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Abbreviations

CD: Crohn’s disease

CH25H: Cholesterol 25-hydroxylase

CLP: Colonic patch

CP: Cryptopatch

CYP7B1: Cytochrome P450 family 7 subfamily B member 1
70,25-diHC: 70,25-dihydroxycholesterol

DSS: Dextran sulfate sodium

EBI2: Epstein-Barr virus-induced G protein coupled receptor 2 (= GPR183)
GPR183: G protein-coupled receptor 183 (= EBI2)

IBD: Inflammatory bowel disease

ILC: Innate lymphoid cell

ILF: Isolated lymphoid follicle

LC-MS/MS: Liquid chromatography tandem-mass spectrometry
LPL: Lamina propria lymhocytes

LTi: Lymphoid tissue inducer (cell)

MEICS: Murine endoscopic index of colitis severity

PP: Peyer’s patches

SILT: Solitary intestinal lymphoid tissue

SIBDCS: Swiss IBD cohort study

UC: Ulcerative colitis

25-HC: 25-hydroxycholesterol
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Abstract

The gene encoding for Epstein-Barr virus-induced G-protein coupled receptor 2 (EBI2) is a risk gene
for inflammatory bowel disease (IBD). Together with its oxysterol ligand 7a,25-dihydroxycholesterol,
EBI2 mediates migration and differentiation of immune cells. However, the role of EBI2 in the colonic
immune system remains insufficiently studied.

We found increased mRNA expression of EBI2 and oxysterol synthesizing enzymes (CH25H, CYP7B1)
in the inflamed colon of patients with ulcerative colitis and mice with acute or chronic dextran sulfate
sodium (DSS) colitis. Accordingly, we detected elevated extraintestinal levels of 25-hydroxylated
oxysterols, including 70,25-dihydroxycholesterol in mice with acute colonic inflammation. Knockout
of EBI2 or CH25H did not affect severity of DSS colitis; however, inflammation was decreased in male
EBI2” mice in the IL-10 colitis model.

The colonic immune system comprises mucosal lymphoid structures, which accumulate upon chronic
inflammation in IL-10-deficient mice and in chronic DSS colitis. However, EBI2”" mice formed
significantly less colonic lymphoid structures at baseline and showed defects in inflammation-
induced accumulation of lymphoid structures.

In summary, we report induction of the EBI2-7a,25-dihydroxycholesterol axis in colitis and a role of
EBI2 for the accumulation of lymphoid tissue during homeostasis and inflammation. These data
implicate the EBI2-7a,25-dihydroxycholesterol axis in IBD pathogenesis.
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Introduction

Inflammatory bowel diseases (IBD), with the main forms Crohn’s disease (CD) and ulcerative colitis
(UC), are chronic inflammatory conditions of the human gut. The pathogenesis of IBD is incompletely
understood but genetic and environmental factors were shown to contribute to disease
development and progression. Genome wide association studies (GWAS) have identified more than
240 genetic regions in the human genome affecting the risk for IBD." > The majority of IBD-specific
single nucleotide polymorphisms (SNPs) confer an increased risk for both, CD and UC." Genes
identified by GWAS provide a framework for future scientific studies addressing IBD pathogenesis.

Epstein-Barr virus-induced G protein-coupled receptor 2 (EBI2, also known as GPR183), is an IBD risk
gene identified by GWAS." EBI2 exerts a crucial function for the correct activation and maturation of
naive B cells in secondary lymphoid organs.>® Oxysterols are ligands for EBI2, the most potent being
70,25-dihydroxycholesterol (7(x,25-diHC).6' 7 70,25-diHC acts as a chemoattractant, directing
migration of EBI2 expressing B cells, T cells and DCs.*® A 70,25-diHC gradient in secondary lymphoid
organs seems to be important for correct positioning of immune cells and a rapid and efficient
antibody response.”® 70,25-diHC is produced from cholesterol via two hydroxylation steps, at
position 25 and 70, by the enzymes cholesterol 25-hydroxylase (CH25H) and cytochrome P450 family
7 subfamily member B1 (CYP7B1), respectively.

Besides B cells and DCs, EBI2 is also expressed in macrophages and natural killer cells®, and CH25H
and CYP7B1 are expressed in immune cells and many tissues including lymph nodes, lung and colon.*
" Therefore, the oxysterol-EBI2 axis might constitute a fundamental mechanism in the regulation of
the immune system and tissue homeostasis.

Intestinal immune responses are orchestrated in lymphoid tissue localized directly in the intestinal
tract and draining lymph nodes. Local lymphoid tissues show considerable plasticity, varying in
organization and cellular composition depending on the segments of the gut and the immune status.
The colonic immune system comprises two types of secondary lymphoid organs: large colonic
patches (CLP), similar to Peyer’s patches (PP) in the small intestine, and smaller structures referred to
as solitary intestinal lymphoid tissue (SILT)."” CLP and PP develop before birth, whereas SILT develop
strictly postnatally. SILT comprise a continuum of lymphoid structures ranging from nascent small
immature cryptopatches (CP) to mature isolated lymphoid follicles (ILF) containing B cells.

General principles of secondary lymphoid tissue formation are shared between mesenteric lymph
nodes and intestinal lymphoid tissues including CLP/PP and SILT (reviewed in **). Development of
these lymphoid tissues includes clustering of lymphoid tissue inducer (LTi) cells, a subclass of innate
lymphoid cells (ILC), and requires an intact lymphotoxin signaling pathway. Most previous studies
focused on the development of lymphoid tissue in the small intestine; in contrast, formation of SILT
in the colon has been studied to a lower extent and specific factors required beyond lymphotoxin
remain unknown. While in the small intestine, maturation of SILT depends on CXCL13, RANKL and

21 Furthermore, while the gut

CCR6/CCL20, these chemokines are not essential in the colon.
microbiota stimulates small intestinal SILT, the microbiota dampens SILT formation in the colon, an
effect mediated by IL-25 and 1L-23." Therefore, additional molecular factors besides those cytokines
seem to be required, and very recently, a role of EBI2 expressing ILCs for the development of colonic

lymphoid structures has been demonstrated.*®
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In the colon, adaptation to inflammation includes formation of additional lymphoid structures.
Induction of SILT upon inflammation requires the presence of microbiota and lymphotoxin signaling
but was independent from the nuclear hormone receptor ROR-yt"/, suggesting that ILCs and LTi cells
are not strictly necessary. SILT were proposed to host a flexible pool of B cells for the formation of an
IgA response complementing PP and CLP with a fixed B cell pool size.'® However, the role of SILT in

colon inflammation has not been clarified.

Given the function of EBI2 in immune cell migration, we aimed at investigating the role of EBI2 and
oxysterols in the pathogenesis of intestinal inflammation and the development of colonic lymphoid
tissues. Our results implicate the EBI2-oxysterol axis in colonic SILT development and inflammatory

responses in the colon.
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Results

Upregulation of gene expression of EBI2 and oxysterol synthesizing enzymes in inflamed tissue of
UC patients

To test for an inflammation dependent regulation of the EBI2-oxysterol axis in the gut, we analyzed
results of a whole human genome microarray performed with total RNA isolated from inflamed and
non-inflamed intestinal tissue from UC patients (GEO data sets: GDS3268)". RNA expression levels of
the oxysterol synthesizing enzymes CH25H and CYP7B1 from inflamed tissue of UC patients were
significantly higher compared to non-inflamed tissue of UC patients (p<0.05 and p<0.001) and tissue
of healthy controls (p<0.001 and p<0.0001; Figure 1a). A similar increase was observed for the
oxysterol receptor EBI2 (p<0.001 for inflamed vs. healthy).

To verify these results, we analyzed colon biopsy samples from inflamed and non-inflamed tissue of
UC patients from the Swiss IBD cohort study (SIBDCS). Biopsy samples were obtained from patients
with moderate to severe or quiescent UC disease activity, respectively (Supplementary Table S1).

SIBDCS samples confirmed an upregulation of CH25H (p<0.01), CYP7B1 (p<0.0001) and EBI2
(p<0.0001) mRNA levels in inflamed tissue (Figure 1b). mRNA expression levels of genes encoding
pro-inflammatory cytokines (TNF, IFNG and /L1B) were used to confirm the severity of colonic
inflammation (Supplementary Figure S1).

Expression levels of CYP7B1, EBI2 and TNF strongly correlated (r=0.6, p<0.001 for all correlations) and
CYP7B1 expression correlated with CH25H (r=0.46, p<0.05), suggesting an upregulation of the EBI2-
oxysterol system in active UC in parallel with the critical cytokine TNF (Supplementary Table S2).

Increased gene expression of EBI2 and oxysterol synthesizing enzymes in murine DSS colitis

To further study the role of the EBI2-oxysterol system in gut inflammation, we induced acute and
chronic dextran sulfate sodium (DSS) colitis in mice. In acute colitis, expression levels of Ebi2, Ch25h
and Cyp7b1 were significantly increased (p<0.001; Figure 2a). This increase was more pronounced
than in human samples (Figure 1), possibly reflecting the more acute and severe inflammation in DSS
colitis. In chronic DSS colitis, robust up-regulation of Ebi2 (p<0.05), Ch25h (p<0.05) and Cyp7bl
(p<0.0001) was evident even though the increase was weaker in chronic than in acute inflammation,
reminiscent of the human situation (Supplementary Figure S2a).

Increased oxysterol levels in murine colitis

To biochemically confirm effects of inflammation on CH25H and CYP7B1 activity and on oxysterol
levels, we measured oxysterol concentrations of mice with acute DSS colitis and controls. For
technical reasons, oxysterol levels were determined in liver and not in the gut. Eight oxysterol
derivatives (hydroxycholesterol: HC; dihydroxylated cholesterols: diHC) were measured by mass
spectrometry: 70,25-diHC, 7B3,25-diHC, 25-HC, 70,27-diHC, 7[,27-diHC, 27-HC, 24S-HC and 7¢,24-
diHC (Figure 2b and Supplementary Figure S2b-d).

Wyss et al., EBI2 promotes lymphoid tissue expansion in colitis


https://doi.org/10.1101/424937

bioRxiv preprint doi: https://doi.org/10.1101/424937; this version posted September 24, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

We found significantly higher levels of 25-HC and 70,25-diHC in DSS treated mice with acute colitis
compared to untreated controls (Figure 2b). Knockout of CH25H led to lower levels of 25-
hydroxylated oxysterols whereas lack of EBI2 did not influence any of the oxysterols (Figure 2b and
Supplementary Table S3). In a multivariate linear regression analysis (Supplementary Table S3)
controlling for DSS, CH25H and EBI2 genotype, DSS treatment increased the levels of all 25-
hydroxylated oxysterols (25-HC, 70,25-diHC, 7[3,25-diHC) and all 24-hydroxylated oxysterols (24S-HC,
70,24-diHC; p<0.0015 for all compounds). In contrast, inflammation did not seem to change 7a- or
27-hydroxylation activity.

In the same multivariate regression analysis, CH25H knockout significantly decreased all 25-
hydroxylated oxysterols (70,25-diHC, 7[3,25-diHC and 25-HC, p<0.01 for all compounds). However, as
expected, the effect of CH25H knockout was not absolute and high levels of all 25-hydroxylated
oxysterols remained, most likely due to the 25-hydroxylation activity of other enzymes including
CYP27A1, CYP46A1 and CYP3A4.%°

Our data thus indicate pronounced changes in liver oxysterol levels upon induction of colitis and
CH25H knockout. Of note, inflammation increased levels of the EBI2 ligand 70,25-diHC (p=0.0015)
while CH25H knockout decreased its concentration (p<0.0001).

Lack of EBI2 and CH25H does not affect severity of inflammation in the DSS colitis model

Despite the upregulation of the EBI2-oxysterol system in acute and chronic DSS colitis, knockout of
neither EBI2 nor CH25H substantially decreased histological or endoscopical scoring of inflammation
(Figure 2c-e, Supplementary Figure S2e-g, and data not shown). For CH25H”" mice we observed a
trend towards increased inflammation indicated by significantly higher endoscopic colitis scores in
acute DSS colitis (Supplementary Figure S2f) and a higher histological score in chronic DSS colitis
(data not shown). Similar to wildtype animals, CH25H and EBI2 knockout mice showed increased
expression levels of Ch25h, Cyp7b1 and Ebi2 in acute and chronic DSS colitis (data not shown). Taken
together, in the DSS-induced colitis model, the activity of EBI2 and CH25H was not essential.

EBI2 promotes colon inflammation in the IL-10 colitis model

Genetic defects of IL-10 or its receptor have been linked to human IBD*!, hence we also addressed
the role of EBI2 in the IL-10 model with spontaneous colitis. For this aim, we generated EBI27IL107
mice and compared inflammatory activity to EBI2"*IL107" (subsequently named IL107) littermate
controls. In 200 days old mice, the histological colitis score of male EBI27IL107 mice was significantly
reduced compared to IL107" controls (p<0.01; Figure 3a, b and Supplementary Figure S3a, b).
Reduced spleen weight in EBI27IL107 animals (p<0.05) confirmed reduced systemic inflammation in
EBI27IL107" males (Figure 3c). Effects of EBI2 on colon inflammation were restricted to male animals,
in females no EBI2 dependent changes were detected (Supplementary Figure S3c-e).

A minority of IL107 animals developed rectal prolapses due to colonic inflammation; however, time
to develop prolapse did not differ between EBI27IL107 and IL107" in male and female animals (Figure
3d, Supplementary Figure S3e). The genotype also did not affect colon inflammation of animals with
prolapse (Supplementary Figure S3a).
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Testing expression levels of a panel of immune regulatory genes in 200 days old male EBI271L107"
and 1L107" mice revealed similar expression of most cytokines and T cell regulatory genes except
Tbx21 for which expression was significantly higher in EBI27IL107 mice (Supplementary Figure S4).

EBI2 is required for a normal number of colonic SILT

Since EBI2 affects the distribution of immune cells in secondary lymphatic organs, we speculated that
EBI2 knockout might alter the distribution of immune cells in the colon. For quantification of
lymphoid structures in whole colons, B cells were visualized by B220 staining in a whole mount
approach. The number of B220" structures was strongly reduced in EBI2” mice in comparison to
wildtype littermate controls (p<0.05, Figure 4a, b). This difference was much stronger than
experimental variation (i.e. effects of cages). Stratifying B220" structures by size revealed a strongly
reduced number of small and intermediate B220" structures (<20’000 um*: p=0.004; <100’000 um*:
p<0.0001) while the number of large B220" structures (>100°000 um?) remained unchanged (Figure
4c¢). Furthermore, classification into multifollicular or single structures revealed lower numbers for
both types in EBI2” mice, but with a much stronger reduction for single structures, likely
representing isolated lymphoid follicles (ILF) belonging to the group of SILT (Figure 4d).

Lymphoid structures can also be identified on HE stained colon “Swiss rolls”, where SILT are clearly
distinguishable from CLP: SILT locate in the lamina propria, CLP between the two muscular layers and
the muscularis mucosae'? (Figure 4e). This approach also allows for the visualization of small
lymphoid structures including B cell negative cryptopatches. While the number of SILT in EBI27
animals was reduced (p<0.05), the number of large CLP remained unchanged (Figure 4f).

Immunohistochemical stainings of the colon revealed normal structures of both SILT and CLP in EBI2
’ animals with a normal distribution of B and T cells and c-kit" LTi cells (Figure 4g). Taken together,
our data suggest that EBI2 is required for initiation but not maturation of SILT since the few detected

lymphoid structures in EBI27 animals were indistinguishable from lymphoid structures in wildtypes.

Development of intestinal lymphoid structures is a complex process involving ROR-t expressing ILCs,
cytokines and chemokines. However, colonic expression of RORC and chemokines important for
lympho-organogenesis and lymphocyte recruitment including CCL20, CXCL13 and CCL19 were not
altered in EBI27 compared to wildtype mice (Supplementary Figure S5a) suggesting that the effect of
EBI2 is direct and not mediated via altered expression of any of the tested chemokines.

EBI2 deficiency does not affect levels of B cells, IgA and microbiota composition

To further assess effects of EBI2 knockout on the colonic immune system, we quantified B and T cells
by FACS. Overall, the fraction of B and T cells in the colon, mesenteric lymph nodes and spleen of
EBI27 animals was similar to wildtypes (Supplementary Figure S5b). Similarly, the substantial
reduction of SILT numbers in EBI2” mice did not significantly affect fecal IgA levels (Supplementary
Figure S5c). Furthermore, overall microbiota composition of wildtype and EBI2”" animals was
indistinguishable, and the microbiota of EBI2” or wildtype animals resembled more strongly the
microbiota of wildtype littermates from the same cage than animals of the same genotype housed in
a different cage (data not shown). Finally, the fraction of colonic bacteria covered by IgA was similar
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in wildtype and EBI2” animals (Supplementary Figure S5d). Overall, these experiments indicate an
intact intestinal adaptive immune system and microbiota composition in the non-inflamed colon of
EBI27 animals.

EBI2 promotes an increase of the number of colonic lymphoid structures in intestinal inflammation

To test for effects of EBI2 on the formation of lymphoid structures during inflammation we
quantified lymphoid structures in mice with chronic DSS colitis. As expected, in wildtype mice with
DSS colitis, the number of colonic lymphoid structures was approximately 2-fold higher compared to
control animals (p<0.05; Figure 5a, 5b). Furthermore, in EBI2” animals the number of lymphoid
structures did not significantly increase upon DSS treatment (p=0.07, Figure 5a) and remained well
below levels observed in inflamed wildtype colons even though severity of inflammation was
comparable between wildtype and EBI2” mice (Figure 2d, €). In CH25H” mice the number of
lymphoid structures at baseline was also lower compared to wildtype animals (p<0.05; Figure 5b).
However, DSS-induced colonic inflammation increased the number of lymphoid structures in CH25H"
" mice almost to wildtype levels. Therefore, CH25H activity seems necessary for normal development
of lymphoid structures at baseline but not for an increase in chronic inflammation, indicating that
other enzymes with 25-hydroxylation activity might replace CH25H. No increase in lymphoid
structures was observed in acute DSS colitis (Supplementary Figure S6a, b).

Compared to healthy wildtypes, the number of lymphoid structures was increased in IL107" mice (>3-
fold; Figure 5c and Supplementary Figure S7a), and the number of lymphoid structures strongly
correlated with the level of intestinal inflammation in IL107" animals (Figure 5d). However, this was
not the case in EBI2”IL107 mice, which had clearly decreased numbers of colonic lymphoid
structures compared to IL107" mice (p<0.05 and p<0.0001, at day 120 and 200, respectively).
Furthermore, inflammation did not significantly increase the number of lymphoid structures in EBI27
IL107" animals, suggesting that EBI2 is required for efficient accumulation of lymphoid structures
during inflammation (Figure 5c¢, d and Supplementary Table S4).

While in IL107" mice accumulation of lymphoid structures was clearly accompanied by an increase in
IgA levels in fecal colon extracts, this effect was much lower in EBI2” animals (Supplementary Figure
S7b-c). Taken together, our data indicate an essential role of EBI2 in the accumulation of lymphoid
structures upon colonic inflammation.
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Discussion

This study assessed the role of EBI2 and oxysterols for the development of colonic lymphoid tissue
and human and murine colitis. Key observations of our study include: i) The EBI2-70,25-diHC axis is
upregulated in colitis, indicated by mRNA measurements of EBI2 and oxysterol synthesizing enzymes
in human and murine colon samples and oxysterol measurements in mouse liver. ii) EBI2 is required
for efficient formation of solitary intestinal lymphoid tissue (SILT) in the mouse colon. iii) EBI2 is
required for accumulation of lymphoid tissue in chronic mouse colitis. iv) EBI2 increases the severity
of colitis in the IL-10 colitis model but not in acute or chronic DSS colitis.

Our data demonstrate an increased mRNA expression of EBI2, CH25H and CYP7B1 in human inflamed
UC samples from two independent large data sets. Thereby, expression of EBI2 and CYP7B1 in the
inflamed colon strongly correlated with the IBD hallmark cytokine TNF. These results were confirmed
in murine colitis models.

Inflammation increased levels of all 25-hydroxylated oxysterols tested, including the EBI2 ligand
70,25-diHC. This indicates that increased mRNA expression of Ch25h results in higher 25-HC
production in inflammation in line with previous studies.'” ??* As expected, knockout of CH25H
reduced concentrations of 25-hydroxylated oxysterols. However, concentrations of all 25-
hydroxylated oxysterols remained high, in line with 25-hydroxylation activity of other enzymes such
as CYP27A1, CYP46A1 and CYP3A4.” Of note, for technical reasons oxysterol levels were measured in
liver and not in colon tissue; any changes in oxysterol concentrations might therefore reflect changes
in intestinal and/ or hepatic oxysterol synthesis due to transport of oxysterols or immune stimulants
via the portal vein. Further, levels of 24-hydroxylated cholesterols, major oxysterols of the brain®> %
were elevated, possibly reflecting reduced degradation in systemic inflammation. Inflammation did
not affect concentrations of most 7a-hydroxylated oxysterols, even though Cyp7bl mRNA levels
were induced 10-fold. However, local oxysterol concentrations might be much higher in the colon.

Knockout of the 70,25-diHC receptor EBI2 decreased the number of colonic lymphoid structures, as
demonstrated very recently.’® This reduction was shown by two independent methods:
quantitatively by B220 (B cell) staining in a whole mount approach and semi-quantitatively by
evaluation of consecutive HE stained sections of 100 um distance. The latter approach allows for
enumeration of cryptopatches (i.e. immature SILT lacking B cells) and a clear distinction of SILT from
CLP, localized exclusively in the submucosa. Both approaches demonstrated an approximately 5-fold
reduction of SILT upon EBI2 knockout. The number of SILT was also reduced in CH25H” animals,
independently confirming a role of the EBI2-7,25-diHC axis in SILT formation.

SILT in EBI2”" and wildtype animals were morphologically indistinguishable upon staining of B, T and
LTi cells, suggesting that EBI2 promotes induction but not subsequent maturation of SILT. Further,
our results indicate an intact IgA response with intact bacterial IgA coating in homeostasis in EBI27
mice with a reduced number of SILTs.

Our results agree with the recent paper by Emgard et al., describing EBI2-dependent lymphoid tissue
formation during homeostasis.*® Emgard et al. showed EBI2 expression by ILC with a LTi phenotype.
LTi cells migrate towards a 70,25-diHC gradient in vitro and EBI2 knockout reduced the number of
cryptopatches and ILF (i.e. immature and mature SILT). Emgard et al. also demonstrated expression
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of CH25H and CYP7B1 by CD34 Podoplanin® fibroblasts as a likely source for 7a,25-diHC production
which would attract EBI2* LTi-cells.™

Chronic inflammation increases the number of intestinal lymphoid tissues in the DSS colitis model."”

# Our study shows that accumulation of lymphoid structures in chronic DSS colitis strongly depends
on EBI2 activity. Similarly, in IL-10 colitis, the level of inflammation increased the number of colonic
lymphoid structures and EBI2 knockout abolished accumulation of SILT in inflammation
(Supplementary Table S4). In contrast, CH25H knockout did not significantly affect the number of
lymphoid structures in inflammation, suggesting that 70,25-diHC concentrations are not limiting for
immune cell recruitment. Several requirements for induction of SILT in inflammation, including a role
of lymphotoxin, IL-22, I1L-23 and CXCL13 have been identified.”” *®* *° Our study describes EBI2 as a
further molecule promoting the accumulation of SILT in chronic inflammation.

Even though SILT uniformly accompany colonic inflammation, it is unclear whether SILT accumulation
promotes colon inflammation or whether it is a reaction to chronic inflammation, potentially
enabling downregulation of inflammation or induction of tolerance.® In agreement with an active
role, in UC patients, lymphoid structures were found in colon specimens and larger aggregates
indicated more severe inflammation.** In CD, lymphoid follicles were uniformly found below fissures
and aphtous lesions.® Further, lymphoid follicles were associated with lymphangiectasia and
perilymphangitis>, possibly propagating inflammation.* Lymphoid follicles were also associated with
high endothelial venules, facilitating homing of inmune cells.*

Some experimental evidence also argues for pro-inflammatory effects of SILT in murine colitis: ROR-
vt deficient mice displayed more colonic SILT and more severe DSS colitis compared to wildtype. Vice
versa, reduction of the number of SILT by lymphotoxin neutralization decreased colitis severity.”” A
similar correlation between intestinal lymphoid tissue accumulation and severity of inflammation

was observed in the TNF**%

model. Interference by anti-CCR7 treatment further increased lymphoid
tissue formation and severity of inflammation.>® However, in our experiments, severity of chronic
DSS colitis was identical in wildtype and EBI2” mice, arguing against a pro-inflammatory role of SILT

in this model.

In contrast to DSS colitis, EBI2 knockout reduces inflammation in IL-10 colitis. For unclear reasons,
EBI2 deficiency only reduced inflammation in male mice. Interestingly, in a recent study with the

murine TNFAARE

model, protection from ileitis was also observed in male, but not female mice with a
specific pathogen free flora.”’” Differential effects of EBI2 knockout with reduction of inflammation in
IL-10 colitis but not in acute or chronic DSS colitis likely reflect different mechanisms of
inflammation.® In DSS colitis, pathogenesis comprises destruction of the epithelial barrier and
primarily innate immune system activation. In contrast, IL-10 colitis results from lack of immune-
modulatory effects of IL.-10 on several immune cells.*® To test whether a reduced number of SILT in
EBI271L107 mice would reduce recruitment of pro-inflammatory T cells, we analyzed mRNA levels of

several T cell markers but no difference was detected (Supplementary Figure S4).

ILCs were shown to have high EBI2 expression™ and ILCs lacking EBI2 failed to localize into colonic
lymphoid structures.*® Impaired ILC recruitment might explain reduced inflammation in EBI27IL107
animals. The role of ILCs in IL-10 colitis has not been formally addressed; however, in a related
infectious colitis model with Compylobacter jejuni infecting IL107" mice, colonic ILCs were increased

and depletion of ILCs abrogated colitis.*’ ILCs have also been implicated in other models of colitis.*"*
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In CD40 colitis, ILCs within colonic cryptopatches increased their motility shortly after induction of
inflammation, resulting in ILC accumulation at the tip of the villus.* The signal driving ILC movements
is unclear but 7¢,25-diHC produced immediately after onset of inflammation might stimulate EBI2-
dependent ILC motility.

Emgard et al. also demonstrated reduced colon inflammation upon EBI2 knockout: In CD40Q colitis,
EBI2 expressing ILCs and myeloid cells accumulated in inflammatory foci in the colon mucosa and
colitis severity was much lower in EBI2” animals.'® These data, together with our data, suggest that
the dependence of inflammation on EBI2 varies regarding the colitis model. EBI2 dependence would
be expected for models with a critical role of ILCs including CD40 colitis®® *, TRUC colitis
(spontaneous colitis in RAG27TBX217 animals)®” and some infectious colitis models.”* In contrast,
DSS colitis with breakdown of the physical barrier of the colon seems to develop independently of
EBI2.

ILCs have also been implicated in human IBD since proinflammatory ILCs were found in intestinal
samples.” In addition, a SNP associated with the EBI2 gene increased the risk for both, UC and CD.*

In summary, we describe increased oxysterol synthesis in colon inflammation and a role of the EBI2-
70,25-diHC axis for generation of colonic SILT in steady state and inflammation. Our results provide
further insights to SILT development in the colon, which has been substantially less studied than the
small intestine. We also report a role of EBI2 in IL-10 colitis, pointing to EBI2 as a potential drug
target in IBD since specific EBI2 inhibitors are available.*®
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Materials and methods
Human samples

Intestinal biopsies from IBD patients were obtained from the Swiss IBD Cohort Study (SIBDCS), a
large, prospective nation-wide registry, started in 2007. SIBDCS is funded by the Swiss National
Science Foundation and has been approved by the local ethics committee of each participating
center (EK-1316). The cohort goals and methodology are described elsewhere.*’ All patients provided
written informed consent prior to inclusion into SIBDCS. Analysis of samples for the current study
was approved by the scientific board of SIBDCS. Data from a whole human genome oligo microarray
(GEO data sets: GDS3268)" was used as a complementary data set.

Animals

All mice were kept in a specific pathogen-free (SPF) facility in individually ventilated cages. EBI27
mice (C57BL/6 x C129) were originally purchased from Deltagen (San Mateo, USA) and subsequently
back-crossed to C57BL/6 for more than 10 generations.® CH25H-deficient mice (C57/BL6) were
provided by David. W. Russell, University of Texas Southwestern.® In our facility, they were crossed
with wildtype C57BL/6 mice and heterozygous offspring was mated to generate knockout and
wildtype littermates. All animal experiments were conducted according to Swiss animal well fare law
and approved by the local animal welfare authority of Zurich county (Tierversuchskommission Zirich,
Zurich, Switzerland, License No. ZH256-2014).

Colitis models

Acute dextran sulfate sodium (DSS) colitis was induced in age- and weight matched females by
administration of 3% DSS (MW: 36-50 kDa; MP Biomedicals/ Thermo Fischer Scientific, Waltham,
USA) in the drinking water for 7 days. Mice were sacrificed after colonoscopy on day 8. To induce
chronic colitis, animals underwent 4 DSS cycles, consisting of 2% DSS administration for 7 days
followed by 10 days of normal drinking water, each. Mice were sacrificed after colonoscopy 3 weeks
after the last DSS cycle. Colonoscopy was performed as described previously and scored using the
murine endoscopic index of colitis severity (MEICS) scoring system.*

IL107" mice (C57BL/6) were crossed with EBI27 mice; animals heterozygous for EBI2 (EBI2+/'IL10'/')
were used to generate EBI27IL107 and EBI2**IL107 littermates. IL107" animals are highly susceptible
to develop spontaneous colitis. As described in previous studies®, 1% DSS for 4 days in drinking
water at the age of 90 days was used to trigger inflammation, as the spontaneous development of
colitis is dependent on the gut microbiota and is drastically reduced under SPF conditions. Mice were
sacrificed at 120 or 200 days of age or upon development of rectal prolapse.

Histological score

Colons were dissected, fixed in 4% formalin, embedded in paraffin, and cut into 5 pum sections.
Deparaffinized sections were stained with hematoxylin and eosin (HE). Histological scoring for acute
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and chronic DSS colitis was performed as described™’; a slightly adapted score was used for IL107
colitis (Supplementary Table S5).

Oxysterol measurements

Extraction of oxysterols from murine liver samples

Frozen liver samples from acute DSS colitis were pulverized using a CryoPrepTM CP02 (Covaris,
Woburn, USA), weighed and lysed in homogenization buffer (0.9% sodium chloride) using a Qiagen
TissueLyser Il (Qiagen, Venlo, NL) at 4 °C. Oxysterols were extracted from the lysate by two liquid-
liquid extractions using a methanol:dichloromethane (1:1) mix and a homogenization
buffer:dichloromethane (1:2) mix respectively. The organic phases from both extractions were
pooled and dried under nitrogen. The residue was reconstituted with ethanol containing 0.1 % formic
acid and filtered before analysis on the liquid chromatography tandem-mass spectrometry (LC-
MS/MS) system.

LC-MS/MS analysis:

The LC-MS/MS analysis was performed on a Dionex UltiMate 3000 RS with HPG Pump (Thermo
Scientific, Waltham, USA), coupled with a Sciex Triple QuadTM 5500 mass spectrometer (AB Sciex,
Zug, CH).

Detailed protocols of oxysterol extraction and LC-MS/MS analysis are provided in the supplementary
methods.

Quantification of lymphoid structures
Whole mount:

Colons were removed intact, flushed with cold PBS, opened along the mesenteric border, and
mounted, lumen facing up. Colons were then incubated two times for 10 min with warmed HBSS
containing 2 mM EDTA at 37°C on a shaker to remove epithelial cells. After washing with PBS, colons
were fixed with 4% Paraformaldehyde (PFA) for 1 h at 4°C. Colons were washed 5 times with TBST (1
M Tris (pH 7.2), 1 M NaCl, 0.2% Triton X-100) and blocked with TBST containing 2% rat serum for 1 h
at 4°C. Colons were incubated with Cy3-conjugated anti-mouse B220 antibody (clone TIB146;
provided by Oliver Pabst: Institute for Molecular Medicine, RWTH Aachen University, Aachen,
Germany) in the above solution overnight at 4°C. The next day, colons were washed with TBST and
mounted on glass slides. B220" cell clusters were quantified under the microscope.

Swiss rolls:

Colons were dissected and opened along the mesenteric border. Swiss rolls were prepared with the
luminal side facing outwards and embedded in optimum cutting temperature (OCT) compound, and
frozen in liquid nitrogen. Quantification of lymphoid structures was performed in 20 HE-stained
cryosections (6 pum) per colon, approximately 100 um apart (the protocol for immunofluorescent
stainings is provided in the supplementary methods). Zeiss Axio Scan.Z1 with ZEN blue Software
(Zeiss, Oberkochen, Germany) was used to scan and analyze sections. SILT and CLP were defined
according to their size and localization; CLP: composed of large lymphoid follicles between the two
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external muscular layers and the muscularis mucosae, SILT: smaller clusters of lymphoid cells in the
lamina propria.

Lymphoid structures in animals from colitis experiments were enumerated using one HE-stained
section of the rolled-up colon per mouse.

If not indicated otherwise, a Zeiss Axio Imager Z2 Microscope with Axio Vision Software (Zeiss,
Oberkochen, Germany) was used.

Statistical analysis

If not indicated otherwise, Mann-Whitney U test was performed with GraphPad Prism software
(GraphPad, San Diego, USA). For the multivariate linear regression analysis, appropriate modules of
Matlab R2017b were used. To compare the number of B220" lymphoid structures of different sizes
(Figure 4c) we used R studio to generate a multivariate Poisson regression relating log(average
counts) with the genotype using model-based t-tests. Data are presented as mean £ SEM. P values
less than 0.05 were considered significant (*: p <0.05, **: p <0.01, ***: p <0.001, ****: p <0.0001).
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Figure legends

Figure 1: Increased expression levels of EBI2 and the oxysterol synthesizing enzymes CH25H and
CYP7B1 in inflamed tissue of UC patients

(a) Data from a human whole genome microarray (GEO data sets: GDS3268) was analyzed regarding
mRNA expression levels of EBI2, CH25H and CYP7B1 in non-inflamed colon tissue of healthy
volunteers (n=63) and non-inflamed (n=61) and inflamed (n=62) colon tissue of UC patients. The
dotted line represents the mean of healthy tissue (set to 1). (b) mRNA expression levels from rectal
biopsies of UC patients, either non-inflamed from patients with quiescent disease activity (n=24) or
inflamed from patients with moderate to severe disease activity (n=20) from the Swiss IBD cohort
study were determined by RT-PCR and normalized to GAPDH using the AACt method. Data shown as
mean x SEM. Statistical analysis: Mann-Whitney U test; * = p<0.05, *** = p<0.001, **** = p<0.0001.

Figure 2: Increased expression levels of oxysterol synthesizing enzymes CH25H and CYP7B1
accompanied by elevated oxysterol levels in murine DSS colitis

Mice received DSS in drinking water for 7 days to induce acute colitis. On day 8, mice underwent
colonoscopy and were sacrificed to obtain tissue samples. (a) mRNA expression levels of Ch25h,
Cyp7b1 and Ebi2 from colon tissue of wildtype mice with acute colitis and healthy controls were
determined by RT-PCR and normalized to GAPDH using the AACt method. (b) Oxysterol levels in liver
tissue of wildtype (n=12) and CH25H”" mice (n=6) with acute colitis and healthy controls were
measured by LC-MS/MS. (c) Histological scores for acute DSS colitis were determined on HE stained
colon sections (scale bars: 200 um) in wildtype and EBI2” mice (d), and wildtype and CH25H 7 mice
(e). Data shown as mean = SEM. Statistical analysis: Mann-Whitney U test; * = p<0.05, ** = p<0.01,
*E* = p<0.001, **** = p<0.0001.

Figure 3: EBI2 promotes inflammation in the IL-10 colitis model

EBI2”IL107 and IL107" male mice were sacrificed after onset of rectal prolapse or at the age of 200
days. Histological scoring (a) and representative images (b) from HE stained colon sections from 200
days old mice. Scale bars: 200 um. (c) Spleen weight of animals from (a). (d) Onset of prolapse in
EBI27IL107 and IL107" mice depicted in a survival curve. Data shown as mean = SEM. Statistical
analysis: Mann-Whitney U test; * = p<0.05, ** = p<0.01.

Wyss et al., EBI2 promotes lymphoid tissue expansion in colitis


https://doi.org/10.1101/424937

bioRxiv preprint doi: https://doi.org/10.1101/424937; this version posted September 24, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

21

Figure 4: Lack of EBI2 leads to a lower number of lymphoid structures in the colon

Colonic lymphoid structures of 12 weeks old female EBI2” and wildtype littermate mice were
assessed using complementary approaches. (a) B220 B cell staining in a whole mounted colon (B220:
white). (b) Quantification of B cell follicles in B220-stained whole mounted colons. {c) Stratification of
B220" structures by size (area). ## = p<0.01 and #### = p<0.0001 comparing structures <20’000 um?
and <100°000 um? respectively with a multivariate Poisson regression using model-based t-tests. (d)
Classification of B220" structures by presence or absence of multiple follicles per structure. (e) HE
stained colon Swiss rolls (left) and representative SILT and CLP structures stained with HE (middle)
and B220 and oaSMA (right); scale bars: 200 pum. (f) Lymphoid structures were quantified and
categorized according to their location in 20 HE stained colon Swiss roll sections per mouse. (g)
Cellular characterization of CLP and SILT with immunohistochemical staining for c-kit (brown) and
B220 (pink; please note unspecific staining of alkaline phosphatase at the top of crypts) and with
immunofluorescent staining for B220 (green) and CD3 (red). Scale bars: 200 um. Data shown as mean
1 SEM. Statistical analysis: Mann-Whitney U test; * = p<0.05.

Figure 5: EBI2 promotes an increase in the number of colonic lymphoid structures in chronic
intestinal inflammation

Lymphoid structures were quantified in representative HE stained colon sections. (a) Quantification
of lymphoid structures in female wildtype and EBI2”" mice with chronic DSS colitis. (b) As in (a), but
with wildtype and CH25H”" mice. (c) Quantification of lymphoid structures in EBI271L107 and 1L107
male mice at the indicated ages or after occurrence of prolapse. (d) Correlation of the numbers of
lymphoid structures with histological scoring of 200 days old EBI271L107 and IL107 male mice. Data
shown as mean + SEM. Statistical analysis: Mann-Whitney U test; * = p<0.05, ** = p<0.01, **** =
p<0.0001; correlation analysis: Spearman R.
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Figure 3
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