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SUMMARY
Gut microbiota-mediated secondary bile acids (BAs) play an important role in energy balance and host meta-
bolism via G protein-coupled receptors and/or nuclear receptors. Emerging evidence suggests that BAs are
important for maintaining innate immune responses via these receptors. However, the effect of BAs on auto-
immune uveitis is still unknown. Here, we demonstrate decreased microbiota-related secondary BA concen-
tration in feces and serum of animals with experimental autoimmune uveitis (EAU). Restoration of the gut BAs
pool attenuates severity of EAU in association with inhibition of nuclear factor kB (NF-kB)-related pro-inflam-
matory cytokines in dendritic cells (DCs). TGR5 deficiency partially reverses the inhibitory effect of deoxy-
cholic acid (DCA) on DCs. TGR5 signaling also inhibits NF-kB activation via the cyclic AMP (cAMP)-protein
kinase A (PKA) pathway in DCs. Additionally, both DCA and TGR5 agonists inhibit human monocyte-derived
DC activation. Taken together, our results suggest that BA metabolism plays an important role in adaptive
immune responses and might be a therapeutic target in autoimmune uveitis.
INTRODUCTION

Uveitis is an intraocular inflammatory disease that may cause se-

vere visual impairment (Miserocchi et al., 2013). Uveitis is

currently treated with corticosteroids and immunosuppressive

agents, but despite this therapy many eyes still go blind. There-

fore, there is an ongoing search to elucidate the mechanisms

involved in the pathogenesis of uveitis, which might lead to the

discovery of potential therapeutic targets.

Recent studies showed that dysbiosis of the gut microbiome

might play an important role in modulating immune homeostasis

in clinical uveitis entities such as Behçet’s disease (BD), Vogt-

Koyanagi-Harada (VKH) disease, and acute anterior uveitis

(AAU), but also in a model of experimental autoimmune uveitis

(EAU) (Huang et al., 2018a; Janowitz et al., 2019; Ye et al., 2018,

2020). Transplantation of feces from clinically active BDuveitis pa-

tients tomicewas shown toworsenEAU in these animals (Yeet al.,

2018). An altered composition of the gut microbiota has recently

not only been observed in uveitis, but also in many other autoim-

mune/inflammatory diseases (Bhargava et al., 2020; Huang et al.,

2018a; Nakamura et al., 2016; Stoll et al., 2014; Tremlett et al.,

2016; Ye et al., 2018). How gut microbiota composition affects im-

mune regulation is not yet clear, and secondary effects, such as a

microbiota-associated influence on bile acid composition, have

only scarcely been investigated (Abdollahi-Roodsaz et al., 2016;

Dart, 2018; Shapiro et al., 2018; Taylor and Green, 2018).
Ce
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Bile acids are produced in the liver and are metabolized by en-

zymes derived from intestinal bacteria, and they have been

shown to be involved in the control of the immune system (Fior-

ucci et al., 2018; Ye et al., 2018). Research on the immunoregu-

latory effects of bile acids has mainly focused on their control of

innate immunity (Fiorucci et al., 2018). Recent studies found that

a gut microbiota-related dysmetabolism of bile acids was asso-

ciated with several inflammatory autoimmune diseases such as

inflammatory bowel disease (IBD) (Duboc et al., 2013) and type

1 diabetes (T1D) (Mooranian et al., 2018). A role for bile acid

composition in the pathogenesis of uveitis has not yet been re-

ported and was therefore the subject of the study presented

here.

In this study, we tested bile acids and gut microbiota compo-

sition in an animal model of uveitis (EAU). We found that gut mi-

crobiota-related secondary bile acids suppress the severity of

EAU and show that this effect may be mediated via a TGR5-

induced inhibition of dendritic cell (DC) activation.

RESULTS

Altered bile acids and gut microbiota composition in the
feces of EAU mice
Current studies have indicated that a dysregulation of gut micro-

biota plays a critical role in the development and the progression

of several autoimmune diseases, including uveitis (Wu et al.,
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2020; Ye et al., 2018). However, how the gut microbiota plays its

effect on uveitis is still not well clarified. First, gut microbiota

composition in the feces of EAU mice was tested by 16S rDNA

sequencing. A significant change was found between EAU and

control mice at the phylum and genus levels (Figures S1A). The

Chao1 and Shannon indexes were decreased and the Simpson

index was increased, showing a downregulation of microflora

richness and diversity in the feces of EAU mice (Figure S1B).

Additionally, the principal-component analysis (PCA) and prin-

cipal coordinate analysis (PCoA) score plots revealed a clear dif-

ference between EAU mice and healthy controls (Figure S1C).

We further used the linear discriminant analysis (LDA) effect

size (LEfSe) tool to characterize the change of the gut microbiota

in EAU mice. The result showed that Ruminococcaceae (Firmi-

cutes), Lachnospiraceae (Firmicutes), and Eggerthellaceae (Ac-

tinobacteria) were enriched in controls, whereas Prevotellaceae

(Bacteroidetes) was enriched in EAU mice (Figures 1D and 1E).

Recent studies have reported that Ruminococcaceae and

Lachnospiraceae might exhibit a bile acid-inducible 7a-dehy-

droxylation that converts primary bile acids into secondary bile

acids (Just et al., 2018; Vital et al., 2019). To investigate whether

bile acid composition was involved in the development of auto-

immune uveitis, we collected feces from C57BL/6J mice on

day 14 after being immunized with IRBP651–670 and complete

Freund’s adjuvant (CFA). Fecal bile acid composition was tested

by liquid chromatography-mass spectrometry (LC-MS). Total

secondary bile acids and the secondary bile acids/primary bile

acids ratio were found to be decreased in the EAU group (Figures

1B and 1C). Four secondary bile acids and two primary bile acids

were decreased (Figure 1A). We further performed Spearman

correlation tests between microbial taxonomic composition at

the genus level (LDA > 2, p < 0.05) and altered bile acids (p <

0.05). A total of 47 genera (13 enriched and 34 depleted in feces

of EAUmice) and six bile acids were significantly associated with

at least one potential interaction. Deoxycholic acid (DCA) was

significantly correlated with 28 genera, including 8 genera

belonging to Lachnospiraceae and 8 genera belonging to Rumi-

nococcaceae (Figures 1F and 1G).

Gut-mediated secondary bile acids suppress the clinical
severity of EAU
The above results indicated that dysmetabolism of gut-mediated

secondary bile acids was involved in the development of EAU

mice. To further study how gut secondary bile acids affect the

development of autoimmune uveitis, we tested the level of circu-

lating bile acids of EAUmice. We found that secondary bile acids

were decreased in the serum of EAU mice, including DCA and

another four secondary bile acids (Figures S2A–S2C). Further-

more, fecal bile acid concentration was positively correlated

with circulating bile acid level (Figure S2D). We next immediately

fed mice with various diets containing either DCA, cholic acid

(CA), lithocholic acid (LCA), or chenodeoxycholic acid (CDCA),

and controls received a normal diet (ND) after inducing EAU.

The results showed that DCA and LCA, but not CA and CDCA,

significantly suppressed the progression of EAU mice in the

clinic with a reduction of spleen weight (Figures 2A, 2B, and

S5B). The diets did not affect body weight, blood glucose, and

plasma ALT level (Figures S5A and S5C). The histological scores
2 Cell Reports 36, 109726, September 21, 2021
of EAU mice on day 14 after immunization were decreased by

DCA and LCA (Figures 2A and 2B). Additionally, we found

that the percentage of T helper (Th)1 and Th17 cells in

spleen was decreased by LCA and DCA (Figures 2C and 2E).

LCA and DCA also significantly decreased the frequency of

splenic CD11c+major histocompatibility complex class II (MHC

class II)high DCs (Figures 2D and 2F).

Bile acids have been shown to influence the composition of

the gut microbiota (Jia et al., 2018). We pretreated mice with an-

tibiotics (ABs) for 7 days to delete the existing gut flora and then

fed mice with an LCA or DCA diet. EAUwas induced by IRBP im-

munization, and both LCA and DCA reduced the severity of EAU,

as shown by the lower clinical histological scores with a reduc-

tion of spleen weight (Figures S3A–S3D and S5E). Antibiotics

also had no effect on body weight and blood glucose (Fig-

ure S5D). Analysis of splenic cells showed inhibited Th1 and

Th17 differentiation and CD11c+MHC class IIhigh DC activation

as compared with the antibiotic pretreatment group (Figures

S3E–S3H). Interestingly, antibiotics also significantly attenuated

the severity of EAU and decreased the proportion of Th1 and

Th17 cells in the spleen (Figures S3A–S3D, S3G, and S3H), but

did not inhibit CD11c+MHC class IIhigh DC activation (Figures

S3E and S3F).

Clostridium scindens has been reported to be depleted in

feces of BD and AAU patients and has been shown to convert

primary bile acids into secondary bile acids (Huang et al.,

2018a; Ye et al., 2018). We found that C. scindens was depleted

in feces of EAU mice (Figure S4A). Therefore, we colonized mice

withC. scindens and then immunized themwith IRBP651–670. Our

results showed that C. scindens was significantly enriched and

that it increased the proportion of secondary bile acids in mice

feces and serum (Figures S4A–S4E). In addition, the proportion

of secondary bile acids in serum and feces was positively corre-

lated with the level of fecal C. scindens (Figures S4F and S4G).

We next found that C. scindens transplantation significantly in-

hibited clinical, histological scores and spleen weight in EAU

mice (Figures 2G, 2H, and S6G), but it had no effect on body

weight and blood glucose (Figure S5F). Additionally, it also

reduced the proportion of Th1 cells, Th17 cells, and

CD11c+MHC class IIhigh DCs in the spleen of EAU mice (Figures

2I–2L).

Secondary bile acid regulates the function of DCs in vivo

and in vitro

The results shown above suggested that secondary bile acids

regulate CD11c+MHC class IIhigh DC activation in EAU mice.

DCs are professional antigen-presenting cells critical for the func-

tion of the adaptive immune systems via their ability to prime naive

T cells and thus play a key role in maintaining immune homeosta-

sis and tolerance (Allenspach et al., 2008). We developed bone

marrow-derived DCs (BMDCs) to evaluate the effects of second-

ary bile acids on DCs in vitro. We found that DCA significantly

reduced the secretion of interleukin (IL)-1b, IL-6, tumor necrosis

factor (TNF)-a, and IL-12p70 by lipopolysaccharide (LPS)-primed

BMDCs in a dose-dependent manner (Figure 3A). Additionally,

DCA also inhibited the expression of co-stimulatory molecules

such as CD40, CD80, CD86, and MHC class II (Figures 3B and

3C). To examine the effect of DCA on the role of BMDCs on



Figure 1. Altered bile acids (BAs) and gut microbiota composition in the feces of EAU mice

C57BL/6J mice were immunized by IRBP651–670 and CFA to induce EAU, and feces was collected on the 14th day after immunization at the peak of their uveitis

(n = 6 per group). BAs in the feces of EAU mice and controls were tested by LC-MS.

(A) Levels of fecal BAs in EAU mice and controls.

(B) Fecal BA composition in EAU mice and controls.

(C) Fecal primary BAs, secondary BAs, and the ratio of secondary BAs/primary BAs compared between EAU mice and controls.

(D) The differentially abundant taxonomic clades with a linear discriminant analysis (LDA) score >2.0 among cases with a p value <0.05.

(E) LDA effect size (LefSe) analysis in EAU mice (green) and controls (red).

(F and G) Heatmap (F) and network (G) of positive (red) and opposite (blue) correlation between six BAs and 41 genera.

Data are shown as mean ± SD. An unpaired t test, Mann-Whitney U test, and Spearman correlation analysis were used. *p < 0.05, **p < 0.01; ns, not significant (p

> 0.05) See also Figures S1 and S2.
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Figure 2. Secondary BA diet suppresses the severity of EAU

(A–F) C57BL/6J mice were immunized with IRBP651–670 and CFA and fed with a CA diet, CDCA diet, DCA diet, LCA diet, and normal diet (ND) (n = 4–6 per group).

(A) Representative slit-lamp and hematoxylin and eosin (H&E) staining section images of EAU mice at the 14th day after immunization.

(B) Clinical scores were measured every 2 days after inducing EAU (the p value was evaluated at the 14th day after immunization, *p < 0.05), and histological

scores were assessed by H&E staining of paraffin-embedded sections taken from eyes on the 14th day after immunization.

(C and E) FCM analysis of the percentage of Th1, Th17, and Treg cells in splenocytes of EAU mice.

(D and F) Flow cytometry (FCM) analysis of the percentage of CD11c+MHC class IIhigh DCs in splenocytes from EAU mice.

(G–L) C57BL/6J mice were treated with antibiotics in their drinking water for 7 days and colonized with C. scindens by oral gavage every day for 7 days, before

inducing EAU (n = 4–5 per group).

(G) Representative slit-lamp and H&E staining section images of EAU eyes at the 14th day after immunization.

(H) The clinical scores were measured every 2 days after inducing EAU (the p value was evaluated at the 14th day after immunization, *p < 0.05), and histological

scores were assessed by H&E staining of paraffin-embedded sections at the 14th day after immunization.

(I and K) FCM analysis of the percentage of Th1, Th17, and Treg cells in splenocytes of EAU mice.

(J and L) FCM analysis of the percentage of CD11c+MHC class IIhigh DCs in splenocytes of EAU mice.

Scale bars, 50 mm. Data are shown as mean ± SD. A one-way ANOVA and Kruskal-Wallis test were used. *p < 0.05, **p < 0.01; ns, not significant (p > 0.05). See

also Figures S3–S5.
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T cell differentiation, DCA-pretreated LPS-primed BMDCs were

harvested and co-cultured with naive T cells isolated from EAU

mice at a ratio of 1:5 (BMDCs/naive T cells). DCA was shown to

decrease the development of Th1 and Th17 cells as well as the

secretion of IL-17 and IFN-g (Figures 3D–3F).

We next tested the effect of a DCA diet and C. scindens colo-

nization on the expression of proinflammatory cytokines and cell
4 Cell Reports 36, 109726, September 21, 2021
surface markers in splenic DCs of EAU mice. The production of

IL-1b, IL-6, TNF-a, and IL-12 by CD11c+ DCs isolated from sple-

nocytes was shown to be lower in DCA diet-treated EAU mice

(Figure 3G). A similar decreased production of cytokines was

observed in theC. scindens colonization group (Figure 3H). How-

ever, there was no difference in the expression of CD40, CD80,

and CD86 in CD11c+ cells (data not shown).



Figure 3. Secondary BA regulates the function of DCs in vivo and in vitro

(A) The expression levels of IL-1b, IL-6, IL-12p70, and TNF-a in culture supernatants of LPS-primed BMDCs treated with DCA at doses of 80, 40, 20, and 10 mM

were assayed by ELISA (n = 4–6 per group).

(B and C) FCM analysis of the expression (mean fluorescence intensity [MFI]) of CD40, CD80, CD86, and MHC class II in LPS primed BMDCs treated with 80 mM

DCA (n = 4 per group).

(D–F) DCA- and vehicle-treated BMDCs were co-cultured with naive T cells (BMDCs/naive T cells = 1:5, n = 4 per group). FCM analysis of the percentage of Th1

and Th17 cells (D and E). The level of IL-17 and IFN-g in culture supernatants was tested by ELISA (F).

(G) The expression levels of IL-1b, IL-6, IL-12p70, and TNF-a in LPS-primed CD11c+ cells isolated from splenocytes of C57BL/6J EAU mice treated with a DCA

diet, CA diet, or ND were tested by ELISA (n = 4 per group).

(H) The expression levels of IL-1b, IL-6, IL-12p70, and TNF-a in LPS-primed CD11c+ cells isolated from splenocytes of C. scindens colonized and control EAU

mice were tested by ELISA (n = 4 per group).

Data are shown as mean ± SD. A one-way ANOVA and unpaired t test were used. *p < 0.05, **p < 0.01; ns, not significant (p > 0.05).
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Secondary bile acid regulates DC function and
suppresses the severity of EAU via TGR5 signaling
Bileacidshavebeenshowntobeable toupregulate theexpression

of various cell receptors in several cell types and tissues (Fiorucci

et al., 2018). We tested the mRNA expression of bile acid-induced

receptors, including vitamin D receptor (VDR), Takeda G protein-

coupled receptor 5 (TGR5), a5b1, glucocorticoid receptor (GR),

constitutive androstane receptor (CAR), farnesoid X receptor

(FXR), and pregnane X receptor (PXR) in DCA-treated LPS-primed

BMDCs. The expression of TGR5 mRNA was significantly

increased following treatment of BMDCs with DCA (Figure S6A).

A similar result was observed on the TGR5 protein level in cell ly-

sates (Figure S6B). The recent identification of TGR5 as a bile

acid-activated membrane receptor provides evidence for an anti-

inflammatory function of certain bile acids (Fiorucci et al., 2018;

Guo et al., 2016). We confirmed these findings by showing that

INT-777, a semi-synthetic TGR5 agonist, markedly suppressed

IL-1b, IL-6, IL-12p70, and TNF-a secretion and the expression of

co-stimulatory molecules such as CD40, CD80, CD86, and MHC

class II by LPS-primed BMDCs (Figures S6C and S6D). This effect
was similar to that seen in the presence of DCA. Further experi-

ments with TGR5�/� mice showed that TGR5 deficiency partially

rescued the IL-1b, IL-6, IL-12p70, and TNF-a secretion and

expression of co-stimulatory molecules such as CD40, CD80,

CD86, and MHC class II (Figures S6E and S6F). As expected, the

inhibitory effect of DCA on the antigen presentation function of

BMDCs was reversed by TGR5 knockout (Figures S6G–S6I).

We subsequently investigated whether DCA suppressed the

severity of EAU via TGR5 signaling. We first tested the expression

of TGR5 in the retina and splenocytes of EAU mice on days 0, 7,

14, and 21 and we found that the expression of TGR5 was signif-

icantly decreased on day 14 (Figure 4A). Subsequently, TGR5+/+

and TGR5�/� mice were co-housed for 7 days, and then these

mice were fed with a DCA or normal diet, after which EAU was

induced. TGR5 deficiency had no effect on body weight, blood

glucose, and spleen weight (Figures S5H and S5I). The results

showed that TGR5 knockout did not induce more serious clinical

and pathological manifestations (Figures 4B and 4C), and it had

no effect on Th1 and Th17 (Figures 5D and 5E), but it increased

the frequency of CD11+MHC class IIhigh cells (Figures 4F and
Cell Reports 36, 109726, September 21, 2021 5



Figure 4. Secondary BA regulates DC function and suppresses the severity of EAU via TGR5 signaling

(A) The expression levels of TGR5 in the retina and splenocytes of EAU mice on days 0, 7, 14, and 21 were tested by RT-PCR (n = 4 per group).

(B–I) Co-housed TGR5+/+ and TGR5�/� mice were immunized by IRBP651–670 and CFA, and fed with an ND or DCA diet (n = 4–6 per group).

(B) Representative slit-lamp and H&E staining section images of EAU eyes at the 14th day after immunization.

(C) The clinical scores were measured every 2 days after inducing EAU (the p value was evaluated at the 14th day after immunization, **p < 0.01), and histological

scores were assessed by H&E staining of paraffin-embedded sections at the 14th day after immunization.

(D and E) FCM analysis of the percentage of Th1, Th17, and Treg cells in splenocytes of EAU mice.

(F and G) FCM analysis of the percentage of CD11c+MHC class IIhigh DCs in splenocytes of EAU mice.

(H) FCM analysis of the expression (MFI) of CD40, CD80, and CD86 in CD11c+ cells of splenocytes from EAU.

(I) The expression levels of IL-1b, IL-6, IL-12p70, and TNF-a in LPS-primed CD11c+ cells isolated from splenocytes of EAU were tested by ELISA.

Scale bar, 50 mm. Data are shown as mean ± SD. One-way ANOVA was used. *p < 0.05, **p < 0.01; ns, not significant (p > 0.05). See also Figure S6.
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4G) in splenocytes than in TGR5+/+ mice. However, DCA had no

significant effect on IRBP651–670-immunized TGR5�/� mice (Fig-

ures 4B–4G). TGR5 defiency abrogated the inhibitory effect of a

DCA diet on proinflammatory cytokine production by splenic

CD11c+ cells isolated from EAU mice (Figure 4I). No effect was

however seen on cell surface marker expression (Figure 4H).

TGR5 signaling inhibits nuclear factor kB (NF-kB)
activation in DCs in vitro and in vivo

The production of proinflammatory cytokines, including IL-1b,

IL-6, TNF-a, and IL-12p70, in DCs is known to be mediated by

the NF-kB pathway (Su et al., 2018). TGR5 activation has been

shown to inhibit NF-kB activation in HepG2 cells and macro-

phages (Pols et al., 2011; Wang et al., 2011). In line with previous

studies, we found that DCA and INT-777 significantly inhibited
6 Cell Reports 36, 109726, September 21, 2021
the phosphorylation of IkBa and nuclear p65 in LPS-primed

BMDCs (Figures 5A and 5B). Furthermore, TGR5 deficiency

reversed the effect of DCA and INT-777 on NF-kB pathway acti-

vation (Figure 5C). A DCA diet significantly inhibited phosphory-

lation of IkBa and nuclear p65 expression in splenic CD11c+ cells

obtained from EAU mice, and TGR5 deficiency was shown to

reverse this inhibition (Figure 5D).

TGR5 signaling has been shown to inhibit NF-kB activation in

macrophages through IL-10 secretion induced by the cyclic

AMP (cAMP) response element binding protein (CREB) (Biagioli

et al., 2017; Haselow et al., 2013). However, we found that

DCA reduced the production of IL-10 by LPS-primed BMDCs,

and TGR5 deficiency abrogated this inhibition (Figures 5E and

5F). Additionally, DCA and TGR5 deficiency did not have an ef-

fect on CREB activation (Figure 5G).



Figure 5. TGR5-mediated NF-kB inhibition is

independent of IL-10 secretion

(A) The phosphorylation levels of p65 and Ikba in

LPS-primed BMDCs treated by DCA at doses of

80, 40, 20, and 10 mM were assayed by western

blot.

(B) The phosphorylation levels of p65 and Ikba in

LPS-primed BMDCs treated by INT-777 at doses

of 100, 50, 25, and 10 mMwere assayed by western

blot.

(C) The phosphorylation levels of p65 and Ikba in

LPS-primed TGR5+/+ and TGR5�/�BMDCs treated

by DCA or vehicle were assayed by western blot.

(D) The phosphorylation levels of p65 and Ikba in

LPS-primed CD11c+ cells isolated from co-housed

TGR5+/+ and TGR5�/� EAU mice treated by a DCA

diet or ND were assayed by western blot.

(E) The expression levels of IL-10 in culture super-

natants of LPS-primed BMDCs treated with DCA at

doses of 80, 40, 20, and 10 mM were assayed by

ELISA (n = 4 per group).

(F) The expression levels of IL-10 in culture super-

natants of LPS-primed TGR5+/+ and TGR5�/�

BMDCs treated with DCA were assayed by ELISA

(n = 4 per group).

(G) The phosphorylation levels of CREB in LPS-

primed TGR5+/+ and TGR5�/� BMDCs treated by

DCA or vehicle were assayed by western blot.

One-way ANOVA was used. Data are shown as

mean ± SD. *p < 0.05, **p < 0.01; ns, not significant

(p > 0.05).
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TGR5 signaling inhibits NF-kB activation via the cAMP-
PKA pathway
Agonists binding TGR5 result in the activation of adenylate

cyclase, leading to an increase of cAMP, which triggers the acti-

vation of protein kinase A (PKA) (Kawamata et al., 2003). Whether

the cAMP-PKA pathway is involved in TGR5-mediated NF-kB in-

hibition is not yet clear in DCs and was subsequently investigated

in our model. DCA or INT-777 treatment increased the level

of cAMP in TGR5+/+ BMDCs, but not in TGR5�/� BMDCs (Fig-

ure S7A). Next, we found that forskolin (adenylate cyclase acti-

vator) or isobutylmethylxanthine (IBMX; phosphodiesterase inhib-

itor) reduced IL-1b, IL-6, TNF-a, and IL-12/p70 secretion in a

dose-dependent manner (Figures 6A, 6B, S7B, and S7C).

Furthermore, KH7 and MDL12330A (adenylate cyclase inhibitors)

reversed the INT-777-mediated NF-kB inhibition (Figures 6C and

6D). Next, we investigated whether TGR5 inhibited NF-kB activa-

tion through PKA activation, which is mainly induced by intracel-

lular cAMP. PKI (the PKA-specific inhibitory peptide) and H89 (the

selective PKA inhibitor) completely blocked the INT-777-medi-

atedNF-kB inhibition, indicating that the NF-kB inhibition induced

by TGR5 signaling is PKA-dependent (Figures 6E and 6F).
Cell
DCA and TGR5 signaling inhibited
activation of human monocyte-
derived DCs
The results described above showed

that DCA and TGR5 signaling plays an

immunosuppressive effect on the devel-

opment of EAU. We further tested
whether DCA or TGR5 was involved in the development of hu-

man uveitis. We found that the expression of TGR5 was

decreased in PBMCs from active BD patients and active

VKH disease patients (Figure 7A). Additionally, we found that

the expression of TGR5 was decreased in human monocyte-

derived dendritic cells (Mo-DCs) from active BD patients and

active VKH disease patients compared with healthy individuals

(Figure 7B). Additionally, a normalized expression of TGR5 in

association with the control of the intraocular inflammation

was noted in BD and VKH disease patients following treatment

with systemic corticosteroids and/or cyclosporine (Figures 7A

and 7B). We subsequently investigated whether DCA and

TGR5 signaling plays an inhibitory role in the function of hu-

man DCs. LPS-primed Mo-DCs from five active VKH disease

patents and six active BD patients were incubated in the pres-

ence of DCA and INT-777 (TGR5 agonist). The results showed

that DCA significantly inhibited expression of the cell surface

markers CD40, CD86, and histocompatibility leukocyte anti-

gen (HLA)-DR as well as the production of IL-1b, IL-6, TNF-

a, and IL-12p70 (Figures 7C–7E). A similar result was observed

in INT-777-treated Mo-DCs (Figures 7C–7E), although both
Reports 36, 109726, September 21, 2021 7



Figure 6. TGR5 signaling inhibits NF-kB activation via the cAMP-PKA pathway

(A, C, and E) The phosphorylation levels of p65 and Ikba in LPS-primed BMDCs treated by INT-777 in the presence of forskolin (A), KH7 andMDL12300A (C), and

PKI and H89 (E) were assayed by western blot.

(B, D, and F) The expression levels of IL-1b, IL-6, IL-12p70, and TNF-a in LPS-primed BMDCs treated by INT-777 in the presence of forskolin (B), KH7 and

MDL12300A (D), PKI and H89 (F) were assayed by ELISA.

n = 4 per group. Data are shown as mean ± SD. A one-way ANOVA was used. *p < 0.05, **p < 0.01; ns, not significant (p > 0.05). See also Figure S7.
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DCA and INT-777 had no effect on the expression of CD80

(Figure 7D). In addition, both DCA and INT-777 significantly in-

hibited the activation of the NF-kB pathway (Figures 7F and

7G).

DISCUSSION

In this study, we show that mice undergoing EAU have a decrea-

sedlevel of secondary bile acids in their feces as compared to

controls. Feeding mice with a diet rich in DCA (a secondary

bile acid) significantly inhibited the severity of EAU, which was

associated with a decreased expression of Th1 cells, Th17 cells,

and CD11c+MHC class IIhigh DCs. DCA inhibited NF-kB signal-

mediated pro-inflammatory cytokine production by DCs through

activation of the TGR5 receptor. Our further study indicated that

this inhibitory effect of TGR5 was mediated through the cAMP-

PKA pathway. Additionally, we showed that DCA and TGR5

agonists also inhibited activation of Mo-DCs from BD and VKH

disease patients.
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Gut microbiota and their metabolites have been implicated

as potential modulators of the immune response in inflamma-

tory and autoimmune diseases, including autoimmune uveitis

(Huang et al., 2018a; Kalyana Chakravarthy et al., 2018; Mau-

konen et al., 2015; Nakamura et al., 2016; Stoll et al., 2014;

Tremlett et al., 2016; Ye et al., 2018, 2020). Our current study

revealed a decreased level of Ruminococcaceae and Lachno-

spiraceae in EAU mouse feces, the two of which have been

previously identified to be decreased in various autoimmune

diseases such as inflammatory bowel disease (Maukonen

et al., 2015), pediatric multiple sclerosis (Tremlett et al.,

2016), inflammatory uveitis (Kalyana Chakravarthy et al.,

2018), enthesitis-related arthritis (Stoll et al., 2014), and type

1 diabetes (Candon et al., 2015). Ruminococcaceae and Lach-

nospiraceae have been reported to induce a 7a-dehydroxyla-

tion that converts the primary bile acids CA and CDCA into sec-

ondary bile acids, including DCA and LCA (Just et al., 2018;

Vital et al., 2019). This observation is in agreement with a study

that showed that the level of fecal secondary BAs was



Figure 7. DCA and TGR5 signaling inhibited activation of human monocyte-derived DCs

(A) The relative mRNA expression levels of TGR5 in PBMCs of eight healthy individuals, eight active BD patients, eight inactive BD patients, eight active VKH

patients, and eight inactive VKH patients were tested by RT-PCR.

(B) The relative mRNA expression levles of TGR5 inMo-DCs of 9 healthy individuals, 12 active BD patients, 8 inactive BD patients, 8 inactive VKH patients, and 10

active VKH patients were tested by RT-PCR.

(C and D) Mo-DCs were isolated from six active BD patients and five active VKH patients, and primed by LPS. FCM analysis of the expression (MFI) of CD40,

CD80, CD86, and HLA-DR in LPS-primed Mo-DCs is shown.

(E) Mo-DCs were isolated from five active BD patients and five active VKH patients, and primed by LPS. The expression levels of IL-1b, IL-6, IL-12p70, and TNF-a

in cultured supernatant were tested by ELISA.

(F and G) The phosphorylation levels of p65 and Ikba in LPS-primedMo-DCs fromBD patients (F) and VKH disease patients (G) treated by INT-777 and DCAwere

assayed by western blot.

Data are shown as mean ± SD. An unpaired t test, Mann-Whitney U test, paired-samples t test, and Wilcoxon test were used. *p < 0.05, **p < 0.01; ns, not

significant (p > 0.05).
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significantly lower in germ-free (GF) mice than in specific path-

ogen-free (SPF) mice (Song et al., 2020). In this study, we

observed a decreased level of secondary bile acids in EAU

mouse feces and serum. Short-chain fatty acids (SCFAs) are

the main products of fermentation by saccharide microorgan-

isms in the gut (Cummings et al., 1987). A study has indicated

that fecal acetate was increased and fecal butyrate was

decreased in BD patients (Consolandi et al., 2015). A lower

level of butyrate-producing bacteria was also observed in the

feces of BD patients (Ye et al., 2018). In the present study,

we found that the concentrations of propionate and butyrate

were decreased in the feces of EAU mice (Figure S8). In addi-

tion, emerging evidence has suggested that SCFAs could
ameliorate the severity of endotoxin-induced uveitis and im-

mune-mediated uveitis (Chen et al., 2017, 2021; Nakamura

et al., 2017).

Bile acid dysmetabolism has also been observed in inflamma-

tory bowel disease (IBD) patients, and it is noteworthy that only

secondary bile acids (LCA and DCA) but not primary bile acids

(CA and CDCA) can inhibit IL-1b and IL-18 secretion by intestinal

epithelial cells (Duboc et al., 2013). Another study demonstrated

that bile acids in plasma were decreased in multiple sclerosis

(MS), and supplementation of the secondary bile acid TUDCA

could ameliorate experimental autoimmune encephalitis (EAE)

(Bhargava et al., 2020). In our study, some secondary or primary

bile acids could inhibit pro-inflammatory cytokine secretion by
Cell Reports 36, 109726, September 21, 2021 9
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DCs in vitro (data not shown), although only secondary bile acids

exhibited this inhibitory effect in vivo. We speculated that this

may be caused by the altered gut microbiota composition in

EAU mice. There are many species of bacteria in the gut that

have been shown to be involved in bile acid metabolism, espe-

cially the species that belong to Clostridium (Fiorucci et al.,

2018). Although, Clostridium was not found by 16S rDNA

sequencing in the gut of EAU or healthy mice; however,

C. scindens was observed to have decreased in the feces of

EAU mice in this study, and it was shown to have been depleted

in BD, VKH disease, and AAU patients (Huang et al., 2018a; Ye

et al., 2018, 2020). C. scindens has been shown to successfully

help rebuild a healthy bile acid metabolism in mice (Ma et al.,

2018; Winkler et al., 2020). Colonization of C. scindens induced

a rapid reduction of hepatic natural killer T (NKT) cells (Ma

et al., 2018) and induced type I interferon (IFN) production in

plasmacytoid DCs (Winkler et al., 2020). In line with previous

studies, we show that C. scindens colonization restored fecal

bile acid composition and suppressed the severity of EAU. These

results suggest that gut microbiota-derived secondary bile acids

might be key regulators in the development of autoimmune

uveitis.

The anti-inflammatory effect of secondary bile acids was

discovered in chronic cholestasis, where they were reported to

reduce the production of IL-1b, IL-6, and TNF-a bymacrophages

(Calmus et al., 1992; Greve et al., 1989). Bile acids induce a po-

larization of macrophages toward the anti-inflammatory M2

phenotype, leading to an upregulation of IL-10 and a downregu-

lation of the pro-inflammatory cytokines IL-6 and IFN-g (Fiorucci

et al., 2018). Besides having an influence on the innate immune

response, increasing evidence suggests that secondary bile

acids also play a critical role in the adaptive immune response

(Bhargava et al., 2020; Hang et al., 2019). Secondary bile acids

are able to reduce IL-12 production by DCs (Ichikawa et al.,

2012), inhibit Th17 cell differentiation, and promote regulatory

T (Treg) cell differentiation (Hang et al., 2019). Our experiment

with antibiotics suggests that DCA might primarily inhibit DC

activation in EAU mice.

Bile acids exhibit their anti-inflammatory effect by activating

bile acid receptors, including G protein-coupled receptors

(GPCRs) and nuclear receptors (Fiorucci et al., 2018). Both kinds

of receptors are highly expressed on monocytes, macrophages,

and DCs (Fiorucci et al., 2018). FXR and TGR5 are the two main

receptors for bile acids, belonging to the nuclear receptor and

GPCR, respectively (Fiorucci et al., 2018). Previous studies indi-

cated that both FXR and TGR5 agonists effectively reverse

inflammation in mouse models of vascular inflammation and

EAE (Ho and Steinman, 2016; Yanguas-Casás et al., 2017). In

mammals, primary bile acids (CDCA and CA) have been identi-

fied as the most potent FXR ligands, while secondary bile acids

(DCA and LCA) are preferential ligands for TGR5 (Chiang, 2009).

In line with this knowledge, we found that DCA induced the

expression of TGR5 but had no effect on FXR.

Two studies reported that the activation of FXR by INT-747

reduced the differentiation and activation of intestinal DCs, and

that progression of colitis was exacerbated in FXR�/� mice (Ga-

daleta et al., 2011; Vavassori et al., 2009). TGR5 agonists have

also been reported to induce monocyte differentiation toward
10 Cell Reports 36, 109726, September 21, 2021
an IL-12 hypo-producing DC population (Ichikawa et al., 2012).

However, the exact role of TGR5 signaling in DCs is not well clar-

ified. A previous study in macrophages reported that the inhibi-

tory effect of bile acids via TGR5 is mediated via the NF-kB

pathway (Pols et al., 2011). In our study, TGR5 deficiency only

partly rescued the inhibitory effect of DCA on DCs, suggesting

that DCA might also exert its anti-inflammatory effect through

other pathways. Further studies are needed to clarify this issue.

TGR5 and FXR have been found tomodulate NLRP3 activation

(Guo et al., 2016; Hao et al., 2017). In macrophages, TGR5 liga-

tion leads to a PKA-dependent phosphorylation of NLRP3 at

Ser291 (Ser295 in humans) (Guo et al., 2016). PKA kinase activa-

tion inducesNLRP3 phosphorylation and promotes NLRP3 ubiq-

uitination, thereby preventing the activation of NLRP3 inflamma-

somes (Guo et al., 2016). FXR also inhibits NLRP3

inflammasome activation, but it does not depend on PKA (Hao

et al., 2017). PKA has also been reported to prevent the phos-

phorylation of Ikba, thus inhibiting NF-kB activation (Ghosh

and Baltimore, 1990; Neumann et al., 1995). We confirmed that

TGR5 signaling inhibited phosphorylation of Ikba through PKA

in DCs both in vivo and in vitro. TGR5 signaling has been re-

ported to inhibit NF-kB activation via the cAMP-PKA pathway

in macrophages, and this inhibition depends on IL-10 secretion

induced by CREB (Biagioli et al., 2017; Haselow et al., 2013).

In our study, although we also observed that TGR5 signaling in-

hibited NF-kB activation, IL-10 production and phosphorylation

of CREB do not seem to be involved in this process.

To verify whether our findings in animals can be extrapolated

to humans, we selected two types of clinical uveitis, namely

VKH disease and BD, representing an autoimmune disease

and an autoinflammatory disease, respectively. In line with our

previous study demonstrating decreased TGR5 expression on

macrophages in active VKH disease patients (Yang et al.,

2020), we herein demonstrated a decreased expression of

TGR5 on DCs in both active BD and active VKH disease patients.

INT-777 and DCA both inhibited pro-inflammatory cytokine and

surfacemarker expression in Mo-DCs fromBD and VKH disease

patients in association with a decreased NF-kBactivation. These

results further supported that secondary bile acid and TGR5 play

important roles in autoimmune and autoinflammatory diseases,

offering potential strategies for control and treatment of these

types of diseases. We have no further evidence to indicate

whether gut bile acid metabolism was involved in BD or VKH dis-

ease patients, and the levels of bile acids in feces or serum of

uveitis patients remain to be clarified.

In summary, we show that gut microbiota-derived secondary

bile acids might be key regulators in the pathogenesis of autoim-

mune uveitis. Secondary bile acids were shown to inhibit NF-kB-

mediated DC activation through TGR5-cAMP-PKA signaling

both in vivo and in vitro. Gut microbiota and secondary bile

acid composition as well as TGR5 signaling may provide poten-

tial therapeutic targets for the treatment of autoimmune and in-

flammatory diseases, including uveitis.
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Schupp, A.K., Häussinger, D., and Graf, D. (2013). Bile acids PKA-dependently

induce a switch of the IL-10/IL-12 ratio and reduce proinflammatory capability

of human macrophages. J. Leukoc. Biol. 94, 1253–1264.

Ho, P.P., and Steinman, L. (2016). Obeticholic acid, a synthetic bile acid

agonist of the farnesoid X receptor, attenuates experimental autoimmune

encephalomyelitis. Proc. Natl. Acad. Sci. USA 113, 1600–1605.

Huang, X., Ye, Z., Cao, Q., Su, G.,Wang, Q., Deng, J., Zhou, C., Kijlstra, A., and

Yang, P. (2018a). Gut microbiota composition and fecal metabolic phenotype

in patients with acute anterior uveitis. Invest. Ophthalmol. Vis. Sci. 59, 1523–

1531.

Huang, Y., He, J., Liang, H., Hu, K., Jiang, S., Yang, L., Mei, S., Zhu, X., Yu, J.,

Kijlstra, A., et al. (2018b). Aryl hydrocarbon receptor regulates apoptosis and

inflammation in amurinemodel of experimental autoimmune uveitis. Front. Im-

munol. 9, 1713.

Ichikawa, R., Takayama, T., Yoneno, K., Kamada, N., Kitazume, M.T., Higuchi,

H., Matsuoka, K., Watanabe, M., Itoh, H., Kanai, T., et al. (2012). Bile acids

induce monocyte differentiation toward interleukin-12 hypo-producing den-

dritic cells via a TGR5-dependent pathway. Immunology 136, 153–162.
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Anti-CREB Abcam Cat# ab32515; RRID:AB_2292301

Anti-CREB(phosphor S133) Abcam Cat# ab32096; RRID:AB_731734

Anti-b-actin Abcam Cat# ab8227; RRID:AB_2305186

Experimental models: Organisms/strains

C57BL/6j mice Jachson Lab N/A

TGR5�/� mice Viewsolid biotech N/A

Bacterial and virus strains

Clostridium scindens ATCC ATCC35704

Chemicals, peptides, and recombinant proteins

IRBP651-670 Sangon Biotech N/A

Mycobacterium tuberculosis strain H37Ra BD Cat# 231141

Bordetella pertussis toxin Sigma Cat# P7208

CFA Sigma Cat# F5881

QIAamp Fast DNA Stool Mini Kit QIAGEN Cat# 51604

Neomycin Sigma Cat# N6386

Ampicillin Sigma Cat# A5354

Metronidazole Sigma Cat# 16677

Vancomycin Sigma Cat# V2002

TRIzol Reagent Invitrogen Cat# 15596026

PrimeScript RT reagent Kit Takara Cat# DRR047A

iTaq Universal SYBR Green Supermix BIO-RAD Cat# 1725124

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

mouse GM-CSF R&D Cat# 415-ML-50

mouse IL-4 R&D Cat# 404-ML-50

Lipopolysaccharide Sigma Cat# L2880

DCA Sigma Cat# L6250

INT-777 MedChemExpress Cat# HY-15677

Forskolin MedChemExpress Cat# HY-15371

IBMX MedChemExpress Cat# HY-12318

KH7 MedChemExpress Cat# HY-103194

MDL12330A Sigma Cat# 444200

PKI MedChemExpress Cat# HY-P0222

H89 MedChemExpress Cat# HY-15979

Foxp3 / Transcription Factor Staining Buffer Set Kit Invitrogen Cat# 00-5523-00

PMA Sigma Cat# P1585

Ionomycin Sigma Cat# I3909

brefeldin A Sigma Cat# B6542

human GM-CSF AcroBiosystems Cat# GMF-H8214

human GM-IL-4 AcroBiosystems Cat# IL-4-H4218

Mouse TNF-a DuoSet ELISA R&D Cat# DY410-05

Mouse IL-6 DouSet ELISA R&D Cat# DY406-05

Mouse IL-1b DouSet ELISA R&D Cat# DY401-05

Mouse IL-17 DouSet ELISA R&D Cat# DY421-05

Mouse IFN-g DouSet ELISA R&D Cat# DY485-05

Mouse IL-10 DouSet ELISA R&D Cat# DY-417-05

Mouse IL-12/P70 DouSet ELISA R&D Cat# DY-419-05

Mouse IL-23 DouSet ELISA R&D Cat# DY1887-05

Human IL-1b DouSet ELISA R&D Cat# DY201

Human IL-6 DouSet ELISA R&D Cat# DY206

Human IL-12/P70 ELISA KIT Invitrogen Cat# BMS238

Human TNF-a DouSet ELISA R&D Cat# DY210

Deposited data

Microbiota 16S rRNA gene sequences

(NCBI GenBank)

This paper PRJNA718486

Oligonucleotides

Mouse PXR F: 50-GACCTGCCTATTG

AGGACCA-30
Sangon Biotech N/A

Mouse PXRR: 50-TTCTGGAAGCCACCATTAGG-30 Sangon Biotech N/A

Mouse a5b1 F: 50-AGCGACTGGAATCC

TCAAGA-30
Sangon Biotech N/A

Mouse a5b1 R: 50-TGCTGAGTCCTGT

CACCTTG-30
Sangon Biotech N/A

Mouse GR F: 50-AGGCCGCTCAGTGTTTTCTA-30 Sangon Biotech N/A

Mouse GR R: 50-TACAGCTTCCACACGTCAGC-30 Sangon Biotech N/A

Mouse TGR5 F: 50-TTCTCTCTGTCCG

CGTGTTG-30
Sangon Biotech N/A

Mouse TGR5 R: 50-GGTGCTGCCCAA

TGAGATGA-30
Sangon Biotech N/A

Mouse VDR F: 50-GATGAGGAGGTGC

AGCGTAA-30
Sangon Biotech N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse VDR R: 50-GTCGTAGGTCT

TGTGGTGGG-30
Sangon Biotech N/A

Mouse FXR F: 50-AGGGGATGAGC

TGTGTGTTG �30
Sangon Biotech N/A

Mouse FXR R: 50-ACACTGGATTTCAGTT

AACAAACCT-30
Sangon Biotech N/A

Mouse CAR F: 50-GGAGGACCAGA

TCTCCCTTC-30
Sangon Biotech N/A

Mouse CAR R: 50-CTCGTACTGGA

ACCCTGCAT-30
Sangon Biotech N/A

Mouse GAPDH F: 50-ACCCAGAA

GACTGTGGATGG-30
Sangon Biotech N/A

Mouse GAPDH R: 50-CACATTGGG

GGTAGGAACAC-30
Sangon Biotech N/A

Software and algorithms

GraphPad Prism version 7.0 GraphPad Software https://www.graphpad.com

UPARSE PMID: 23955772 http://www.drive5.com/usearch/

QIIME software PMID: 20383131 http://qiime.org/

SPSS version 22.0 SPSS https://www.ibm.com/products/

spss-statistics

Flowjo version 10.0 Tree https://www.flowjo.com/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Hong Li

(lihongcqmu@163.com).

Materials availability
This study did not generate new unique reagents.

Data and code availability
16 s rDNA sequencing data for all samples have been deposited in NCBI and are publicly available as of the date of publication.

Accession numbers are listed in the Key resources table. Original western blot images and microscopy data reported in this paper

will be shared by the lead contact upon request.

This study did not generate any unique code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
SPF C57BL/6J (TGR5+/+) mice were purchased from Jackson laboratory (Bar Harbor, ME). TGR5�/� mice (C57BL/6J background)

were purchased from Viewsolid biotech (Beijing, China). 6- to 8-week-old age-matched female mice were used (4-6 mice per group).

Animal protocols were approved by the Animal Care and Use Committee of our hospital. The study conformed to the ARVO state-

ment for the Use of Animals in Ophthalmic and Vision Research.

Human study
Active BD patients (n = 22), active VKH patients (n = 21), inactive BD patients (n = 8), inactive VKH patients (n = 8) and healthy donors

(n = 16) were enrolled in our hospital and gave written informed consent for this study. All enrolled active BD patients were diagnosed

according to the international nomenclature committee (International Study Group for Behçet’s Disease, 1990), and all active VKH

patients were diagnosed according to the international and Chinese nomenclature committee (Read et al., 2001; Yang et al.,
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2018). All patients came to our hospital for the first time and did not receive treatment or had stopped taking medicine for at least one

week prior to blood collection. All procedures strictly followed the principles of the Helsinki Declaration and were approved by the

ethics committee of our hospital.

METHOD DETAILS

Induction of EAU
EAU was induced in C57BL/6J mice and TGR5�/� mice by subcutaneous injection of 300 mg human IRBP peptide amino acid res-

idues 651–670 (IRBP651-670) in 0.2 mL emulsion 1:1 (vol/vol) with complete freund’s adjuvant containingMycobacterium tuberculosis

strain H37Ra (2.5 mg/mL, BD Biosciences, USA). At the time of immunization, mice also received an intraperitoneal injection with

Bordetella pertussis toxin (PTX, 0.5 mg per mouse). These mice received another injection with PTX after 2 days. This high IRBP

EAU protocol has been shown earlier to induce a very severe EAU (Huang et al., 2018b). In separate experiments, mice were given

a specific bile acids-diet (0.02% CDCA, 0.02% CA, 0.02% DCA and 0.01% LCA) after inducing EAU or received C. scindens

(ATCC35704, MD, USA) orally before inducing EAU (details are shown below). Clinical uveitis was scored by the investigator in a

blinded fashion (blinded to genotype and treatment groups) by slit lamp.

Fecal sample collection and DNA extraction
Fecal samples were collected from C57BL/6J mice on day 14 after IRBP651-670 immunization. Fecal samples from C57BL/6J mice

receiving incomplete freund’s adjuvant were served as controls. Total genomic DNA from fecal samples was extracted using the

QIAamp Fast DNA Stool Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s instructions. DNA concentration

and purity was monitored on 1% agarose gels.

16S rDNA sequencing
Fecal DNAwas amplified by PCR using primers for hypervariable region 3–4 (V3–V4) of the 16S rRNA gene (515F and 907R). The PCR

products wasmixed and purifiedwith GeneJETGel Extraction Kit (Thermo Scientific). Then, sequencing libraries were generated and

sequenced on an IlluminaMiSeq platform and 250bp/300bp paired-end reads were generated. The UPARSE software package (pro-

vided in the public domain, http://www.drive5.com/usearch/) using the UPARSE-OTU and UPARSE-OTUref algorithms were per-

formed for sequence analysis. The sequences withR 97% similarity were assigned to the same OTUs. We selected a representative

sequence for each OTU and use an RDP classifier to label the classification information for each representative sequence.

LC-MS analysis
30 mg feces was weighed, and 300 mL of pre-cooled ultrapure water was added for homogenizing treatment. 500 ml of precooled

methanol and 10 ml of internal standard was added to 100 ml feces homogenate or serum, which was then mixed with a vortex and

incubated at�20�C for 20 min. Then the samples were centrifuged at 14000 g for 15 minutes. The supernatant (400 ml) was taken for

vacuum drying and 100 uL methanol-water (1:1, v/v) was added to dissolve the residue which was then centrifuged again at 14000 g

for 15min.

The molecules in the supernatant were separated with a Waters ACQUITY UPLC i-class system (Waters, MA, USA). Mobile phase:

phase A is 0.1% formic acid, and phase B is methanol. The sample (2 ml) was placed in an automatic sampler at 8�C, with a column

temperature of 45�C and a flow rate of 300 ul /min. The liquid phase gradient was used as follows: from 0 to 6 min, B phase changing

linearly from 60% to 65%. At 6-13 min, the B phase changed linearly from 65% to 80%. During 13-13.5 min, the B phase changed

linearly from 80% to 90%. From 13.5 to 15min, the phase Bwasmaintained at 90%. The 5500QTRAPmass spectrometer (AB SCIEX)

was used for mass spectrometry analysis in the anion mode.

Gut colonization with Clostridium scindens

C57BL/6j mice were given an antibiotics treatment to deplete the gut flora as previously described (Dapito et al., 2012) using drinking

water containing four antibiotics with 1 g/L neomycin, 1 g/L ampicillin, 1 g/L metronidazole and 0.5 g/L vancomycin (Sigma-Aldrich,

MO, USA). Seven days later, the antibiotic mixture was stopped, and the mice were given an oral gavage of vehicle (anaerobic glyc-

erol) or 109 C. scindens every day for 7 days. C. scindens was purchased from American Type Culture Collection (ATCC35704, MD,

USA), and grown under anaerobic conditions. Seven days after gavage, real-time PCR was performed using primers specific for

C. scindens to confirm the colonization with C. scindens. EAU was subsequently induced after colonization as described above.

Real-time PCR
Total RNA was extracted from cells by using the TRIzol Reagent (Invitrogen, CA, USA). The PrimeScript RT reagent Kit (Takara, Da-

lian, China) was used to generate cDNA. Real-time PCR was performed with the ABI Prism 7500 system (Applied Biosystems, CA,

USA) by using the iTaq Universal SYBR Green Supermix (BIO-RAD, CA, USA). The primer sequences are listed in Key resources ta-

ble. Relative mRNA expression was calculated with the 2-DDct method.
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Cell culture
Bone-marrow dendritic cells were collected and cultured as described (Lutz et al., 1999). Bone marrow cells were cultured in RPMI

1640medium supplemented with 10% FBS, 1%penicillin/streptomycin, 20 ng/mL granulocyte-macrophage colony-stimulating fac-

tor (GM-CSF, R&D Systems, USA) and 10 ng/mL IL-4 (R&D Systems) to generate BMDCs. On day 10, 5*105 BMDCs were plated in a

48-well plate and stimulated with lipopolysaccharide (LPS, 1 mg/mL, Sigma-Aldrich) and DCA (80uM, Sigma-Aldrich, MO, USA) or

INT-777 (100uM, MedChem Express, USA) for 24h, whereafter the cells and supernatant were collected for further analysis. For

co-cultured study, BMDCs were treated with 10ug/ml IRBP651-670 for 24 hours before primed by LPS.

Mouse naive CD4+T cells from EAU mice were isolated by mouse Naive CD4+T Cell Iso Kit (Miltenyi Biotec, Bergisch Gladbach,

Germany) and co-cultured with DCA or INT-777 pretreated BMDCs (or vehicle) at a CD4+T cells: BMDCs ratio of 5:1 for 5 days. Cells

and supernatant were then collected for further analysis.

Human CD14+monocytes isolated from peripheral bloodmononuclear cells of healthy donors, BD patients and VKH patients were

purified by human CD14 microbeads (Miltenyi Biotec). CD14+ monocytes cells were cultured in RPMI 1640 medium containing GM-

CSF (100 ng/mL; AcroBiosystems, Newark, NJ, USA) and IL-4 (50 ng/mL; AcroBiosystems) to generate DCs. On day 7, 5*105 DCs

were plated in a 48-well plate and stimulated with 100 ng/ml LPS and DCA (80uM) or INT-777 (100uM) for 24h. Then the cells and

supernatants were collected for further analysis.

Hematoxylin and eosin (H&E) staining
Mouse eyeballs were dissected and fixed with paraformaldehyde. Eyes were then washed, dehydrated and embedded in paraffin

wax. Serial 6 mm sections were cut through the cornea-optic nerve axis, stained with H&E and scored according to Caspi’s criteria

(Agarwal et al., 2012).

Flow cytometry
For IL-17 and IFN-g staining, cultured CD4+T cells were stimulated with PMA (50ng/mL) and ionomycin (1g/mL) for 1 hour at 37�C,
brefeldin A (Sigma-Aldrich) for another 4 hours, then washed, fixed and permeabilized. Fluorescent anti-mouse CD4-APC, anti-

mouse IL-17A-PE, anti-mouse IFN-g-PE-cy7, anti-mouse CD25-PE, anti-mouse foxp3-PE-cy7, anti-mouse CD11c-APC, anti-

mouse MHCII-PE and anti-mouse IgG isotype were purchased from eBiosciences. The following markers were used to identify

different immune cell subsets: CD11c+MHCIIhigh for DCs, CD4+CD25+foxp3+ for Treg, CD4+IFN-g+ for Th1, CD4+IL-17A+ for

Th17 cells.

Cultured BMDCs or human MO-DCs were stained with anti-mouse CD80 (PE, eBioscience), CD86 (FITC, eBioscience), CD40

(FITC, BioLegend) and MHCII molecules (PE, eBioscience) or anti-human CD80 (PE, BioLegend, San Diego, CA, USA), CD86 (PE-

cy7, BioLegend), HLA-DR (PE-cy5.5, BioLegend) and CD40 (FITC, BioLegend) at 4�C for 30 minutes.

Western blot
Lysates extracted from tissues and cultured cells were separated by SDS-PAGE and proteins were transferred to PVDFmembranes.

Membranes were incubated after blocking with 5% milk by using the following primary antibodies: TGR5 (1:1000, Abcam), P65

(1:1000, Abcam), phospho-P65 (1:2000, CST), Ikba (1:1000, Abcam), phospho-Ikba (1:10000, Abcam), CREB (1:2000, Abcam),

phospho-CREB (1:2000, Abcam), beta-actin (1:2000, Abcam) at 4�C overnight. Membranes were then washed and incubated

with secondary antibodies at room temperature. The membranes were visualized by Western BrightTM ECL kit (Advansta, CA, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Bacterial community analysis
To calculate a diversity, we simplified the OTU table and calculated three indicators: Chao1 estimates the species richness;

Observed Species estimates the amount of uniqueOTUs found in each sample, and Shannon index. Before cluster analysis, principal

component analysis (PCA) was used to reduce the dimension of the original variables using the QIIME software package (Caporaso

et al., 2010). QIIME calculates both weighted and unweighted unifrac distance, which are phylogenetic measures of b diversity. We

used unweighted unifrac distance for Principal Coordinate Analysis (PCoA) andUnweighted Pair GroupMethodwith Arithmeticmean

(UPGMA) Clustering.

The linear discriminant analysis (LDA) of effect size (LEfSe), which was performed by the LEfSe tool (provided in the public domain,

http://huttenhower.sph.harvard.edu/lefse/) was used to confirm differences in the abundances of individual taxonomy between the

two groups. Only those taxa that showed a log LDA score > 2 and a P value < 0.05 were ultimately considered.

Statistical analysis
Results are shown asmean ± standard deviation (SD). One-way ANOVA and Kruskal–Wallis test were used to performmultiple group

comparisons followed by Dunn’s correction. Paired-samples t test andWilcoxon test were used to analyze paired samples. Unpaired

t test and Mann–Whitney U test were used to analyze two independent groups. Statistical analyses were performed with SPSS

version 22.0 statistical software (SPSS, Chicago, IL, USA) and GraphPad Prism 7 software (GraphPad Software, Inc, CA). Data

were considered significant when p < 0.05.
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