3B and S3E-S3N). Similarly to the K/BxN model, morphological changes to the
mucosal epithelium and loss of ZO-1 expression were not observed in the epithelium
of the lung (Figures S30-S3Q). Mice with AlA also displayed dysbiosis of the intes-
tinal microbiota, with a significant increase in abundance of Prevotella and a trend in
reduction of Lactobacillus (Figures S3R-S3T). These changes in bacterial abundance
were apparent from day 1 of disease but were more pronounced at the peak of
arthritis (Figures S3R-S3T).

Given that we observed an increase in inflammatory infiltrates in the gut mucosa of
arthritic mice and that recirculating pro-arthritogenic cells are implicated in the loss
of gut barrier integrity, we next assessed whether morphological changes to the gut
in arthritis were accompanied by alterations in the balance of pro- and anti-inflam-
matory cytokines produced by CD45" leukocytes in the intestines. Arthritic K/BxN
mice displayed a significantly higher ratio of IFNy™ to IL-10"CD45" leukocytes in
the duodenum, jejunum, ileum, and colon compared to mice in the early stages of
disease (Figures 4A and S4A-S4C). Mice with AIA displayed a similar loss of IL-10
expression to K/BxN mice and a gain in IFNy expression by CD45" cells in the intes-
tinal epithelium (Figures 4B and 4C). As with changes to the integrity of the mucosal
epithelium, leukocytes in the lung tissue did not display the same degree of inflam-
matory changes as those in the intestines (Figures S4D and S4E). Although there was
a trend for minor increases in the frequency of IFNy™ cells in the lungs of K/BxN mice
compared to naive controls, mice with AIA displayed no difference to their controls.

Several reports have suggested that IL-10-IL-10R signaling is important for maintain-

ing gut homeostasis and protecting the epithelium from inflammatory damage.***

(H) Relative expression of il10r, as measured by qPCR, of intestinal epithelial cells from (F) (n = 6).

(I) Correlation between duodenal epithelial cell IL-10R expression and disease activity, as measured by knee swelling in C57BL/6 arthritic mice (AIA day 3; n = 8).
(J) IL-10R expression by epithelial cells isolated from the duodenum (duod) and colon of untreated and antibiotics-treated (+ABX) naive mice and mice
with AIA (n = 4).

(K) Mean percentages of live epithelial cells and mean percentages of IL-10R expression by live epithelial cells, following culture of SI-derived organoids
with IFNy, IL-10, or both. Percentages normalized to control organoid expression (no IL-10/IFNy; n = 4).

(L) Schematic showing the generation of bone marrow chimera lacking IL-10R on non-hematopoietic cells.

(M) Levels of FITC-dextran in serum of naive WT or WT—ilL-10R~/~ mice.

(N and O) Representative ZO-1 staining and mean ZO-1 intensity of Sl sections from naive WT or WT —ilL-10R™~ mice.

(P=T) AIA was induced in WT —ilL-10R~/~ and WT —iWT (chimeric controls that express IL-10R) mice. At day 3 of arthritis, mice were sacrificed.

(P and Q) Representative H&E staining and histological scores of the SI.

(R and S) Representative MUC2 staining and mean MUC2 intensity of the SI.

(T) Mean clinical score of arthritis (n = 3 and 4, respectively).

*p <0.05; **p < 0.01; ***p < 0.001. (A, D-H, M, O, and S) Unpaired t test, (B and C) paired t test, (I) Pearson’s correlations, (J and K) one-way ANOVA, and
(Q and T) two-way ANOVA. For all panels, one out of two experiments is shown. Data represent mean + S.E.M.
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Ex vivo, both arthritic K/BxN and C57BL/6 mice with AIA showed significant reduc-
tions of IL-10R expression by the intestinal epithelial cells (IECs) of the duodenum
and colon compared to their respective CTRLs (Figures 4D-4H, S5A, and S5B).
Further, ex vivo IL-10R expression by the duodenal IECs displayed a significant in-
verse correlation with the degree of arthritis severity (as measured by knee swelling
on day 3 of AlA), reinforcing the link between arthritis severity and loss of IL-10R
expression by IECs (Figure 41).

Next, we investigated whether the loss of IL-10R expression by IECs could be a
consequence of arthritis-related dysbiosis and/or the result of the elevated IFNy ex-
pressed by intra-epithelial lymphocytes (IELs) and lamina propria mononuclear cells
(LPMCs). To assess the role of gut microbiota in the loss of IEC IL-10R expression,
arthritic mice and naive controls were treated with a cocktail of antibiotics to remove
bacteria. The inhibition of IL-10R expression observed in arthritic mice was corrected
by antibiotics treatment, with levels of IL-10R expression restored to those seen in
naive mice in both the duodenum and colon (Figure 4J). To assess the role of
IFNy in the inhibition of IEC IL-10R expression, organoids, grown from crypts iso-
lated from the small intestines of naive C57BL/6 mice, were cultured with IFNy, IL-
10, or in combination. At the end of culture, epithelial cell IL-10R expression was
measured by flow cytometry (Figures 4K and S5C-S5E). The expression of IL-10R
by organoid IECs, as well as IEC viability, were both reduced after culture with exog-
enous IFNy. Organoid IEC survival was partially rescued by the addition of IL-10.
Taken together, these results suggest that both arthritis-associated bacteria and in-
flammatory cytokines, such as IFNy, contribute to the loss of IEC IL-10R expression in
arthritis.

To understand the role that IEC IL-10R expression plays in the maintenance of gut
barrier integrity in arthritis, we generated chimeric mice that lacked IL-10R on the
non-hematopoietic cells but retained expression on cells of the immune system
(wild type [WT]—irradiated IL-TOR™'~ [WT —ilL-10R "] mice; Figure 4L). A signifi-
cant increase in FITC-dextran translocation and a loss of ZO-1 expression on gut
epithelial cells of both the Sl and colon were observed in naive WT—ilL-10R™~
mice compared to control WT mice, similar to the loss of ZO-1 in the Sl of naive
global IL-TOR™~ mice compared to control, demonstrating that the expression of
IL-10R on non-hematopoietic cells contributes directly to the maintenance of gut
permeability (Figures 4M-40 and S5F-S5I). Upon AIA induction, WT —=ilL-10R™/~
mice displayed exacerbated intestinal inflammation, including a significant loss of
the mucous layer in the SI compared to arthritic WT —iWT mice (Figures 4P-4S,
S5J, and S5K). WT—ilL-10R™~ mice also developed significantly worse arthritis
compared to arthritic WT—iWT mice (Figure 4T). Thus, our results suggest that
the impairment in IL-10R expression on gut epithelial cells contributes to the disrup-
tion of gut barrier integrity and to increased joint inflammation.

A constitutive increase in intestinal permeability predisposes mice to more
severe arthritis

To investigate whether the changes in joint swelling observed in WT—ilL-10R ™~ mice
are directly linked to increased gut permeability, rather than the wider loss of IL-10R
expression orimmune dysregulation, we took advantage of a recently generated but un-
characterized claudin-8~~ mouse (CI8™") . Claudin-8 is a tight junction protein that de-
creases paracellular permeability, and lack of claudin-8 expression has been previously
associated with Crohn’s disease and gut barrier dysfunction.***” Compared to WT
mice, naive CI8~'~ mice present a constitutively increased intestinal permeability (Fig-
ure 5A). Upon AIA induction, CI8~~ mice develop a significantly exacerbated arthritis
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Figure 5. Claudin8 /™ mice have increased gut permeability and develop more severe arthritis

(A) FITC-dextran concentration in the serum of naive WT and claudin8~~ (CI8ko) mice (n = 11).

(B) Mean clinical score of arthritis in WT and claudin8/~ mice (n = 7/group).

(C) Mean percentage expression of splenic IFNy and IL-17 by total CD45" cells from WT and claudin8 '~ mice at day 7 of AIA (n = 7/group).

(D and E) Representative ZO-1 staining and mean ZO-1 intensity in the Sl and colon of WT and claudin8 ™/~ mice on day 3 of AIA, compared to their
respective naive controls.

*p < 0.05; **p < 0.01. (A, C, and E) Unpaired t test and (B) two-way ANOVA. For all panels, one out of two experiments is shown. Data represent mean + S.E.M.

compared to WT controls (Figure 5B) and a rise in the frequencies of IFNy* and IL-
17*CD45" cells in the spleen (Figure 5C). The increase in severity of joint inflammation
was accompanied by a loss of ZO-1 expression by intestinal epithelial cells compared
to arthritic WT mice (Figures 5D and 5E). These data suggest that enhanced gut perme-
ability predisposes mice to develop a more severe joint swelling.

Modulating gut permeability and cellular recirculation ameliorates arthritis

The above results prompted us to investigate whether preventing the loss of intes-
tinal barrier integrity could attenuate arthritis. To assess this, we used a small mole-
cule zonulin antagonist, AT-1001, that prevents zonulin-mediated retraction of tight
junctions.*® AT-1001 is of particular interest as it is currently being tested for its ther-
apeutic effect in celiac disease and could be repurposed to a rheumatological
setting.”” Treatment of arthritic mice with AT-1001 by oral gavage (Figure S6) pre-
vented the disruption of gut permeability, as shown by significantly reduced FITC-
dextran uptake compared to untreated mice (Figure 6A) and dramatically reduced
joint swelling (Figure 6B). This was accompanied by a significant reduction in sys-
temic and intestinal inflammation as shown by the decreased frequency of IFNy*
and IL-17*CD45" splenocytes (Figure 6C) and by the lower levels of intestinal tissue
damage, including crypt elongation and epithelial erosion (Figures 6D, 6E, S6B, and
S6C). MUC2 expression was also increased in the intestines of AT-1001-treated mice
compared to untreated arthritic mice, confirming the reduction in mucosal inflam-
mation (Figures 6F and 6G). AT-1001 treatment also partially prevented the loss of
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Figure 6. Preventing the loss of gut barrier integrity decreases arthritis severity

(A) FITC-dextran concentration in the serum of untreated and AT-1001-treated C57BL/6 mice on day 3 of AIA (n = 10/group).

(B) Mean clinical score of untreated and AT-1001-treated mice following induction of AIA (n = 5/group).

(C) Mean percentage expression of splenic IFNy™ and IL-17" total CD45" cells from untreated and AT-1001-treated arthritic mice (n = 5/group).
(D-G) Representative (D) H&E staining, (E) histological scores, (F) MUC2 staining, and (G) mean MUC2 intensity in the small intestines of untreated and

AT-1001-treated arthritic mice (day 3 of AlA).
(H-J) Representative ZO-1 staining and mean ZO-1 intensity in Sl and colon of naive mice and untreated and AT-1001-treated arthritic mice (day 3 of

AlA).
(K) Mean percentage expression of LPAM-1* and CCR9" on total CD45" splenocytes from untreated and AT-1001-treated arthritic mice (n = 5/group).

(L) Mean clinical score of arthritis in vehicle control and vercirnon-treated C57BL/6 mice (n = 5/group).
*p < 0.05; **p < 0.01; ***p < 0.001. (A, C, and K) Unpaired t test, (G, |, and J) one-way ANOVA, and (B, E, and L) two-way ANOVA. For (A)-(K), one out of

two experiments is shown. Data represent mean + S.E.M.

ZO-1 expression on the intestinal epithelial cells that is observed during arthritis (Fig-
ures 6H-6J).

Another consequence of AT-1001 treatment is a reduction in the percentage of
LPAM-17CCR9"CD45" cells in the spleens of mice with AIA compared to untreated
mice (Figure 6K). These results, along with the findings that the percentages of
LPAM-1"CCR9" cells are increased in both the PBMCs of RA patients (Figure 1N)
and systemically in arthritic K/BxN and AIA mice (Figures 3A and S3N), prompted
us to assess whether inhibiting the recirculation of these cells between the gut
and the periphery would reduce the severity of arthritis. Blocking CCR?-mediated
recirculation, using the specific CCR9 antagonist vercirnon, significantly reduced
joint swelling during the peak of disease in mice with AIA compared to untreated

controls (Figure 6L).

Med 2, 1-20, August 13, 2021 13



ameliorate disease, Med (2021), https://doi.org/10.1016/j.medj.2021.04.013

Please cite this article in press as: Matei et al., Intestinal barrier dysfunction plays an integral role in arthritis pathology and can be targeted to

¢ CellPress

OPEN ACCESS

DISCUSSION

In the present study, we explore two critical aspects of the contribution of the gut to
the development of RA, the loss of intestinal epithelial barrier integrity and the
development of subclinical gut inflammation. Previous studies have suggested
that enhanced intestinal permeability may be present in arthritis; however, these
studies did not rule out drug effects, nor did they show a link to the severity of dis-
ease. Bjarnason et al.”" and Mielants et al.”**" used >'Cr-EDTA absorption assays to
investigate gut “leakiness” in RA, AS, and osteoarthritis. Although they found
increased uptake of >'Cr-EDTA, and thus increased gut permeability, in all three dis-
eases, they concluded that the increased uptake in RA was a result of NSAID treat-
ment rather than disease. A more recent study by Tajik et al.”> demonstrated that
loss of gut epithelial integrity could be detected in both new onset and established
RA patients but did not investigate the role of treatment in either the evolution or
resolution of gut permeability. Here, we show that serum LPS, LBP, and I-FABP
levels, markers of gut damage and permeability, are raised in active RA patients
compared to healthy controls and that these measures are independent from the
treatment, implying that enhanced permeability is a feature of disease rather than
of therapy. We also report a positive correlation between the severity of disease
and the levels of LBP.

Interestingly, analysis of gut-permeability markers in a longitudinal cohort of RA pa-
tients treated with the TNF inhibitor etanercept showed a partial restoration of gut
integrity in patients responding to the treatment. The decreased levels of gut-perme-
ability markers are likely a consequence of reduced systemic inflammation, which may
lead to both a reduction in the recruitment of pro-inflammatory cells to the gut, as well
as a reduction in the production of intestinal inflammatory cytokines (as discussed
below in more detail in relation to the role of IFNYy in enhancing gut permeability).
However, the results showing that etanercept could not completely restore gut integ-
rity suggest that additional mechanisms contribute to this loss in arthritis. For example,
dysbiosis can directly contribute to the increase of gut permeability,’® and it has
been previously reported that etanercept can only partially correct dysbiosis in RA
patients.”” Increased permeability in RA patients may also be due to genetic predis-
positions, such as polymorphisms in zonulin or myosin IXB (MYO9B) that have been
associated with loss of gut integrity in inflammatory bowel disease (IBD).”**°
Arthritis-induced gut damage may, however, also take longer than the period of our
study to resolve. A number of TNF inhibitors are currently licensed for the treatment
of RA and IBD,***” and a comparison of their ability to correct intestinal inflammation
and permeability, as well as RA symptoms, would be warranted.

Early direct evidence for subclinical gut inflammation in RA showed abnormal focal
accumulations of '"'indium radio-labeled leukocytes in the intestines of 12 of 26
tested RA patients.’® Electron microscopy of biopsies of the ileums and colons of
RA patients suggested that ultrastructural changes, such as destruction of the brush
border and a loss of microvilli density, could be detected in a subset of tested pa-
tients, though these changes were less evident by light microscopy or endoscopy
and were not as obvious as in biopsies of spondyloarthropathy patients.”? By taking
advantage of two different experimental models of arthritis, one spontaneous and
one induced, we show increased intestinal permeability as measured by FITC-
dextran translocation and loss of tight junction protein ZO-1, as well as extensive
inflammatory changes to the intestinal epithelium, muscle wall, and inflammatory
infiltrates during arthritis from the earliest stages of disease. These morphological
changes were matched by an infiltration of IFNy-expressing inflammatory
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leukocytes and a loss of anti-inflammatory IL-10-expressing cells, supporting previ-
ous preliminary human studies suggesting that the gut is a site of leukocyte infiltra-
tion during arthritis.”® Of interest, despite the fact that up to 60% of patients with RA
can develop pathological changes in the lung, we did not detect any significant
changes to the mucosa of the lungs, at least in these preclinical models.

Previous studies in RA patients have reported tight-junction-disrupting bacteria,
such as Collinsella aerofaciens and Porphyromonas gingivalis, to be associated
with disease, %0

data also support a pivotal role of arthritogenic bacteria in driving alteration of

suggesting a role for bacteria in driving gut permeability. Our

gut barrier. However, they have also added a degree of complexity, as we showed
that both the transfer of arthritogenic feces and splenocytes, expressing high levels
of IFNy, TNF-a, and IL-6, and low levels of IL-10 were required to induce perme-
ability in NSG immune-deficient recipient mice. This result lends support to previous
in vitro findings, using colonic epithelial cell lines, showing that the inflammatory cy-
tokines IFNy and TNF-a cooperate to induce epithelial barrier dysfunction by
causing epithelial cell ZO-1 internalization, downregulation of occludin, and cell
death.'®"7"72% A number of mechanisms by which increased intestinal permeability
could contribute to autoimmunity have been proposed. In type 1 diabetes, it has
been suggested that microbial translocation to the pancreatic lymph nodes results
in increased nucleotide-binding oligomerization domain containing protein 2
(NOD?2) signaling, which results in enhanced Th1 and Th17 responses.®’ These find-
ings are in agreement with our results showing an increased bacterial translocation
to the mLN, joint draining lymph nodes, and the spleen. Given that arthritis is driven
by Th1 and Th17 cells," it is possible that bacteria found in peripheral lymphoid tis-
sues promote the differentiation of pro-inflammatory T-helper cells in arthritis. As
well as translocation of bacteria, increased gut permeability may allow for the sys-
temic dissemination of immunologically active bacterial metabolites or other bacte-
rial products. For instance, children with oligo- and poly-articular juvenile idiopathic
arthritis (JIA) show evidence of increased systemic exposure to bacterial products.?’
As a consequence of the increased gut permeability, we detect translocation of LPS,
which may itself be driving peripheral inflammation, because LPS is used as an adju-
vant to generate inflammatory arthritis in collagen-antibody-induced arthritis in
BALB/c mice.®”

In homeostasis, any effects of locally expressed IFNy on intestinal permeability
should be kept in check by the ability of IL-10 to promote normal barrier function.'®
In vitro, IL-10 signaling inhibits IFNy-mediated disruption of epithelial cell tight junc-
tions and loss of cell viability.”'**® However, IFNy has been reported to upregulate
IL-10R expression by epithelial cells, making them more sensitive to IL-10-mediated
|orotec’cion.45 In contrast to these in vitro findings, in both models of arthritis, we
observed a loss of in vivo IL-10R expression on the intestinal epithelium and an in-
crease in IFNy expression by leukocytes. Similarly, using in vitro cell cultures of intes-
tinal organoids, we show that exposure of IECs to IFNy decreases cell survival and IL-
10R expression. Adding IL-10 together with IFNvy only partially rescues cell survival.
Thus, these results propose for the first time that IFNy inhibits IL-10R expression by
epithelial cells. The discrepancy between our results and those previously shown
could be due to the influence of broader changes to the cytokine environment in vivo
in arthritis and in vitro to differences in the responses of cell lines and primary cells
cultured as organoids to inflammatory stimuli. The relevance of the loss of epithelial
cell IL-10-IL10R gut signaling to the pathogenesis of arthritis was confirmed by our
data showing that chimeric mice lacking IL-10R on non-hematopoietic cells devel-
oped increased intestinal permeability and inflammation and a significantly more
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severe arthritis than WT controls. The loss of intestinal epithelial IL-10R expression
seen in arthritis may also be due to dysbiosis, given that, in both models of arthritis,
we observed increased abundance of arthritis associated Prevotella genus bacteria.
This hypothesis is supported by our results showing a recovery of IL-10R expression
on intestinal epithelial cells in mice treated with antibiotics during arthritis induction.

Our results show for the first time that a genetic predisposition to gut permeability is
pathogenic in a mouse model of arthritis, as claudin-8~/~ mice develop a more severe
arthritis than WT controls. Further, we demonstrate that preventing the development
of intestinal permeability is an effective way of reducing joint swelling in a mouse model
of arthritis, confirming results by Tajik et al.>” in a collagen-induced arthritis model. To
prevent the development of gut permeability during arthritis, we treated mice with the
zonulin inhibitor AT-1001, also known as larazotide acetate.’” In the gut, zonulin is ex-
pressed by epithelial cells and signals via co-binding protease-activated receptor 2
and epidermal growth factor receptor. This results in protein-kinase-C-a-dependent
disruption of tight junction assembly. To this point, the only stimuli reported to elicit
zonulin expression by epithelial cells are gluten and bacterial fragments, the latter
via C-X~C motif chemokine receptor 3 (CXCR3).%* Thus, AT-1001 treatment is poten-
tially acting to prevent dysbiosis-induced arthritic pathology. A similar mechanism has
been suggested for the appearance of gut permeability in AS, where patients with
chronic disease display both bacterial invasion of the ileum and tissue upregulation
of zonulin expression.”” Larazotide acetate is currently in phase 3 trials as a therapy
for celiac disease and could be repurposed as an adjunct therapy for RA.®

In conclusion, we show that changes in gut morphology and an increase in gut
permeability coincide with the initiation of arthritis and abate during the remission
from disease. We suggest that changes to the gut are driven by intestinal dysbiosis
and loss of tolerance in the periphery and that these changes feedback to enhance
systemic inflammation and joint swelling. Finally, modulation of gut permeability or
prevention of gut-tropic cellular recirculation directly influences the severity of joint
inflammation, thus proposing two novel gut-dependent therapeutic approaches for
the treatment of RA.

Limitations of study

There are a few limitations of this study. First of all, although modulating the degree
of gut permeability affects the degree of joint swelling, as discussed above, the
exact mechanisms by which these two phenomena are linked remain to be fully eluci-
dated. In particular, although we observe increased systemic bacterial translocation
in arthritis, we do not know the identity of these bacteria and whether they can
directly induce disease pathology. Further, although we moved to the AIA model
on a C57BL/6 background to make use of transgenic mice that would allow us to
investigate individual elements of gut pathology in arthritis, this model only recapit-
ulates some aspects of human disease. In common with all arthritis models on this
background, AIA is an induced model and disease is self-remitting. More work will
be needed to determine the effects of alterations to the gut in chronic arthritis
and whether gut-directed treatments will be effective in established disease.
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Antibodies

CD19 BV785, Clone 6D5 Biolegend Cat# 115543; RRID: AB_11218994
CD3 BV605, Clone 17A2 Biolegend Cat# 100237; RRID: AB_2562039
CD4 BV711, Clone RM4-5 Biolegend Cat# 100550; RRID: AB_2562099
CD8a BUV805, Clone 53-6.7 BD Biosciences Cat#; 564920 RRID: AB_2716856
MHC-Il APC-Cy7, Clone M5/114.15.2 Biolegend Cat# 107628 RRID: AB_2069377
Ly6G Alexa Fluor 700, Clone 1A8 Biolegend Cat# 127622 RRID: AB_10643269
EpCAM FITC, Clone G8.8 Biolegend Cat# 118208 RRID: AB_1134107
CCR9 PE-Cy7, Clone CW-1.2 Biolegend Cati# 128712 RRID: AB_10933082
CD11b BV605, Clone M1/70 Biolegend Cat# 101257; RRID: AB_2565431
CD11c FITC, Clone N418 Biolegend Cat# 117306; RRID: AB_313775

CDA45 BUV737, Clone 104

LPAM-1 PE, Clone DATK32

IL-10R PE, Clone 1B1.3a

Ly6C PE-Cy7, Clone HK1.4

F4/80 APC, Clone BM8

IFNy APC, Clone XMG1.2

IL-10 PE, Clone JES5-16E3

11-17 eFluor 450, Clone eBio17B7
CCR9 Alexa Fluor 647, Clone BLICCR9
Rabbit anti-mouse ZO-1

Rabbit polyclonal anti-MUC2

Goat anti-rabbit IgG Alexa Fluore 555
Donkey anti-rabbit IgG Alexa Fluor 488

BD Biosciences

BD Biosciences

BD Biosciences
ThermoFisher Scientific
ThermoFisher Scientific
BD Biosciences
Biolegend
ThermoFisher Scientific
Biolegend

Abcam

Abcam

ThermoFisher Scientific

ThermoFisher Scientific

Cat# 564880 RRID: AB_2738998
Cat# 553811 RRID: AB_395066

Cat# 112706 RRID: AB_313519

Cat# 25-5932-82 RRID: AB_2573503
Cat# 17-4801-82: RRID: AB_2784648
Cat# 17-7311-82: RRID: AB_469504
Cat# 505008; RRID: AB_315362
Cat# 48-7177-82 RRID: AB_11149503
Cat# 346301 RRID: AB_2275427
Cat# ab216880; RRID: AB_10678863
Cati# ab76774 RRID: AB_1523987
Cat# A32732 RRID: AB_2633281
Cat# A32790 RRID: AB_2762833

Chemicals, peptides, and recombinant proteins

Methylated bovine serum albumin (mBSA)
Immunisation Grade Bovine Type Il Collagen
Incomplete Freund's adjuvant (IFA)
Phorbol-12-myristate-13 acetate (PMA)
lonomycin

DAPI

Brefeldin A

2-Mercaptoethanol

RNase-Free DNase set

Neomycin

Metronidazole

Vancomycin

Ampicillin

FITC-dextran

Collagenase VIII

Collagenase V

Collagenase D

Dispase

DNase |

Liberase TL

GlutaMAX

N-2

B27

N-acetylcysteine

Murine epithelial growth factor

Human recombinant R-spondin

Sigma Aldrich
Chondrex

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich
Biolegend
ThermoFisher Scientific
QIAGEN

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Roche Diagnostics
GIBCO

Roche Diagnostics
Roche Diagnostics
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
Sigma Aldrich
Peprotech

Biolegend

Cat# A1009

Cat# 20021

Cat# F5506

Cat# P8139

Cat# 10634

Cat# D9542

Cat# 420601

Cat# 31350010
Cat# 79254

Cat# N1876

Cat# M3761

Cat# V2002

Cat# A9393

Cat# 46944-500MG-F
Cat# C2139

Cat# C9263

Cat# 11088866001
Cat# 17105-041
Cat# 10104159001
Cat# 5401020001
Cat# 35050061
Cat# 17502048
Cat# 17504044
Cat# A9165

Cat# 315-09

Cat# 783604
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Murine recombinant Noggin Peprotech Cat# 250-38
Recombinant murine IFNy Biolegend Cat# 575306
Recombinant murine IL-10 Biolegend Cat# 575806

Vercirnon (anti-CCR9)

Chemocentryx/MedChemExpress

Cat# HY-15724

Critical commercial assays

Picopure™ RNA isolation kit
iScript™ cDNA synthesis kit

iQ™ SYBR® green supermix
Nextera DNA library preparation kit
MinElute PCR purification kit
QlAamp DNA Mini Kit
BioPulverizer Lysing Matrix E

Taq PCR Core kit

ZymoBIOMICS Microbial Community DNA Standard

Agencourt AMPure XP
Qubit dsDNA HS Assay Kit-500 assays
NEBNext Library Quant Kit for lllumina

ThermoFisher Scientific
Biorad

Biorad

lllumina

QIAGEN

QIAGEN

MP Biomedical Europe
QIAGEN

Zymo Research
Beckman Coulter
ThermoFisher Scientific
New England BioLabs

Cat# KIT0204
Cat# 1708891
Cat# 1708882
Cat# FC-121-1030
Cat# 28004
Cat# 51304
Cat# 116914050
Cat# 201225
Cat# D6305
Cat# A63881
Cat# Q32854
Cat# E7630L

High Sensitivity D1000 ScreenTape Agilent Cat# 5067-5584
Agilent High Sensitivity DNA Reagents Agilent Cat# 5067-4627
MiSeq Reagent Kit v2 (500-cycles) lllumina Cat# MS-102-2003
PhiX Control v3 lllumina Cat# FC-110-3001
Human LPS-binding protein ELISA kit R&D Systems Cat# DY870-05
Human intestinal fatty acid binding protein Sigma Aldrich Cat# RAB0537
(I-FABP) ELISA kit

Human LPS ELISA kit Cusabio Cat# CSB-E09945h
Murine LPS-binding protein ELISA kit Hycult Biotech Cat# HK205-01
PAS staining kit Abcam Ab150680
Deposited data

16S DATA This paper NCBI SRA accession number PRINA720523
Experimental models: Organisms/strains

Mouse, C57BL/6J Envigo N/A

Mouse, NOD.Cg-Prkdc*112rg"™"Wil/Szj (NSG) UCL, Clare Hall N/A

Mouse, Tg(TcraR28, TcrbR28)KRNDIm Prof. Diane Mathis N/A

Mouse, NOD |-A97 Prof. Mauro Peretti N/A

Mouse, lI10ra~"~ Prof. Werner Muller N/A

Mouse, B6;12955-Cldn8™""**/Mmucd Prof. Andrew Smith N/A
Oligonucleotides

qPCR primers

Hprt

Fwd 5= TTTGCTGACCTGCTGGATTAC -3’ ThermoFisher Scientific, This paper N/A

Rev 5'- CTTTTATGTCCCCCGTTGACT -3’

V3/V4 16 s

Fwd 5'-TCCTACGGGAGGCAGCAGT-3’ ThermoFisher Scientific, This paper N/A

Rev 5-GGACTACCAGGGTATCTAATCCTGTT-3

1110ra

N/A QIAGEN Cati# 249900

Software and algorithms

GraphPad Prism 8
Flowjo v10.5.0

NDP.view2 Viewing software

lllumina Casava 1.7
Mothur V1.35.13
Phyloseq

Graphpad Software
Flowjo, LLC

Hamamatsu

lllumina

Schloss et al.®®

https://www.graphpad.com

https://www.flowjo.com

https://www.hamamatsu.com/eu/en/product/type/

U12388-01/index.html
https://www.illumina.com
https://mothur.org/
https://joey711.github.io/phyloseq/
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Other

RPMI-1640 media Sigma Aldrich Cat# R8758
Advanced DMEM/F12 GIBCO Cat# 12634028
Red blood cell lysis buffer Sigma Aldrich Cat# R7757
Foetal calf serum (FCS) Biosera Cat# FB1001/500
Normal Goat Serum Vector Cat# $1000
Ethylenediaminetetraacetic acid ThermoFisher Scientific Cat# AM9260G

LIVE/DEAD™ Fixable Blue

Invivogen
Vectashield Mounting Medium with DAPI Vector labs
Formalin solution, neutral buffered, 10% Sigma Aldrich
Penicillin/Streptomycin Sigma Aldrich

eBioscience™ Intracellular fixation &
permeabilisation buffer set

ThermoFisher Scientific

Cat# L34961

Cat# H-1200-10

Cat# HT501320

Cat# P0781

Cat# P078188-8824-00

Brilliant stain buffer BD Biosciences Cat# 563794

M. tuberculosis H37 Ra, desiccated BD Cat# 231141
Percoll Plus GE Healthcare Cati# 17544501
O.C.T compound Tissue-Tek Cati# 23-730-571
Matrigel Corning Cat# 356231

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Paul Blair (p.blair@ucl.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The 16S dataset generated during this study is available at NCBI Sequence Read
Archive: PRINA720523.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human samples

Serum was obtained from rheumatoid arthritis (RA) patients and healthy adult con-
trols with fully informed consent as approved by the ethics committee of: University
College London Hospitals Health Service Trust (14/LO/0506 and 14/SC/1200); CPP,
lle de France VIl (13-048), Academic Medical Centre, Amsterdam (METC 2013_304),
and Azienda Ospedaliero Universitaria Careggi (2012/0035P82). Clinical informa-
tion for patients and healthy controls is shown in Table S1.

Mice

C57BL/6J mice were purchased from Envigo Laboratories. NOD scid gamma (NSG,
NOD.Cg-Prkdc*“12rg™™1'/Szj) mice were purchased from UCL, Clare Hall. K/BxN
spontaneous arthritis mice were bred in-house by crossing TCR transgenic KRN mice
(Tg(TcraR28,TcrbR28)KRNDim, provided by Diane Mathis, Harvard Medical School,
USA) with (I-A%7) NOD mice (provided by Mauro Peretti, Queen Mary University of
London, UK). I110ra~"~ mice were provided by W. Muller (University of Manchester,
UK). Claudin8™'~ mice (B6;12955-Cldn8™"-**/Mmucd) were provided by A. Smith
and B. Nedjat-Shokouhi (for genetic information on the strain, Supplemental
Methods Figure 1). Mice were sex-matched and mixed sexes were used for all
K/BxN experiments, while only females were used for AIA experiments due to pre-
dictable incidence of disease. Mice were assigned to experimental groups at
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random and, where possible, mixed among cages. Mice were housed in individually
ventilated cages at 20-24°C, 45%-64% humidity, and at a 12- light/dark cycle in spe-
cific opportunist- and pathogen-free (SOPF) conditions (health screening (Full-FE-
LASA profile) was performed annually). Experimental mice were fed Harlan Teklad
pellets 2018 (18% protein) and breeding mice were fed Harlan Teklad pellets 2010
(19% protein) with food and water available ad libitum. Mice were used between
2-12 weeks of age and were maintained at animal facilities at University College Lon-
don. Where possible, initial preliminary experiments were undertaken to establish
sample sizes, considering an ethical and reductionist animal use. All experiments
were approved by the Animal Welfare and Ethical Review Body of University College
London and authorized by the United Kingdom Home Office.

For K/BxN, joint (front paw, rear ankle) size was measured using calipers (POCO 2T;
Kroeplin Lingenmesstechnik) and their disease scores were calculated as follows:

_ joint size at Tx — joint size at TOx

9 ling = 1
7% Swelling joint size at TO x 100

*To = 3 weeks of age, day of weaning.

METHOD DETAILS

Induction of antigen-induced arthritis (AIA)

AlA was induced as previously described®'*?. Briefly, mice were immunized subcu-
taneously at the base of the tail with 200 pg methylated bovine serum albumin
(mBSA, Sigma-Aldrich) in 100 puL complete Freund'’s adjuvant (CFA) and phos-
phate-buffered saline (PBS, Sigma-Aldrich). 3 mg/ml CFA was prepared by mixing
Mycobacterium tuberculosis (231141, BD) in incomplete Freund’s adjuvant
(F5506, Sigma-Aldrich). After 7 days, mice received an intra-articular injection of
200 pg mBSA in 10 pL PBS in the right knee or PBS alone as a control in the left
knee. Joint size was measured using calipers. Knee swelling was calculated as per-
centage increase in size between antigen-injected knee and PBS-injected knee.

Disease scores were calculated as follows:

% Swelling = B4 I?Ef;/;:fs knee . 100

If treated with antibiotics for microbiota depletion during arthritis, C57BL/6 mice
were given, in their drinking water, a combination of neomycin (1 g/L, N1876,

Sigma-Aldrich), metronidazole (1 g/L, M3761, Sigma-Aldrich), and vancomycin
(0.5 g/L, V2002, Sigma-Aldrich), from 7 days prior to the subcutaneous injection.
The mice were kept on antibiotics throughout the experiment.

In vivo intestinal permeability measurements

Human LPS-binding protein (LBP) levels were measured by ELISA following the man-
ufacturer’s instructions (DY870-05, RnD Systems) in the sera of RA patients and
healthy controls (HC) (diluted 1 in 1000 in PBS/1% BSA). The level of intestinal fatty
acid binding protein (I-FABP) was also measured in the sera of the mentioned RA pa-
tients and HC (1:1) by ELISA according to manufacturer’s instructions (RAB0537,
Sigma). LPS levels were also measured by ELISA in these samples, undiluted, accord-
ing to manufacturer’s instructions (CSB-E09945h, Cusabio).

Murine LPS-binding protein levels were measured in mouse serum (diluted 1in 1000)
by ELISA following the manufacturer’s instructions (HK205-01, Hycult Biotech).
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For FITC-dextran translocation measurements, food was removed from cages for
14 h and mice were then gavaged with 600 mg/kg body weight of 4 kD FITC-dextran
diluted in water (46944-500MG-F, Sigma). Blood was collected 30 min after gavage
and the serum concentration of the FITC-dextran was determined using a fluorom-
eter (TECAN Genios Spectra Fluor plus) with an excitation wavelength of 485 nm
and an emission wavelength of 535 nm. FITC-dextran was serially diluted in PBS
to establish a standard curve.

Cell preparation

Spleens, Peyer's patches (PP), mesenteric (mLN) and axillary (ALN) lymph nodes
were collected post-mortem in complete RPMI-1640 (cRPMI) media with L-gluta-
mine and NaHCOs3 (Sigma-Aldrich), with 1:10 fetal bovine serum (FBS) (Biosera)
and 1:100 Penicillin (10.000 units/ml) /Streptomycin (10 mg/ml) (Sigma-Aldrich). Sin-
gle cell suspensions were obtained by dissociating tissues through 70 pm cell
strainers (BD Biosciences). Erythrocytes were lysed using Red Blood Cell (RBC) Lysis
buffer (Sigma-Aldrich).

For the isolation of intra-epithelial lymphocytes (IEL) and lamina propria mononuclear
cells (LPMC), the small and large intestines were removed and cleaned of fat and feces.
For small intestines, the PPs were removed and they were divided into duodenum,
jejunum and ileum. Intestines were sliced longitudinally and cut into 5-10 mm pieces
and incubated with Hanks Balanced Salt Solution (HBSS, Thermo Fisher Scientific) con-
taining 5 mM ethylenediaminetetraacetic acid (EDTA, Thermo Fisher Scientific) for
15 min at 180 rpm and 37°C. After incubation, the samples were vortexed and |ELs
were collected from the solution through a 100 pum cell strainer (BD Biosciences) and
the tissue was re-incubated as above. After both sets of IELs isolation the remaining tis-
sue was washed in fresh HBSS to remove the EDTA, and further incubated with the
respective digestion enzymes (small intestine: collagenase VIII - 1 mg/mL (C2139,
Sigma-Aldrich); colon: collagenase V - 0.425 mg/mL (C9263, Sigma-Aldrich), collage-
nase D — 0.625 mg/mL (11088866001, Roche Diagnostics), dispase — 1 mg/mL
(17105-041, GIBCO), DNase | — 0.03 mg/mL (10104159001, Roche Diagnostics)). The
small intestines were incubated for 25 min and the colons for 40 min at 180 rpm and
37°C, with rigorous shaking every 10 min. The collected IELs were spun through a
40:75% isotonic Percoll Plus (17544501, GE Healthcare) gradient (20 min, 21°C, 900
g) and the interface was further used. For the LPMCs, the filtered and collected cells
post-digestion were washed in cRPMI and resuspended in 40% isotonic Percoll and
centrifuged at 450 g for 8 min in order to remove debris from samples.

For the isolation of lung immune cells, the lung vascular bed was perfused with PBS
prior to dissection. The lungs were cut into small pieces and digested in serum-free
RPMI-1640 containing 0.13 mg/ml Liberase TL (Roche) and 20 U/ml DNase | (Roche)
for 45 min at 37°C with constant shaking. The digested tissue was further dissociated
into single cells through 70 pm cell strainers. The gating strategy for identifying lung
immune cells by flow cytometry is given in Supplemental Methods Figure 2.

When all single cell suspensions were collected, they were washed in cRPMI and
counted.

Flow cytometry

Single-cell suspensions were stained with combinations of the following surface anti-
mouse markers: CD19 BV785, CD3 BV605, CD4 BV711, MHC-Il APC-Cy7, Ly6G
Alexa Fluor 700, CD11b BV605, CD11c FITC, EpCAM FITC, CCR9 PE-Cy7 (Bio-
legend), CD45 BUV737, CD8 BUV805, LPAM-1 PE, IL-10R PE, Siglec F PE (BD
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Bioscience), Ly6C PE-Cy7 (eBioscience), F4/80 APC (Invitrogen); and LIVE/DEAD
Fixable Blue Dead Cell Stain (Invitrogen, Thermo Fisher Scientific) for dead cell
exclusion at RT for 30 min and fixed in 2% paraformaldehyde (PFA) solution (Sigma).
For intracellular cytokine production, cells were first cultured at 0.5X10° cells/well in
cRPMI with phorbol 12-myristate 13-acetate (PMA, 50 ng/ml, Sigma-Aldrich), lono-
mycin (250 ng/ml, Sigma-Aldrich) and Brefeldin A (5 ng/ml, Sigma-Aldrich) for 4.5 h.
Cells were then stained for surface markers as above, then fixed and permeabilized
with the eBioscience intracellular staining kit as per manufacturer’s instructions, then
incubated with combinations of IFNy APC (BD Bioscience), IL-10 PE (Biolegend),
IL-17 eFluor 450 (eBioscience).

PBMCs isolated from healthy controls or RA patients were stained ex vivo with LIVE/
DEAD Fixable Blue Dead Cell Stain (Invitrogen), for 20 min at RT and anti-human an-
tibodies for flow cytometry, for 30 min at 4°C as follows: CCR9 Alexa Fluor 647 (Bio-
legend) and LPAM-1 PE (Novus Biologicals).

Flow cytometry was performed on LSR Il (BD Biosciences). Data were analyzed using
FlowJo (Treestar).

Histological assessment of frozen tissue sections

Intestinal sections (duodenum, jejunum and ileum from the small intestine and prox-
imal, medial and distal colons) were harvested and embedded in O.C.T compound
(Tissue-Tek), and lungs were inflated with 50% OCT/PBS and embedded in OCT,
and snap-frozen in dry-ice-cold isopentane (Sigma). Intestinal tissues were cut into
6 um sections (HM525 NX cryostat, Thermo Scientific) and lungs were cut into
10 pm sections and adhered to Superfrost Plus slides (VWR) for hematoxylin and
eosin (H&E) staining by the Tissue-Tek DSR automatic stainer. Briefly, the sections
were fixed in 10% neutral buffered formalin solution (Sigma), rehydrated in PBS,
stained with hematoxylin, washed, counterstained with eosin Y, then washed and de-
hydrated in sequentially higher concentrations of ethanol from 75% to 100%. The
sections were scanned using the NDP NanoZoomer (Hamamatsu) and analyzed
with the NDP view software.

The level of intestinal inflammation was semiquantitatively scored in a blinded
fashion for each part of the small and large intestines as previously described with
minor alterations®”**’. Briefly, five criteria were graded for each tissue from 0 to 3:
leucocyte infiltration (0- none; 1- minimal, 2- slight, multifocal infiltration of lympho-
cytes and neutrophils in the mucosal layer; 3- moderate, diffuse infiltration of lym-
phocytes and neutrophils in the mucosal and submucosal layers), crypt elongation,
muscle wall thickening (both 0- normal (<100% of naive or 2-week old K/BxN);
1- slight (101%-150%); 2- moderate (151%-200%); 3- severe (> 200%)), degree of
epithelial erosion and loss of goblet cells or entire crypts (0-, none; 1- slight, multi-
focal; 2- moderate, multifocal; 3- severe, diffuse) in comparison to intestinal sections
of naive mice. The scores for each criterion were summed up to give the overall
inflammation score of each tissue.

Periodic Acid-Schiff (PAS) staining

Intestinal sections were harvested and snap-frozen in OCT as above and stored at
—80°C. The cryo-sections (6 um) were fixed with 10% neutral buffered formalin solu-
tion (Sigma) for 10 min (RT) and stained for mucin and goblet cell counts using a PAS
staining kit according to the manufacturer’s instructions (ab150680, abcam). Briefly,
the sections were stained with periodic acid solution, washed in RO water, stained in
Schiff’s solution, rinsed under tap water, stained with hematoxylin, bluing reagent
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and light green reagent with rinses between each step and finally dehydrated in
sequentially higher concentrations of ethanol from 75% to 100% and mounted using
DPX (BDH VWR). The sections were scanned using the NDP NanoZoomer (Hama-
matsu) and analyzed with the NDP view software.

Immunofluorescence

Intestinal sections and lungs were harvested and snap-frozen in OCT as above. The
cryo-sections (6 pum) were fixed with 10% neutral buffered formalin solution (Sigma)
for 10 min at room temperature (RT), rehydrated in PBS, then blocked with 10%
normal goat (Vector Labs) or donkey (Abcam) serum with 0.3% Triton X-100 (Sigma)
for 20 min at room temperature (RT). The tissues were incubated with primary anti-
bodies (EpCAM-FITC, Biolegend; rabbit anti-mouse ZO-1, Abcam; rabbit polyclonal
anti-MUC2, Abcam) overnight at 4°C. The secondary antibodies (goat anti-rabbit
IgG-Alexa Fluor 555, Thermo Fisher, donkey anti-rabbit IgG-Alexa Fluor 488,
Thermo Fisher) were added the following day after X2 PBS washes and incubated
for 1 hour at RT. The slides were finally mounted in Prolong Antifade Mountant
with DAPI (Thermo Fisher) or Vectashield with DAPI (Vector Labs), imaged on a Zeiss
fluorescence microscope using AxioVision or Zen lite (Blue edition) software and
analyzed using Fiji (ImageJ) for mean fluorescence intensity.

Bacterial translocation measurement

Spleens, mesenteric and joint-draining (axillary) lymph nodes were isolated in a ster-
ile fashion from early-disease and arthritic K/BxN mice. Bacterial 16 s rDNA was ex-
tracted from the digested tissues using a QlAmp DNA mini kit (51304, QIAGEN) ac-
cording to the manufacturer’s instructions. Briefly, samples were digested overnight
in lysis buffer and Proteinase K and then homogenized using Tissue Lyser (QIAGEN).
The resulting supernatant containing 16 s bacterial rDNA was purified and frozen
at —20°C. The samples were quantified for the V3/V4 16 s rDNA regions by qPCR
(F primer: 5-TCCTACGGGAGGCAGCAGT, R primer: 5-GGACTACCAGGGTATCT
AATCCTGTT) using the QuantiTect SYBR Green PCR kit as per manufacturer’s in-
structions (QIAGEN).

Arthritic cell transfer and bacterial reconstitution

Naive NOD scid gamma (NSG) mice were either treated with antibiotics: ampicillin (1
g/L, A9393, Sigma-Aldrich), neomycin (1 g/L, N1876, Sigma-Aldrich), metronidazole
(1 g/L, M3761, Sigma-Aldrich), and vancomycin (0.5 g/L, V2002, Sigma-Aldrich); or
kept on autoclaved water for three weeks. Splenocytes were isolated from arthritic
K/BxN mice or NOD controls, pooled, and transferred i.v. (60 million cells/mouse)
into control, antibiotics-treated mice or NSG mice reconstituted with gut microbiota
from K/BxN or KRN mice as described below.

For bacterial reconstitution, NSG mice were treated with antibiotics for two weeks
and changed onto autoclaved water for 24 h before bacterial reconstitution. Feces
from arthritic K/BxN or control (naive KRN) mice were collected fresh, homogenized,
diluted in PBS and gavaged to NSG mice (0.06 mg feces/mouse) 7 days prior and on
the day of cell transfer.

Intestinal epithelial cell isolation

For the isolation of intestinal epithelial cells (IEC), PP and fat were removed from the
small intestines which were separated into duodenum, jejunum and ileum. Intestinal
tissues from Sl and colons were cleaned in HBSS, cut longitudinally and into 2-5 mm
pieces, and incubated in HBSS supplemented with 5% FCS and 2.5 mM EDTA for
40 min at 180 rpm and 37°C. The IECs were passed through a 100 um cell strainer
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and washed x2 in cRPMI. The debris and remaining fat from the intestinal sections
were removed using a 25%-40% isotonic Percoll gradient spin (10 min, 600 g,
21°C) and the interface contained the epithelial cells. IECs were then washed in
cRPMI and counted, and further used for FACS staining or mRNA extraction for
gPCR.

Gene expression by RT-PCR

RNA was extracted from IECs according to the manufacturer’s instructions (Arcturus Pi-
copure RNA isolation kit, Applied Biosystems) and cDNA synthesis from a maximum of
500 ng of mRNA/sample was performed using iScript (Biorad). gPCR reactions for il10ra
(QuantiTect, QIAGEN) and the housekeeping gene hprt (F primer: 5-TTTGCTG
ACCTGCTGGATTAC-3', R primer: 5-CTTTTATGTCCCCCGTTGACT-3) were per-
formed using iQ SYBR® Green. Samples were assayed in duplicate on an Opticon
RT-gPCR machine (MJ Research) and the relative expression was calculated using the
AC(t) method.

Small intestine organoid culture

Organoid establishment and maintenance were done similarly to published proto-
cols®®¢?. Briefly, the proximal section of the small intestine was cut longitudinally,
washed in ice-cold PBS without Mg®* and Ca®* (GIBCO), and the villi were scraped
off, followed by further washing in PBS. The intestine was cut in 2-4 mm pieces and
transferred into 50 mL Falcon tubes to be washed 2-3 times in PBS by pipetting up
and down until the supernatant is clear. The clean intestinal sections are moved into
new tubes with 2mM EDTA in PBS and incubated at 4°C for 30 min on a roller shaker
for crypt isolation. Isolated crypts are then thoroughly washed and counted for
plating in Matrigel (Corning) at approximately 300-500 crypts/30 uL Matrigel/well.
Upon the solidification of the Matrigel droplets (10 min at 37°C), culture medium
was added to each well: Advanced DMEM/F12 (GIBCO) containing 1 X penicillin/
streptomycin (Sigma), 2 mM GlutaMAX, 10 mM HEPES, 1 X N-2 supplement, 1 X
B-27 supplement (all Thermo Fisher), 1 mM N-acetylcysteine (Sigma), supplemented
with epithelial growth factor (50 ng/ml, Peprotech), 1 pg/ml of human recombinant
R-spondin (Biolegend), 0.1 pg/ml murine recombinant Noggin (Peprotech).

Recombinant IFNy and IL-10 (Biolegend) were added to organoids overnight at
1 ng/ml to investigate their effect on IL-10R expression on organoid epithelial cells,
stained and analyzed by flow cytometry as above.

Generation of bone marrow chimeras

Chimeric mice and the appropriate controls were generated. Briefly, recipient WT or
IL-T0R™"~ mice received 9 Gy of y-irradiation via a cesium source and were allowed
to equilibrate for 5 h before being administered i.v. with 10" donor bone marrow
cells. To restrict deficiency of IL-10R only on epithelial (non-hematopoietic) cells,
the irradiated IL1-OR™/~ mice received WT bone marrow (hematopoietic cells) and
all the chimeric mice were left to reconstitute for at least 6 weeks prior to being
used for AIA induction.

Modulation of intestinal permeability using AT-1001

AT-1001, a synthetic zonulin antagonist, was kindly provided by A. Fasano (Mas-
sachusetts General Hospital). Mice received 2 daily oral gavages of 50 pg of
AT-1001 diluted in 150 plL water, or 150 plL water as negative control, for
8 days from the subcutaneous mBSA/CFA injection for AIA induction (described
in Figure S6A).
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Modulation of immune cell recirculation to the intestine

Vercirnon (Chemocentryx), a commercially available drug against chemokine recep-
tor CCR9, was formulated as a suspension in 10% Kolliphor® EL (Sigma). 200 pg in
250 pL per mouse (10 mg/kg) were injected twice daily intra-peritoneally throughout
AIA induction over the same timescale as AT-1001 treatment in Figure S6A.

16S rDNA sequencing

Bacterial sequencing was performed as previously described’®. Briefly, 20-50 mg of
fecal material was extracted using the QIAmp DNA mini kit (QIAGEN) per manufac-
turer’s protocol with an additional cell disruption step by bead beating using lysing
matrix E (MP Biomedicals) at 50 Hz for 1 minute (Tissuelyser LT, QIAGEN). Barcoded
primers spanning the V3-V4 region of the 165 rRNA gene were designed as
described previously®® to include an lllumina adaptor, an 8-nucleotide barcode
sequence, a 10-nucleotide pad sequence, a 2 nucleotide linker, and a gene-specific
primer: 341F-CCTACGGGNGGCWGCAG or 805R- GACTACHVGGGTATCTAA
TCC. (Sigma-Aldrich, Dorset, UK). Extracted DNA samples were amplified with
different barcode combinations using the Tag Core PCR kit (QIAGEN) as per manu-
facturer’s instructions. Samples were then pooled to create libraries with approxi-
mately equal concentrations of 16S rRNA amplicons from each sample, which
were quality checked, sequenced, and analyzed as previously described’®¢°.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are expressed as mean + SEM. Clinical and histological scoring were per-
formed blinded. For in vivo studies in the AIA model, power calculations were per-
formed on data showing mean maximum WT arthritic knee swelling of 2 mm with an
SD of 0.39 mm, and an expected test group arthritic knee swelling of + 0.6 mm.
Group sizes of three mice or above were sufficient to reach a statistical power of
at least 80% (http://www.statisticalsolutions.net/pss_calc.php). To assess statistical
significance, one-way ANOVA (comparison of > 3 groups), two-way ANOVA and
paired or unpaired Student’s t test (comparison between 2 groups) were carried
out. Bonferonni corrections were applied for multiple comparisons using ANOVA,
unless otherwise stated. All data had a normal distribution, as determined by
D’'Agostino-Pearson omnibus normality testing. For all figures, p values are repre-
sented as followed: *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001. All data,
barring the immunofluorescence and histology scans, were analyzed using Graph-
Pad Prism 7 (La Jolla, CA, USA).
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