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Abstract (English): Oxysterols as drivers of inflammatory diseases

Florian Ruiz, MD-PhD student in the laboratory of Professor Pot, Department of clinical

neurosciences, Lausanne University Hospital.

A dysregulation of the immune system is at the forefront of multiple sclerosis (MS) and
inflammatory bowel disease (IBD). Oxysterols are oxygenated metabolites of
cholesterol that display immuno-modulatory functions. In particular, the oxysterols
downstream Cholesterol-25-hydroxylase (Ch25h) have been implicated in both IBD
and MS.

A single nucleotide polymorphism (SNP) in the GPR183 gene locus, coding for a
receptor for an oxysterol downstream Ch25h, is associated with IBD. We therefore
interrogated GPR183 expression in peripheral blood mononuclear cells from healthy
volunteers (HV) and IBD patients carrying or not the SNP. We found that GPR183 was
co-expressed with chemokine receptor implicated in leukocyte trafficking in the
inflamed gut. Patients carrying the SNP display an increased GPR183 expression in
B cells and increased psoriasis rates.

In addition, Ch25h-deficient mice (Ch25 KO) display an attenuated form of an
experimental model of MS, the experimental autoimmune encephalomyelitis (EAE).
However, the cellular source of oxysterols during neuroinflammation remains unclear.
We thus developed a floxed-reporter Ch25h-Knock-in mouse and demonstrated that
ablation of Ch25h in central nervous system endothelial cells (CNS ECs) is sufficient
to attenuate EAE. Mechanistically, ablation of Ch25h in inflamed CNS ECs activates
a transcriptomic program inducing a “glioblastoma-associated endothelial cell-like”
profile and a lipid remodeling that favored the expansion of immune-suppressive cells
associated with cancer: myeloid-derived suppressor cells (MDSC). Accordingly,
deletion of Ch25h in ECs favored the accumulation of MDSC in the CNS during EAE
and reduced CD4 T cell proliferation.

Overall, the results of this thesis indicate that the Ch25h pathway is implicated in
inflammatory diseases. Our results suggest that Ch25h favors CD4 T cell infiltration
into the intestine and restricts MDSC accumulation in the CNS. Additional studies are
necessary to confirm the relevance of these findings but the results of this thesis
suggest that Ch25h be might an attractive therapeutic target for inflammatory

diseases.



Abstract (French) : Le role des oxystérols dans les maladies inflammatoires

Florian Ruiz, Etudiant MD-PhD dans le laboratoire de la Pre Pot, Département des

neurosciences cliniques, Centre hospitalier universitaire vaudois.

Un déréglement du systéme immunitaire est au premier plan de la sclérose en plaques
(SEP) et des maladies inflammatoires de l'intestin (MICI). Les oxystérols sont des
métabolites oxygénés du cholestérol qui présentent des fonctions immuno-
modulatrices. En particulier, les oxystérols en aval de la cholestérol-25-hydroxylase
(Ch25h) ont été impliqués a la fois dans les MICI et la SEP.

Un polymorphisme nucléotidique (PN) dans le locus du géne GPR183, codant pour
un récepteur a un oxystérol dérivé de Ch25h est associé aux MICI. Nous avons donc
évalué I'expression de GPR183 dans les cellules du sang périphérique de volontaires
sains (VS) et de patients atteints de MICI porteurs ou non du PN. Nous avons
découvert que GPR183 était co-exprimé avec des récepteurs de chimiokines impliqué
dans le trafic de leucocytes dans l'intestin infllammé. Les patients porteurs du PN ont
une expression augmentée GPR183 dans les cellules B et un taux augmenté de
psoriasis.

De plus, les souris Ch25h KO, présentent une forme atténuée d'un modéle
expérimental de SEP, l'encéphalomyélite auto-immune expérimentale (EAE).
Cependant, la source cellulaire des oxystérols dans la neuroinflammation reste floue.
Nous avons donc développé des souris Ch25h floxée et démontré que Il'ablation de
Ch25h dans les cellules endothéliales du systeme nerveux central (CE du SNC) est
suffisante pour atténuer I'EAE. L'ablation de Ch25h dans les CE enflammées du SNC
active un programme transcriptomique induisant un profil ressemblant aux CE du
glioblastome et un remodelage lipidique qui favorise I'expansion des cellules
immunosuppressives associées au cancer : les cellules myéloides suppressive
(CMS). En conséquence, la suppression de Ch25h dans les CE favorise
'accumulation de CMS dans le SNC pendant I'EAE et réduit la prolifération des
cellules T CD4.Les résultats de cette thése indiquent que la voie Ch25h est impliquée
dans les maladies inflammatoires. Nos résultats suggérent que Ch25h favorise
l'infiltration des lymphocytes T CD4 dans l'intestin et limite I'accumulation des CMS
dans le SNC et que Ch25h pourrait étre une cible thérapeutique intéressante pour les

maladies inflammatoires.



1.1 Inflammatory diseases and immune imbalance

Inflammatory diseases are a group of incurable pathologies characterized by a
dysregulation of the immune system leading to chronic inflammation and tissue
damages that can be organ-specific or systemic?. It is estimated that they affect 3 to
7% of the population®. Our understanding of their pathophysiology remains limited,
however, we consider that they are the result of specific environmental triggers in
genetically susceptible individuals®.

Exogenous triggers, such as invading pathogens or foreign bodies, or endogenous
triggers, such as abnormal cells can activate the inflammatory response. The removal
of the causative agent is an active process that is limited by counter-regulatory
mechanisms preventing excessive inflammation and, resolving mechanisms enabling
wound healing and cessation of the response once the harmful stimulus has been
cleared®.

The inflammatory response results from a cross-talk between organ-specific resident
cells, stromal cells, and tissue-infiltrating cells®. Cell-to-cell communication is regulated
by different molecular cues, including cytokines, growth factors, and bioactive lipids.
Deregulation of this cross-talk can lead to a pathologic state, where the inflammatory
reaction is inappropriate or fails to resolve. This state of immune imbalance is
considered crucial for the pathogenesis of inflammatory diseases and may originate
from a defective function of anti-inflammatory signals, excessive activity of pro-
inflammatory signals, or a combination of both?.

One caveat to this notion could be summarized by a statement of a French

", &

epistemologist in his book “The formation of the scientific mind”: “A knowledge that



lacks precision, or, to put it better, a knowledge that is not given with its precise
conditions of determination is not a scientific knowledge”.

Even though Gaston Bachelard was not referring to the cellular and molecular
networks involved in the inflammatory response, the specific context (i.e. the
conditions of determination) in which a molecular signal is present can determine
whether it acts as a pro or an anti-inflammatory signal. It is therefore not always
appropriate (i.e. not a scientific statement or a truth per se) to present one cytokine or
one bioactive lipid as pro or anti-inflammatory as these molecular cues are always
working in coordination with other signals and can have different effects depending on
the cell on which they act. Therefore, it should be noted that the pro or anti-
inflammatory role of the main pathway studied in this thesis, the Ch25h pathway, is
context-dependent even though for inflammatory bowel diseases and multiple

sclerosis, our data indicate a pro-inflammatory function.

1.2 Oxysterols

1.2.1 Introduction

The acquisition of the ability to synthesize sterols is an early event in eukaryogenesis®,
indicating a crucial role of these compounds in cellular functions. Sterols, in particular
cholesterol, are essential for the regulation of membrane fluidity. They are also
critically involved in inter and intra-cellular communication. Oxidation of sterols,
generally cholesterol, gives rise to oxysterols’.Oxysterols are subdivided into primary

and secondary oxysterols (Figure 1).



Primary oxysterols carry only one modification compared with the native cholesterol
molecule and can be further subdivided into:

)] side-chain_oxysterols, namely: 24(S)-hydroxycholesterol (24-(S)OHC), 25-

hydoxycholesterol (25-OHC) ,and 27-hydorxycholesterol (27-OHC)

1)) ring-modified oxysterols, namely: 7-hydoxyperoxycholesterol (7OOHC), 7a-

hydroxycholesterol (7a-OHC), 7p-hydroxycholesterol (7p-OHC), and 7-

ketocholesterol (7K-OHC).

Cholesterol

Side-chain oxysterol Ring modified cholesterol

25-hydroxycholesterol / e 7a-hydroxycholesterol

HO” : E for |

HO'

Figure 1. Comparison of the structural formula of cholesterol, 25-hyhroxycholesterol, and 7a-hydroxycholesterol.

Structural formulas from Wang et al 8were used.

Secondary oxysterols (e.g. 7a,25-dihydroxycholesterol (7a,25-OHC) and 7K,25-
dihydroxycholesterol (7K,25-OHC) contains more than one modification. Oxysterol
concentrations compared to cholesterol are low, ranging usually from nM to pM® but
can be substantially altered in various pathological conditions such as inflammatory

or neurodegenerative diseases 10 1112,



Oxysterols are generated by either non-enzymatic oxidation (mainly by free radical
attacks) or through enzymatic oxidation. The vast majority of oxysterol-producing
enzymes belong to the cytochrome P450 family® and are located in the endoplasmic
reticulum or the mitochondria4. A full description of oxysterols metabolizing enzymes
and the biological function of their products is out of the scope of this thesis. Hence,
we are going to mainly focus on the principal pathway explored during this project,

which is the Cholesterol-25-hydroxylase (Ch25h) pathway.

1.2.2 Ch25h, 25-OHC, and 7a,25-OHC

Cholesterol-25-hydroxylase (Ch25h) is a peculiar oxysterol metabolizing enzyme
since it does not belong to the cytochrome P450 family. It is encoded by an intronless
gene and is an enzyme that utilizes diiron cofactors to catalyze the hydroxylation of
cholesterol®®. It is the rate-limiting enzyme for the conversion of cholesterol into 25-
OHC. It also catalyzes the conversion of 7K-OHC into 7K, 25-OHC*6. Additionally, 25-
OHC can be metabolized into 7a,25-OHC by Cyp7bl, an enzyme belonging to the
cytochrome P450 family. 7a,25-OHC can be further metabolized by Hydroxy-Delta-5-
Steroid Dehydrogenase, 3 Beta- And Steroid Delta-Isomerase 7 (HSD3B7) into bile

acid precursors (Figure 2).

Cholesterol 25-0HC 70,25-0OHC

HSD3B7

e CH25H [\/v Cyp7bl
: e ——  Bile acid precursors

WH [on
—_—

HO/C/\/

HO'

Figure 2. The Ch25h pathway.



1.2.3 Function of the Ch25h pathway in cholesterol homeostasis and lipid metabolism

Historically, the impact of oxysterols on metabolism attracted most of the attention.

This is in part, due to the emergence of the “Oxysterol Hypothesis of Cholesterol

Homeostasis” " 7. Landmark studies revealed that cholesterol is capable of
suppressing its synthesis!®. It was then proposed that the feedback regulation of
cholesterol biosynthesis is not mediated by cholesterol itself but rather achieved by an
oxygenated form of cholesterol, oxysterols'®. Later, it became clear that cholesterol is
also playing a role in the regulation of its metabolism?% 2%, Since then, the molecular
mechanisms toward which cholesterol can restrain its synthesis have been
deciphered??.

Sterol Regulatory Element Binding Protein 2 (SREBP2) is a key transcription factor in
the regulation of cholesterol homeostasis. SREBP2 is synthesized as an endoplasmic
reticulum-anchored precursor??. To become active, it needs to be translocated first to
the Golgi apparatus to be cleaved by specific proteases (Site protease 1 and 2)?2. Itis
then further exported to the nucleus where it induces the transcription of genes
associated with cholesterol homeostasis, most notably hydroxy-3-methylglutaryl-CoA
(HMG-CoA reductase) the rate-limiting enzyme for cholesterol biosynthesis??. SREBP
cleavage-activating protein (SCAP) escorts SREBP2 from the endoplasmic reticulum
(ER) to the Golgi apparatus. It also acts as a cholesterol sensor; high cholesterol
concentration induces a conformational change of SCAP, favoring its interaction with
insulin-induced genes (INSIG) resulting in SREBP2 retention in the ER. 25-OHC acts

in a similar fashion by altering INSIG conformation and favoring its interaction with



SCAP, eventually inhibiting SREBP2 processing!®. In-vitro, 25-OHC is more potent
than cholesterol to suppress SREBP2 nuclear translocation®3.

25-OHC is also an agonist of Liver X Receptors (LXRs) along with other oxysterols?*
25, LXRs belong to the superfamily of nuclear receptors and are master regulators of
lipid homeostasis?®. They exist in two isoforms, LXRa and LXRB?6. To become active,
they need to form heterodimers with Retinoid-X-Receptor-a (RXRa)?®. LXRs and
SREBP2 collaborate to regulate cholesterol homeostasis. LXRs activation promote
the expression of genes implicated in cholesterol efflux and also prevent SREBP2
translocation to the Golgi apparatus?®.

Retinoic acid-related Orphan Receptor a (RORa) is another nuclear receptor involved
in the regulation of immune response, cellular differentiation, cerebellum development,
and lipid metabolism?7: 28 29,30, 31 25.0HC has been shown to work as an inverse
agonist for this receptor3?. Recent data indicates that RORa activation restrains the
expression of genes implicated in cholesterol efflux and that its inhibition reduces the

expression of HMG-CoA reductase and SREBP22°.



Thus in case of high intracellular cholesterol concentrations, cholesterol is converted
into 25-OHC which could reduce intracellular levels of cholesterol by restraining
cholesterol synthesis and favoring cholesterol efflux by inhibiting SREBP2 and RORa

and by activating LXRs (Figure 3).

VAN

SREBP2 RORa LXRs

\ 4 |

Cholesterol synthesis and uptake Cholesterol efflux

Figure 3. 25-OHC cellular targets regulating intracellular cholesterol homeostasis. SREBP2: sterol regulatory

element binding protein 2, RORa: retinoic acid-related orphan receptor. LXRs: liver X receptor.

The identification of 25-OHC cellular targets enabled us to predict its involvement in
cholesterol homeostasis. However, previous reports suggest that germline Ch25h
knockout (Ch25h KO) mice display normal cholesterol levels. It should be noted that
these results are unpublished and only reported without any mention of the
experimental approaches employed to address this question®3 34, Additionally, other
enzymes display a 25-hydroxylase activity and hence could compensate for the lack
of Ch25h3. Interestingly, Hereditary Spastic Paraplegia type 5 (SPG5), a rare
autosomal recessive neurodegenerative disease caused by a loss-of-function
mutation of Cyp7b1l is associated with a dramatic increase in circulating 25-OHC?6.
Despite that, these patients display normal cholesterol levels in the plasma3,
guestioning the in-vivo relevance of 25-OHC in the regulation of systemic cholesterol

levels. Similarly, the vast majority of studies implicating 25-OHC as an activator of



LXRs were performed in-vitro, with low evidence that 25-OHC is indeed an important

modulator of LXRs activity in-vivo 37. This raises the question of the function of 25-

OHC in other biological processes.

1.3 Ch25h and 25-OHC in the immune system

1.3.1 Introduction

While performing screening of genes upregulated by Lipopolysaccharide (LPS) in
mouse bone marrow-derived macrophages, Diczfalusy and colleagues identified a
strong upregulation of Ch25h38, It was also demonstrated that Ch25h KO mice
displayed increased serum IgA levels while Cyp7bl KO mice showed decreased
levels compared with their wild type (WT) counterparts®®. Those seminal findings
paved the way for investigations of the role of Ch25h in the immune system.

Since then, multiple studies evaluated the function of Ch25h in inflammatory
conditions affecting various cell compartments and organs?0: 41 42, 43, 44, 45, 46, 47
indicating a pro or an anti-inflammatory role depending on the model. The multiple
cellular targets of 25-OHC could partially explain those discrepancies. In addition, the
downstream metabolite of 25-OHC, 70a,25-OHC also display immunomodulatory
functions, however, its only described cellular target is the chemotactic receptor
GPR183%°, The role of this receptor in the immune system will be described below. It
should also be noted that 25-OHC is an anti-viral molecule and can also limit the

proliferation of some intracellular bacterias through non-immune mechanisms#,



1.3.2 Function 25-OHC and Ch25h in the innate immune system

LPS-induced upregulation of Ch25h is dependent on type | interferon signaling*® and
myeloid cells were the first source of 25-OHC identified®. In addition, Ch25h is
upregulated in myeloid cells by other Toll-like receptor agonists 42, pro-inflammatory
cytokines including interleukin-6 (IL-6), interleukin-1p (IL-1B), and tumor necrosis
factors a (TNF-a) in a signal transducer and activator of transcription 1 (Statl)
dependent manner®. Functionally, 25-OHC restrains interleukin-1p (IL-1B) production
in macrophages through SREBP2 inhibition and by maintaining mitochondrial
integrity?® 44, suggesting an anti-inflammatory function. Moreover, LXRs activation
suppresses the production of IL-6, IL- 18, TNF-a, and inducible nitric oxide synthase
(iNOS) which are considered pro-inflammatory signals®® 52 53. 54 |n line with this,
intratracheal infusion of 25-OHC reduces leukocyte infiltration and TNF-a production
in a mouse model of acute lung injury®®. Still in lung inflammation, Ch25h expression
by alveolar macrophages enables clearance of apoptotic neutrophils (efferocytosis)®®,
an essential mechanism of inflammation resolution. 25-OHC has recently been shown

to suppress Interferon-y (IFN-y) signaling in microglia®’.

Alternatively, in macrophages and microglia, 25-OHC at pmolar concentration can
promote inflammasome assembly and favor IL-1B secretion®® 5°. Intracerebral
injection of 25-OHC induces recruitment and activation of microglia/macrophages®®.
Other groups have shown that 25-OHC potentiates IL-6 and colony-stimulating factor
1 (CSF1 or M-CSF) productions and that 25-OHC exacerbates lung inflammation in a
mouse model of influenza infection2. By acting as an inverse agonist of RORa, 25-

OHC favors lipid droplet accumulation in macrophages®. Furthermore lipid droplet



accumulation favors macrophage infiltration and activation in tissues®:. In addition, 25-
OHC production promotes the transition of macrophages from a so-called M1 pro-
inflammatory state to an M2 anti-inflammatory phenotype®2.

Therefore, Ch25h and 25-OHC can activate or amplify pro and anti-inflammatory
programs on monocytes/macrophages. The reasons for these contradictory findings
remain a conundrum. The fact that 25-OHC can be metabolized in 7a,25-OHC, that
Ch25h can produce 7K,25-OHC, and that these three oxysterols have different cellular
targets complicate the picture. In addition, monocytes are highly plastic and can
become “tolerant” to endotoxin stimulation, and therefore, their response to LPS can
differ if they were previously exposed to it®% ¢4 They have a form of “innate memory”®°
and tissue-resident macrophages display an impressive diversity in different organs®4.
In addition, some authors have proposed that nanomolar concentrations of 25-OHC
could be anti-inflammatory while micromolar concentrations could be pro-
inflammatory, suggesting a bi-modal signaling of 25-OHC?®6. Therefore, the impact of
25-OHC and Ch25h downstream signaling might be influenced by its concentration,
the state or the organ in which macrophages reside and by the influence of previous

exposure to microorganism and their products.

1.3.3 Function 25-OHC and Ch25h in the adaptive immune system

Compared to myeloid cells, the function of 25-OHC in the regulation of the adaptive
immune system is less studied. In Peyer’'s patches, 25-OHC produced by follicular
dendritic cells suppresses the differentiation of germinal center B cells into IgA

producing plasma cells through inhibition of SREBP2°¢”.



Ch25h is also upregulated in IL-27 induced Type 1 regulatory T cells in a Statl and
IRF1 dependent manner® 89 In that context, 25-OHC negatively regulates IL-10
production through LXR signaling®®, inhibits T cell proliferation, and favors cell death
through nutrient deprivation®8: 69,

25-OHC is also a ligand of retinoic acid receptor-related orphan receptor-yt’® (ROR-
yt) the master regulator for Th17 cell differentiation. However, evidence of the role of

Ch25h in Th17 cell development is lacking.

1.4 The chemotactic receptor GPR183

1.4.1 Introduction

As mentioned above, 25-OHC can be further hydroxylated to form 7a,25-OHC. 7a,25-
OHC is the strongest ligand of the chemotactic receptor GPR183 also known as
Epstein-Bar Virus-induced G-protein coupled receptor 2 (EBI2)"% 72, 7a,27-OHC, and
25-OHC can activate GPR183 but are less potent than 7a,25-OHC " 72, GPR183 is a
7 transmembrane G-ai coupled receptor’ that was first discovered as an Epstein-Bar
virus-induced gene’. A role for this receptor in immune cell chemotaxis was then
identified’> 72 75, Since, GPR183 expression has been described in B cells’™* 72, T
cells’®, dendritic cells’”, monocyte/macrophages’®, neutrophils’?, innate lymphoid cells
type 3 (ILC3s)*1, eosinophils’®, platelets®®, astrocytes®!, microglia®, osteoclast®® and
endothelial cells®. Thus, the biological function of GPR183 is not limited to the
regulation of immune cell chemotaxis. However, in this thesis, we are going to focus
on its function on the immune system. To describe its function, we will consider its

dependence on the presence of its ligand, whose production is regulated by the



enzymatic cascade described in Figure 2. Thus, this pathway will be now referred to

as the GPR183/7a,25-OHC axis.

1.4.2 Function in secondary lymphoid organs: adaptive immune response

Secondary lymphoid organs (SLOs), the site where lymphocytes encounter their
cognate antigen, are central to the adaptive immune response. They display a
remarkable organization with multiple microenvironmental niches favoring efficient
antigen presentation, lymphocyte proliferation, and cell-fate commitment® (e.g. long-
term memory B cells or antibody-producing plasma cells).

B cells, T cells, and different subsets of antigen presenting cells (APCs, e.g. dendritic
cells) are present in distinct compartments within SLOs (Figure 4). This
compartmentalization is regulated by a network of chemotactic receptors and their
ligands® 87, The GPR183/7a,25-OHC axis is a part of this chemotactic network, where

it fine-tunes immune cell positioning within specific SLO’s compartments.

B cell area 70',25-OHC gradient

T cell area

B-T Boundary B cell area

Germinal
center

GPR183 dependent
migration

CCR7 dependent
migration

Figure 4. The function of the GPR183/7a,25-OHC axis in the germinal center response. Left panel: B cells and T

T cell area

cells location in lymph nodes. Right panel: Activation of B cells through BCR signaling quickly upregulates GPR183
which induces B cell migration to the outer follicular region (dark violet, blue arrows) where 7a,25-OHC

concentration is supposedly the highest. This happens 2-3h after an antigenic challenge. 6h after the challenge, B



cells upregulate CCR7 and move to the B-T boundary where CCL19 and CCL21 are produced to receive T cell

help (red arrows). At this step, CCR7 and GPR183 collaborate to uniformly distribute B cells at the B-T boundary.

Functionally, alteration of GPR183/ 7a,25-OHC-mediated positioning will result in a
defective T-dependent antibody response through multiple mechanisms. In the lymph
nodes, GPR183, in collaboration with CCR7, favors the positioning of B cells at the T-
B boundary’® 88, enabling T cells to induce B cell proliferation and differentiation during
germinal center responses 8 % GPR183 is also involved in T lymphocyte
differentiation into T follicular helper cells®!, a subset of leukocytes essential to the T-
dependent humoral response®. In the spleen, GPR183 favors the positioning and
development of CD4* dendritic cells’” %, which are involved in extrafollicular T-
dependent antibody response®*.

In addition, GPR183/7a,25-OHC mediated positioning of naive CD4* T cells at the
periphery of the T cell area favors their activation, expansion, and differentiation®.
GPR183 KO mice display an impaired CD4-dependent helminth infection clearance
%, They also fail to mount a CD4-dependent CD8 memory response against
plasmodium®.

Therefore, the GPR183/7a,25-OHC axis could be seen as a fine tuner of immune cell
positioning within SLOs that optimize the adaptive immune response to favor pathogen

clearance.

1.4.3 Function in secondary and tertiary lymphoid organs: development

Besides its involvement in the optimization of the adaptive immune response, GPR183

participates in the formation of tertiary lymphoid organs (TLOs). Histologically and



functionally speaking, these lymphoid structures closely resemble SLOs®, however,
in contrast to SLOs, TLOs arise after birth®” and usually develop in diseases
associated with chronic inflammation such as cancer or autoimmunity®2,

As mentioned above, GPR183 is expressed by ILC3s*. Innate lymphoid cells are
derived from the same committed progenitor as lymphocytes during hematopoiesis,
but they lack a recombination-activating gene (RAG)-dependent rearranged antigenic
receptor® 10 _As for T helper cells, they are subdivided into three subtypes (ILC1s,
ILC2s, and ILC3s) based on their production of type 1, type 2, and Th17 cell-derived
cytokines!®, Like Th17 cells, ILC3 development depends on the master regulator
RORVyt that is a key inducer of IL-17 and IL-22'1, These cells are important for
lymphoid tissue organogenesisi®®. In the gut, the GPR183/7a,25-OHC axis is
responsible for ILC3 accumulation in TLOs such as cryptopatches (CPs) and isolated
lymphoid follicles (ILF) and is essential for the formation of these structures in the
colon®t 47, It might also be involved in the formation of CPs in the small intestinel%,
however, these results are controversial*'. GPR183 expression by ILC3s is important
for their capacity to clear enteric pathogeni® and enhances inflammation in a mouse
model of immune-mediated colitis**.

Furthermore, the GPR183/7a,25-OHC axis-dependent B cell migration has also been
implicated in the formation of TLOs in a mouse model of chronic obstructive pulmonary
disease (COPD)*® and a mouse model of lymphocytic bronchiolitis post-lung
transplantation 194, In these two models, a dampening of the GPR183/7a,25-OHC axis
resulted in a reduced formation of TLOs and lung inflammation*® %4, In contrast,
intestinal SLOs, (e.g. mesenteric lymph nodes, Peyer’s patches (PP), and colonic
patches (CLP)) that are formed in-utero®’ develop normally in GPR183 KO or Ch25h

KO mice*: 47, All those results suggest that the GPR183/7a,25-OHC axis is implicated



in the formation of TLOs and not SLOs. The function of this axis might be redundant
for the homeostatic or “normal” development of lymphoid organs. However, it might be
essential for the emergence of tertiary lymphoid organs, which are usually associated

with chronic inflammation.



Organ and model | Genotype Phenotype Reference
Lungs, cigarette | Ch25h KO, | Reduced number of B cell- | Jia et al.
smoke exposure- | GRP183 KO dependent iBALT 201843
induced and inflammation
emphysema
Small intestine, | GPR183 KO Reduced number of CPs | Chu et al.
steady state 2018103
Colon, steady state Reduced number of ILFs
and CPs
Small intestine, | RAG-1  deficient | Normal number of CPs | Emgard et
steady state GPR183 KO and ILFs al., 20184
Colon, steady state Reduces the number of
CPs and ILFs
Colon, steady state | GPR 183 KO Reduced number of ILFs | Wyss et
al.2019%
Colon, DSS- | Ch25h KO, GPR | Reduced number  of | Wyss et
induced colitis 183 KO lymphoid structures, | al.2019%’
normal inflammation
Colon, IL-10 KO |IL-10 KO and|Reduced number of
colitis model GPR183 KO lymphoid structures and
inflammation
Lungs, post lung | GPR183 KO Reduced number of TLOs | Smirnova et
transplantation al.2019104
lymphocytic
bronchiolitis

Table 1. Overview of the impact of defects in the GPR183/7a,25-OHC axis in TLOs formation. iBALT: inducible
bronchus-associated lymphoid tissue, CP: cryptopatches, ILF: isolated lymphoid follicle. Wyss et al. is our

collaborative work with B. Misselwitz’s research group.



1.5 Inflammatory bowel diseases

1.5.1 Introduction

Inflammatory bowel diseases (IBD) include two clinical entities: Ulcerative Colitis (UC)
and Crohn’s disease (CD). They are both chronic relapsing inflammatory diseases
primarily affecting the gastrointestinal tract and display similar clinical features°> 106,
However, they are considered to be separate diseases. The clinical presentation of
these two pathologies is highly overlapping, with patients presenting bloody diarrhea,
hematochezia, abdominal pain, and fatiguel® 1%, Patients suffering from IBD often
develop extra-intestinal symptoms that can affect skin, eyes, urinary and respiratory
tracts, bile duct and joints”.

The prevalence and incidence of these diseases are increasing 1% with the incidence
of CD ranging from 0.4 to 22.8 per 100 000 person-years and UC ranging from 2.4 to
44.0 per 100 000 person-years in Europel®. Gender-specific prevalence is less
striking than in other immune-mediated diseases such as multiple sclerosis and differs
between CD and UC and with age!'®. CD can virtually affect all segments of the
gastrointestinal tract from the mouth to the anus. The histopathology is characterized
by discontinuous lesions displaying transmural inflammatory lymphoid agregatest!!.
Moreover, granulomas are hallmark findings of this disease even though they are not
identified in all patients''!. By opposition, UC is usually restricted to the colon and
rectum and lesions are confined to the mucosal and submucosal layers and do not

display granulomas?!!?,



CROHN DISEASE VECERATIVE.COLITIS Figure 5. Comparison of CD and UC.

Top left: Discontinuous (skip) lesions are
illustrated. Bottom left: Transverse

section of CD affected intestine showing

the transmural aspect of CD. Arrow 1
Skip Continuous o
lesions colonic involvement, indicate a submucosal granuloma and

beginning in rectum
arrow 2 indicate serosal granuloma. Top
Mucosa . . . .
right: continuous lesions of UC restricted
to the colon. Bottom right: inflammatory
infiltrate restricted to the mucosal layer

can be seen. Adapted from Robbins
basic pathology 10th edition.

1.5.2 Intestinal homeostasis

The gastrointestinal tract is constantly exposed to dietary antigens, commensal
bacteria, and pathogenic micro-organisms. Hence, to maintain homeostasis, the
intestinal immune system needs to be at the same time tolerant to non-harmful
antigens while preserving its capacity to clear pathogens 112,

It is postulated that IBD emergence results from an altered mucosal immune response
to gut microbiota in patients presenting genetic predisposition 113, Intestinal
homeostasis relies on a complex cross-talk between the immune system, the intestinal
epithelium, and the microbiota, and alterations in this cross-talk result in intestinal

inflammation and IBD*'# (Figure 6).
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Figure 6. Simplified model of IBD pathogenesis. Left: During homeostasis, a thick layer of mucus (green) and anti-
microbial peptides produced by intestinal epithelial cells protects the epithelium and the lamina propria and maintain
an eubiotic state with a high diversity of bacteria and a dominance of commensal microorganism. IgA producing
plasma cells are also involved in this process. Microbial or diet derived products, such as butyrate and tryptophan
favor immune tolerance trough induction of regulatory lymphocytes and promote epithelial barrier function.
Regulatory lymphocytes produce cytokines (IL-22 and IL-17A) favoring epithelial barrier function while epithelial
cells produce IL-33 inducing a regulatory phenotype. IL-10 plays a key role in maintaining intestinal homeostasis
and in the cross-talk between myeloid and lymphoid cells. Right: During IBD a combination of environmental and
genetic factors will alter intestinal homeostasis. A dysbiosis, characterized by a reduced bacterial diversity and a
potential excessive proliferation of pathobionts is observed. Microbial derived products (e.g. glucorhamnan) induce
pro-inflammatory myeloid cells. Increased epithelial permeability induced by pro-inflammatory signals (e.g TNF-a
and INFy) derived from innate and adaptive immune will results in leakage of the gut luminal content and bacterial
infiltration. A reduction in the mucus layer is observed. Myeloid cell will engulf bacteria, become activated and
stimulate adaptive immune cells. IL-23 plays a key role in this process. INFy and GM-CSF derived from activated
lymphoid cells enhance myeloid cell activation. IgG-opsonized bacteria can further activate mononuclear

phagocytes promoting tissue damage.

The lamina propria of the intestine is separated from the luminal resident microbiota
by a thick layer of mucus and a single layer of epithelial cells. In addition, IgA,
cytokines, and anti-microbial peptides produced by gut-resident immune and non-
immune cells further control the integrity of the intestinal barrier and prevent leakage
of the luminal content on the lamina proprial'®>. To complicate the picture, the

microbiome and its products participate in the regulation of the intestinal barrier



integrity and intestinal immune homeostasis''® as microbial sensing controls cytokine,

anti-microbial peptides, and growth factor production by intestinal resident cells'’,

1.5.3 Risk factors

IBD environmental risk factors include low vitamin D status, smoking, antibiotic
exposure during infancy, appendectomy, and diet!*8,

Moreover, genome-wide association studies (GWAS) have identified 163 loci
associated with IBDs, among them, 30 are specific to CD and 23 to UC, and the other
110 are associated with both diseases!'®. They display an enrichment for immune-
related pathways, host response to mycobacterial infection, and preservation of
intestinal barriers'?% 121 119 |n particular, mutations in the nucleotide-binding
oligomerization domain containing 2 (NOD2) locus are associated with CD?2 123,
NOD2 is an intracellular pattern recognition receptor (PRR) expressed by
hematopoietic and intestinal epithelial cells 24, Most of the mutations in its locus
associated with CD induce a loss-of-function'?®. It is therefore proposed that the
increased risk of CD associated with NOD2 is due to defective clearance of pro-
inflammatory bacteria but it remains to be clarified*?. Besides, NOD2 is an inducer of
autophagy in myeloid cells'?6 and other mutations in genes involved in autophagy have
been associated with CD'?7- 128 Autophagy is an important component of intestinal
homeostasis, as it is involved in microbial sensing and antigen presentation'?® and can
also protect intestinal epithelial cells from pro-apoptotic signals such as tumor necrosis
factor a (TNF-a) 1?°. Therefore, autophagy is considered to be implicated in IBD
pathophysiology through its involvement in the regulation of gut microbiota and

intestinal barrier.



1.5.4 The role of dysbiosis and bacterial products

The gut microbiota is a key element of intestinal homeostasis'¥® as it is implicated in
i) metabolism of nutrients, xenobiotics, and drugs
i) regulation of the immune system
iii) antimicrobial functions

iv) maintenance of the intestinal epithelium barrier function

Many IBD risk factors, discussed above can alter its composition. Even though a
normal microbiota is hard to define, functional and compositional alterations of
microbial communities observed in pathogenic states are defined as dybiosis3!. The
dysbiosis seen in IBD is characterized by reduced diversity of bacteria and Table 2

summarizes alterations found in the IBD microbiome.



Increased Decreased

Bacteria: Bacteria:
® Fusobacterium species ® Bacteroides species
® Pasturellaceae ® Bifidobacterium species
® Proteobacteria (adherent ® Clostridium XIVa, IV
invasive Escherichia coli) ® [uecalibacterium prausnitzii
® Ruminococcus gnavus ® Roseburia species
® Veillonellaceae ® Suterella species
, Fungi:
Fungi: ® Saccharomyces cerevisiae

® Candida albicans

® Candida tropicalis

® Clavispora lusitaniae

® Cyberlindnera jadinii

® Kluyveromyces marxianus

Viruses:
® Caudivirales

Table 2: Summary of alterations in the gut microbiota observed in IBD. Adapted from Glassner et al.20211%?

If dysbiosis is a cause or consequence of IBD is unclear. Murine studies indicate
however that a spontaneous model of colitis does not occur in microbiome absence
(i.e germ-free mice)'®3. Moreover, microbial-derived products are implicated in
intestinal homeostasis. Specifically, Short-chain fatty acid (SCFA), tryptophan
metabolites, and secondary biliary acids (SBAs) can induce Tregs and promote
intestinal epithelium barrier properties 134 135 136, 137,138 |nterestingly, a reduction in
SCFA-producing bacteria is observed during CD 1%,

Several studies indicate that increased intestinal permeability is an important feature
of IBD physiopathology4? 141. 142 and that dysbiosis and breakdown of the intestinal
barrier are key events for IBD initiation'43. The exact pathogenic role of the leakage of
the luminal content into the subjacent lamina propria is unclear!!®, but some authors
have proposed that translocation of bacteria and their products activate immune cells

that will trigger intestinal inflammation#4. In line with this, an increase of a bacterial



clade called Ruminococcus gnavus was observed during CD#® and associated with
exacerbations'#6. A product of this same bacteria (a glucorhamnan polysaccharide)
has been shown to induce TNF-a secretion in mouse bone marrow-derived dendritic
cells through TLR4 signaling'#’, suggesting a pro-inflammatory role.

Therefore, alterations in relative abundance of bacteria can alter the levels of their
products. These alterations might disturb intestinal homeostasis by increasing
epithelial permeability and inducing an inflammatory imbalance of the immune system.
It is interesting to note that bacteria that are increased during IBD are also present in
the normal flora and could be implicated in the pathogenesis through their excessive
expansion. Such a type of bacteria can be defined as pathobiont!*®. Therefore, some
authors have proposed a model for IBD in which genetic alterations (such as NOD2
mutations) and environmental factors result in an expansion of pathobiont and a
decrease of symbiont favoring intestinal inflammation4® 159, However, some authors
consider that virtually all gut resident bacteria could have a pathogenic potential and
therefore, that the concept of pathobiont is questionable!®!. In addition, no pathobiont
has been consistently identified as a trigger of IBD and the functional consequences
of the increased abundance of bacteria species observed during the disease on

intestinal homeostasis necessitate further investigation4°.

1.5.5 The role of innate immune cells

The histological hallmark of CD (i.e. granulomas) and UC (crypt abscess with a
predominance of granulocytes)'! is suggestive of a crucial role for innate immune
cells in IBD pathogenesis. Several lines of evidence indicate that pathogenic activation

of myeloid cells is of paramount importance for IBD initiation. First, GR1* cells (that



include principally monocytes and neutrophils) depletion exacerbates an experimental
model of colitis'>? while macrophage depletion is protective in the same model*>3,

The gene of the IL-23 receptor (IL-23R) is associated with IBD'®*. IL-23 is a
heterodimeric cytokine from the IL-12 family and is principally produced by activated
myeloid cells'>> 156 |t is a key signal for the survival and acquisition of effector
functions of IL-17-producing lymphoid cells'>”: 158, They include ILC3s and Th17 CD4*
T cells, which are particularly important for the host defense at mucocutaneous
surfaces (e.g. gut, lung, and skin) but also play a key role in inflammatory diseases®®.
Loss-of-function mutations in the IL-23R genes are protective in IBDs'%° while gain-of-
function mutations might be detrimental®!, suggestive of the pathogenic role of the IL-
23 axis in these diseases. In line with this, IL-23 deficiency is protective in murine
models of IBD 13 162 and treatment with an antibody blocking IL-23 and IL-12
(Ustekinumab) signaling attenuate both CD and UC163 164 |-1B and IL-6 are also
produced by activated myeloid cells and favor the pro-inflammatory function of IL-17-
producing and IFN-y-producing lymphoid cells in the context of intestinal
inflammationt6> 166, 167, 168, 169, 170  TNF-a is also a key cytokine in intestinal
inflammation that is produced by activated myeloid cells. Mice displaying an innate
immune cell over-production of TNF-a spontaneously develop a CD-like disease!’*
and its importance is highlighted by the clinical benefits of anti-TNF-a therapy in IBD°:
170 As mentioned, IL-23, IL-1B, IL-6, and TNF-a are produced by myeloid cells and
contribute to intestinal inflammation through the activation of lymphoid cells. However,
some of these cytokines are also produced by epithelial cells and directly participate
in tissue damage by inducing epithelial cell apoptosis and altering the intestinal barrier
129,172 |LCs could also be implicated in IBD. IFN-y producing ILC1s have been shown

to accumulate in the intestine of CD patients'’® and to drive colitis in experimental



models’# 175 |L-23-dependent ILC3s are also increased in the intestine of CD
patients’® and promote intestinal inflammation by favoring mononuclear phagocyte
infiltrationt’7. 178. 179 Qverall, a network of cytokines produced by activated myeloid

cells, innate lymphoid cells, and epithelial cells are considered to initiate IBD.

1.5.6 The role of T and B cells

T cells are thought to be important for IBD physiopathology, as patients suffering from
lymphopenia can experience improvement of these diseases, 8%, both CD and UC
lesions display lymphoid infiltrations''! and adoptive transfer of naive CD4 T cells in
immune-deficient mice induces colitis'8!. In addition, treatment with immune
checkpoint inhibitors can lead to colitis 182, Both Th1 and Th17 cells are implicated in
IBD pathophysiology. IFN- y and TNF-a are the main cytokines produced by Th1 cells
and induce intestinal inflammation by promoting epithelial cell apoptosis and favoring
inflammatory cells recruitment and activation'83 184 18,18 || .17+ cells are also
increased in the intestine of both CD and UC*® but the role of Th17 cells in IBD is
controversial as anti-IL-17A antibodies have been shown to exacerbate CD?8,
Moreover, IL-17A promote barrier functions of intestinal epithelial cells and is
protective in an adoptive transfer model of colitis® 1°°, On the other hand, sustained
IL-23 signaling in Th17 cells enables them to acquire a pathogenic phenotype, notably
through the production of IFN-y and granulocyte-macrophage colony-stimulating
factor (GM-CSF)57. 191,192 Th17 cells are highly plastic and thus can be protective or
pathogenic depending on the cytokine milieu encountered 1°3 194 which might explain

these contradictory findings.



CD8 T cells also infiltrate the gut during IBD'% and, as Th17 cells, have been shown
to be both beneficiall®® 197 or detrimental'®® 1%°, Single-cell technologies have enabled
the identification of IBD-associated expansion of a particular CD8 T cell population in
the intestine displaying a pro-inflammatory phenotype 2% 201 and activation of
circulating CD8 T cells is associated with an increased disease activity 2°2. CD8 T cells
that infiltrate the gut favor intestinal inflammation and tissue damage through the
release of pro-inflammatory signals such as IFN-y and TNF-a and the secretion of
cytotoxic granules 23,

B cells are also present in IBD lesions and plasma cell infiltration at the basis of the
crypts (basal plasmacytosis) is the strongest predictor of positive diagnosis for IBD*L,
A subset of B cells (CD45R0O*B cell), representing antigen-activated B cells correlates
with increased CD activity and intestinal permeability?%* 205, |gA is the dominant
immunoglobulin of the healthy intestinal mucosa, but IBD patients display increased
production of 1gG?2%6.207.208 ' Eyrthermore, IgG-producing plasma cells can favor UC by
inducing activation of mononuclear phagocytes and enhancing Th17 cell activity?°®
210 UC patients display a deep remodeling of the B cell compartment in the inflamed
mucosa and an expansion of circulating gut homing plasma cells that correlate with
disease activity?°8. Furthermore, CD patients displaying resistance to anti-TNF therapy
compared to responders display a specific cellular signature including IgG producing
plasma cells?!, Finally, autoantibodies or antibodies reactive to commensal bacteria
participate in IBD pathogenesis and could be used as biomarkers for diagnosis and
prognosis209: 212, 213,

On the other hand, CD8 and CD4 regulatory T cells are abundant in mucosal tissue of
the intestine and increase during IBD?%%- 214, The anti-inflammatory cytokines that they

produce are of paramount importance in maintaining an immuno-tolerant environment



in the intestine, in particular IL-10, an anti-inflammatory cytokine produced by
regulatory lymphocytes and myeloid cells?%®. Loss-of-function mutations in the gene
coding for IL-10 lead to infantile IBD?%¢ and IL-10 deficient mice develop spontaneous
colitis?'’. IL-22 is another cytokine of the IL-10 family produced by Th17 cells and ILCs
that favors epithelial cell proliferation and intestinal wound-healing and hence that
might be protective during IBD?!® 219 |L-2 and TGF-B are also important in the
maintenance of intestinal homeostasis as a defect of their signaling induce colitis in
mice??0: 221, They are produced by CD4 T cells and maintain intestinal immune
tolerance through induction regulatory CD4 T cells??? 223, |L-33 is a cytokine that is
produced by intestinal epithelial cells whose production increases during inflammation

and that can also induce regulatory T cells??4,

Overall, there is a strong level of evidence implicating the adaptive immune system in
IBD pathophysiology. An imbalance between anti-inflammatory and pro-inflammatory
mediators triggers uncontrolled inflammation that either initiates or perpetuates the
disease. However, the respective roles of the different leukocyte subsets, epithelial
cells, and gut microbiota, their effector molecules, and the sequence of events leading
to the dysregulation of intestinal homeostasis need to be better defined to clarify

mechanisms at the origin of the disease.

1.5.7 Treatment

Since the physiopathology of IBD is incompletely understood, no cure is available.

Pharmacological interventions are at the frontline of patient care but surgery is still an



important part of the management of the disease??°. Clinical management of CD and
UC are different and complex. It will depend on a variety of factors including the
severity and location of the disease, the age of the patient, its comorbidities, and the
presence of extra-intestinal manifestation??®: 227, The aim is to achieve complete
remission, prevent relapses and reach “mucosal healing”, the latter being the
restoration of the normal mucosal cyto-architecture??®>. A full description of the
management of these two diseases is beyond the scope of this thesis and beyond my
field of expertise. However, given their relevance for the understanding of IBD
pathophysiology, the mechanisms of action of some drugs employed to treat CD and
UC will be briefly discussed.

Pharmacological treatments for IBD include 4 categories??® 227: anti-inflammatory
drugs, immunosuppressive, biological, and Janus kinase inhibitors.
Anti-inflammatory drugs are usually used as first-line therapy and include
corticosteroids and aminosalicylates??® 227, They are both capable of suppressing NF-
kKB downstream signaling 2%%22° and NF-kB induces IL-23 production®¥. In the
biological category, as mentioned, anti-IL-12/IL-23 antibodies and anti-TNF-a are also
effective in treating IBD163. 164,169, 170 whijch further highlights the importance of innate-
derived cytokines in IBD pathophysiology. A recently developed approach is
reminiscent of the therapeutic strategy employed in MS and consists of preventing
leukocyte infiltration in the intestine. Indeed, ozanimod, a selective S1pl modulator
that entraps lymphocytes in lymph nodes has shown some clinical benefit in both MS
and UC?3% 232 Vedolizumab, an anti-a4B7 integrin antibody preventing interaction
between leukocytes and MADCAM-1 and thereby preventing infiltration of immune
cells in the intestine is also an effective therapy against both CD and UC?33 234, The

effectiveness of these therapies suggests a key role for lymphocyte infiltration in the



intestine during IBD. Overall, drugs interfering with leukocyte migration are
progressively becoming a pillar in IBD management?3> 236, |t is therefore relevant to
study the molecular determinant of lymphocyte trafficking into the gut and therefore,
the implication of GPR183 in this process as results from our group and others indicate

its importance in experimental models*!: 47:103.237 and possibly in IBD47: 237 238,



1.6 Multiple sclerosis

1.6.1 Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating neurodegenerative disease
of the central nervous system (CNS). As IBD, the exact cause of MS remains elusive,
but it is a multifactorial disease. Studies in families and monozygotic twins indicate that
genetics contribute to MS development and that environment is also a key factor?3®
240_

Genetic variants associated with MS display an enrichment for immune-related
genes?242 Moreover, a recent study indicates that MS-associated variants implicate
genes particularly expressed in peripheral immune cells and microlgia?*t. In particular,
the HLA variant HLA-DRB1*15:01 is the strongest genetic factor identified so far?*2.
Environmental risk factors include low vitamin D status, low sun exposure, smoking,
obesity during adolescence, and viral infections?43. Epstein-Barr virus (EBV) infection,
in particular, infectious mononucleosis during adolescence strongly increases the risk
of developing MS?#4. Moreover, two recent studies indicate that EBV seroconversion
is a necessary (but not sufficient) condition to trigger the disease?*® and that an
antibody targeting an EBV viral protein cross-reacts with a glial protein?. It is
therefore clear that EBV is a major risk factor and that alterations of the immune
system are at the forefront of MS development.

MS display three distinct clinical presentations. The most frequent is the relapsing-
remitting MS (RRMS) characterized by flares of neurological symptoms (such as focal

sensory and motor deficit, cerebellar ataxia, and optic neuritis) virtually affecting the



entire CNS?47, Around 20% of the patients will then convert to a secondary progressive

form (SPMS) where disability starts to accumulate?#8, The primary progressive form of

No. of
No.of MRI lesions

clinical with objective  Additional data needed Table 3. McDonald criteria 2017 for MS
attacks clinical evidence® for diagnosis of multiple sclerosis diagnosis. CSF: cerebrospinal fluid, DIS:
diffusion in space, DIT: diffusion in time,

Relapsing-remitting multiple sclerosis

22 22 None® MRI : magnetic resonance imaging.
22 1 None Adapted from McGinley et al., 2021303
22 1 DIS demonstrated by an additional clinical attack
implicating a different CNS Site or by MRI
1 =2 DIT demonstrated by additional clinical attack,
MRI, or CSF-specific oligoclonal bands
1 1 DIS demonstrated by additional clinical attack

implicating a different CNS site or by MRI

and DIT demonstrated by an additional clinical attack
or by MRI or demonstration of CSF-specific
oligoclonal bands

Primary progressive multiple sclerosls

Required: 1 year of disability progression (retrospectively or prospectively
determined) independent of clinical relapse

Plus 2 of the following: 1 or more T2-hyperintense lesions characteristic of
multiple sclerosis in 1 or more of the following brain regions: periventricular,
cortical or juxtacortical, or infratentorial; 2 or more T2-hyperintense lesions in
the spinal cord; presence of CSF-specific oligoclonal bands

MS (PPMS), where neurological disability increases without any

superimposed relapses affects approximately 10-15% of patients diagnosed with
MS?49, MS diagnosis is based on McDonald criteria 2017 summarized in table 3.

In 2016, MS was affecting 2.22 million people worldwide showing a north to the south
gradient of prevalence?®, with north hemisphere countries being more affected. At the
adult age, the disease more frequently affects females with a sex ratio of 2:1, but the
incidence between genders is similar in pre-teen children®®. The mean age of onset

ranges from 25 to 29 years for RRMS and 39 to 41 years for PPMS?52,

1.6.2 Relapsing and progressive multiple sclerosis

The hallmarks of an MS-affected CNS are multiple focal demyelinated lesions induced
by oligodendrocytes cell death (also called plagues) with variable levels of gliosis and
inflammation and with relative axonal sparring?®?. However, with progression, the

axonal and neuronal loss will occur?3. Acute lesions are characterized by a disruption



Figure 7. Acute MS lesions. A)Axial slice of a MS brain with T1-weighted magnetic resonance imaging. Arrow
indicates gadolinium (gad) enhancing lesions. B) Brain biopsy of an acute MS lesion. Immunohistochemistry
for fibrinogen (red) without counter-stain showing perivascular leakage in the CNS parenchyma. C) Brain
biopsy of a patient with a 3 months history of MS. Mononuclear cells (lymphocytes and
monocytes/macrophages) can be seen in the perivascular space. Adapted from Greenfield’s Neuropathology,
9th edition, 2015.

of the blood-brain barrier (BBB) that can be identified by gadolinium-enhancing lesions
at the T1-weighted imaging with magnetic resonance imaging (Figure 7A). Increased
vascular permeability will result in the leakage of the plasma content into the CNS
parenchyma (Figure 7B). Perivascular inflammatory infiltrates (perivascular cuffs) are
seen at the histology and will contain mononuclear cells, principally lymphocytes,
monocytes/macrophages, and plasma cells (Figure 7C). CNS infiltrating autoreactive
lymphocytes, supposedly against myelin®®* or other CNS antigens?>® 256 will
collaborate with the myeloid compartment to trigger inflammation and
demyelination®®’. Neurodegeneration can occur subsequently to demyelination but in
myelocortical MS, a cortical neuronal loss can also be observed in the absence of

demyelination of its associated white matter2,

The efficacy of treatments blocking the entry of leukocytes in the CNS for preventing
relapses indicates a key role of this process in RRMS pathophysiology?°’. However,
for the progressive forms, therapeutic approaches used in RRMS are inefficient,
except for the B cell-depleting antibody (Ocrelizumab) and Siponimod (an S1P
receptor modulator) which have shown some moderate benefits in specific patient

subgroups?°% 269, In addition, BBB disruption is less visible to absent in the progressive



forms?6t, the presence of lymphocytes markedly reduced and the presence of
macrophages/microglia increased compared to acute lesions?62,
Macrophages/microglia are containing myelin fragments and display an activated
profile at the edge of the active lesions of progressive MS?%3, It is therefore thought
that inflammation is compartmentalized to the CNS in the progressive forms of the
disease and that the pathological process driving acute relapses and progressive
neurodegeneration are different?®4,  Specifically, aberrant activation of
macrophages/microglia might be a key aspect of PPMS and SPMS?265,

The trigger of MS is unknown, but two theories have been proposed. The outside-in
hypothesis is that over-activation of leukocytes takes place in the periphery and
enables subsequent infiltration of immune cells in the CNS?2%¢.0n the other hand, the
inside-out theory consider that MS “primum movens” is a neurodegenerative process
that subsequently activates peripheral leukocytes and triggers immune cell infiltration
in the CNS parenchyma?®’.

The lack of experimental models for progressive MS has limited our ability to
understand its underlying pathophysiology and the experimental model used in this
thesis, experimental autoimmune encephalomyelitis (EAE) more closely mimics
RRMS. Therefore, the cellular and molecular mechanisms driving relapses will be

described in more detail than the ones of the progressive forms.

1.6.3 Physiopathology of an MS relapse

As mentioned, immune cell infiltration in the CNS is a key aspect of MS relapses. The
molecular mechanisms driving leukocyte transmigration across the BBB are described

in section 1.7.5 and the knowledge on the resolution of MS inflammation is described



in our review in manuscript N°3. For this subsection, we are going to mainly focus on
the pro-inflammatory mechanisms driving MS relapses (Figure 8).

In peripheral blood mononuclear cells (PBMC) of twins discordant for MS, naive CD4
T from the MS twin display a more activated profile and monocytes display a shift
toward a pro-inflammatory phenotype?®® compared with the non-MS twin. This
highlights the importance of these two leukocyte subsets in MS.

In mice, adoptive transfer of myelin reactive CD4 T cells is sufficient to trigger
demyelination, and Th1, Th9, and Th17 cells can induce EAE but with different clinical
manifestation?%8, Myelin-reactive CD4 T cells from RRMS patients overproduce IL-17,
IFN-y, and GM-CSF compared with healthy controls 259, In addition, Th17 cells from
MS patients produce less IL-10279, and an MS-specific CD4 T cell signature (co-
expression of CXCR4, VLA-4, and GM-CSF) has been found in peripheral blood and
MS lesions?’t. In mice, overexpression of GM-CSF in CD4 T cells induces
spontaneous myeloid cell infiltration and CNS inflammation 272, Adoptive transfer of
myelin reactive CD4 T cells deficient for GM-CSF fails to induce EAE?"3 and ablation
of the GM-CSF receptor (CSFR2) on CCR2 expressing monocytes also induces
complete EAE protection?’4. GM-CSF activated myeloid cells that display a pro-
inflammatory phenotype with increased reactive oxygen species and pro-inflammatory
mediator production, are thereby licensed to induce tissue damages?’> 276277 |n acute
MS lesions, macrophage/microglia infiltration correlates well with axonal damage?’8,
further suggesting a tissue-damaging role for these cells. Of note, in MS lesions, some
CD4 T cells are found in close contact with oligodendrocytes and Th17 cells could
induce direct cell death through the release of glutamate?”°.

In addition, reactivation of CD4 T cells by infiltrating myeloid cells in the CNS is

essential to induce EAE?®. Therefore, the myeloid/CD4 T cell cross-talk plays a key



role in EAE pathophysiology, and possibly MS and GM-CSF might be a key factor in
neuroinflammation. The recent success of B cell depleting therapies in RRMS also
highlights the importance of these cells in promoting the disease?®!, and GM-CSF
producing B cells are increased in the peripheral blood of MS patients?®2. B cell
depleting therapies employed to treat MS do not target plasma cells?83. Therefore it is
thought that the pathogenic role of B cells in MS relapses is due to their function as
APCs or through cytokine production rather than via an antibody-mediated effect?®3 .

In MS lesions, CD4 T cells are mainly found in perivascular cuffs while CD8 T cells,
that generally outnumber them, are found diffusely across the lesions, and are clonally
expanded?®*, In addition, adoptive transfer of myelin reactive CD8 T cells can also
induce EAE?®® and CD8 T cell infiltration correlates well with axonal damages in MS
lesions?8®, Therefore, the adaptive immune system is supposed to play a key role in
MS relapses, in particular in their initiation while myeloid cells and lymphocytes

collaborate to induce demyelination and tissue damage.
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Figure 8. Model of MS relapse at the level of CNS capillaries. Left panel: At steady, the BBB is sealed, astrocyte
end-feet ensheet the basolateral surface of endothelial cells, and leukocytes are excluded from the CNS
parenchyma. Right panel: during MS relapses, the blood-brain barrier is disrupted, astrocytic end-feet will get
detached, and endothelial cells will display an increased expression of adhesion molecules and produce
chemokine. This will enable encephalitogenic lymphocytes to reach the CNS parenchyma. Here they will be
reactivated by APCs presenting CNS antigen. Lymphocytes will further recruit mononuclear phagocytes. Adapted
from Ruiz et al®.



1.6.4 Treatment

MS management is rather complex and involves a multidisciplinary approach?*’. It
consists of managing acute relapses, reducing their frequency, and decreasing the
disability that they induce®*’. As mentioned, therapeutic options for the progressive
forms are limited and thus we are going to mainly focus on RRMS.

Acute exacerbations are treated with high doses of corticosteroids and when
refractory, can be managed by plasma exchanges or apheresis?®’. Corticoid treatment
does not prevent the occurrence of new relapses or improve long-term disability 2,
Therefore, long-term management necessitates the introduction of disease-modifying
therapy (DMT).

Regarding the choice of DMT, there are two schools of thought. Some authors
consider that MS should be treated with high efficacy therapy first?8%, This is based on
the notion that the disease is more active at onset?®® and that patients are usually
younger at time of diagnosis and thus tolerate more aggressive treatment?®,
Examples of high efficacy treatments are Natalizumab whose mechanisms of action
will be discussed in section 1.7.5 and B cell depleting therapies (e.g. Ocrelizumab).
Autologous hematopoietic stem cell transplantation is effective in cases of RRMS
refractory to other therapies?*.

Another approach is the escalation strategy, where a low-risk therapy (e.g. B-
interferons, glatiramer acetate) is first introduced. Then in case of new relapses or MRI
enhancing lesions an escalation to intermediate or high efficacy DMT is performed?.
This approach is less recommended as several recent studies have shown the long-

term benefit of the early introduction of highly efficacious treatments?92 293,



1.7 Role of the vasculature in multiple sclerosis

1.7.1 Endothelial cells

Endothelial cells are highly specialized cells derived from the mesoderm. They form a

monolayer lining the luminal side of blood and lymphatic vessels.

Blood endothelial cells (BECs) are essential regulators of homeostasis and exert both
systemic and tissue-specific function?®*. They display a remarkable inter- and intra-
organ heterogeneity?®> 2% and fulfill many essential functions for multicellular
organisms.

Endothelial cells (ECs) are not part of the immune system; however, they are key

regulators of immune cell trafficking and thus are immunologically active.

1.7.2 Requlation of inflammatory immune cell trafficking by endothelial cells

Endothelial cells enable the recruitment of leukocytes into inflamed tissues through a
multi-step cascade characterized by two different phases?®” (Figure 9):

i) the leukocyte adhesion cascade that enables the vasculature to capture

free-flowing leukocytes from the blood circulation

i) the transendothelial migration (TEM) or diapedesis where leukocytes cross

the vasculature to reach the target organ or tissue.
These steps are regulated by different molecular cues and take place at the level of

postcapillary venules in most organs?.
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Figure 9. Leukocyte migration across the endothelium. See the text for the description of the different steps.

The cascade starts with the rolling phase. Inflammatory signals, such as TNF-a or IL-
1B increase the expression of selectins (e.g. E- and P-selectin) and adhesion
molecules (i.e. Vascular cell adhesion molecule (VCAM-1) and Mucosal addressin cell
adhesion molecule 1 (MADCAM-1)) on the luminal surface of ECs?%% 3%, |nteractions
of selectins and adhesion molecules with their ligand expressed at the surface of
circulating leukocytes (P-selectin glycoprotein ligand 1(PSGL-1) and integrins
respectively) reduce their velocity®®. Chemotactic signals (mainly chemokines)
present at the luminal surface of ECs?%” will activate rolling leukocytes via their
cognate chemotactic receptor which are G protein-coupled receptors (GPCRs)?%,
Activation of these receptors will induce conformational changes and clustering of
integrins (e.g. lymphocyte function-associated antigen 1 (LFA-1) and very late antigen
4 (VLA-4)), increasing their affinity and avidity for their cognate ligands present on the
luminal surface of ECs (Intercellular cell adhesion molecule 1 (ICAM-1) and VCAM-1
respectively))3®. Leukocytes will thus become resistant to shear-stress mediated

detachment and become arrested. They will then start to crawl against or

perpendicularly to the blood flow looking for a site permissive for transendothelial




migration?®, This step is also regulated by integrins and their cognate ligand?.
Finally, leukocytes will cross the vascular endothelium, supposedly mainly through the
paracellular route by a remodeling of endothelial junctions and less often through the
formation of a transcellular pore30t 302 303 |t should be noted that the molecular
determinants of the leukocyte adhesion cascade and TEM might vary depending on
the leukocyte subset (e.g. Neutrophils vs CD4* T cells) and the target organ. Leukocyte
migration across the blood-brain barrier will be described in more detail in the

designated chapter.

1.7.3 Endothelial cells of the central nervous-system: the blood-brain barrier (BBB)

To maintain proper neuronal function, the exchanges of oxygen, nutrients, molecules,
and immune cells between the CNS parenchyma and the peripheral blood need to be
tightly controlled. Thus, endothelial cells of capillaries and postcapillary venules at the
interface between blood and CNS parenchyma display specific characteristics

compared with peripheral ECs304:

)] They lack fenestrations and restrain paracellular diffusion of water-soluble
molecules through the expression of tight junction proteins

i) They display a low basal transcytotic activity

i) They display intense and polarized expression of specific transporters

V) They limit leukocyte migration in the CNS parenchyma



These properties are not intrinsic to CNS ECs but are the result of their interaction with
CNS resident cells mainly brain pericytes, neurons, and astrocytes304 305 306, 307

Together, these cells form the Neuro-vascular unit (NVU) (Figure 10).
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Figure 10. Graphic representation of the neurovascular unit showing a capillary.

Pericytes are important for the induction of barrier properties of CNS ECs including
suppression of transcytosis and regulation of tight junction formation3°6: 398, This is true
during development, but pericytes might also be involved in the maintenance of barrier
properties during the post-natal phase3°. A lipid transporter called major facilitator
superfamily domain containing 2a (MFS2Da) is specifically expressed by CNS ECs and
suppresses caveolae-mediated transcytosis and is thus critical for the regulation of
BBB permeability3!° 311, Pericytes might suppress transcytosis in CNS ECs by inducing
the expression of this transporter®'°, In addition, they also reduce the expression of
ICAM-1 and VCAM-1 in brain vessels®?. In collaboration with ECs, they regulate the
production of one of the two basement membranes of the CNS vasculature which is

the endothelial basement membrane313,



Astrocytes are also thought to play a key role in CNS barrier genesis. First, as their
end-feet cover the abluminal surface of blood vessels they produce the second
basement membrane of CNS vasculature: the parenchymal basement membrane3!4
(or glia limitans) and could act as a physical barrier®'®. In addition, astrocyte-derived
soluble factors including sonic hedgehog and WNT ligands are key signals to the
acquisition and maintenance of CNS EC BBB phenotype316. 317: 318 They induce the
expression of key BBB transporters (e.g. glut-1) and tight junction proteins such as
claudin-5, which is essential for the paracellular barrier properties of CNS
endothelium319,

Another remarkable feature of CNS vasculature is the neurovascular coupling which
is the capacity to adapt the cerebral blood flow to neuronal activity. The molecular
mechanisms of this process are poorly understood but it is considered that it involves

a cross-talk between astrocytes, ECs, neurons, and mural cells3?,

1.7.4 Vascular pathology in MS and EAE

The very first descriptions of MS lesions were suggesting a link between vascular
pathology and MS. In 1880, Charcot observed that the inflammatory reaction initiating
MS lesions was located around veins. In 1916, Dawson further described that the
demyelination process was displaying a perivenous location, giving rise to the so-
called “Dawson fingers” 263, In addition to those historic observations, more recent data
suggest an involvement of vascular pathology in MS.

In comparison to the general population, MS patients could have a greater risk to
develop ischemic stroke®?. Furthermore, some studies indicate that compared with

healthy individuals, patients displaying a clinically isolated syndrome, relapsing-



remitting, or primary progressive multiple sclerosis present a reduced cerebral blood
flow (CBF)322 323,324 |n addition, chronic MS lesions are often localized in watershed
areas (i.e. regions at the interface between the territories of large arteries more
sensitive to ischemia/hypoxia) of the brain3?® and endothelial cell proliferation has
been observed in the brain of MS patients and during EAE326. 327, 328 Several studies
indicate that pharmacological inhibition of angiogenesis reduces EAE severity32° 330,
331 although the efficacy of the treatment might depend on the timing of
administration®3!. On the other hand, ischemic preconditioning has been shown to
attenuate EAE3®?, The authors have proposed that the observed attenuation was due
to vascular remodeling induced by hypoxia 333, however, no causal link between the
two was directly established. A recent study also indicates that microvascular
endothelial cells can phagocyte myelin fragments during CNS injuries, including EAE,
and that this process triggers angiogenesis and endothelial-to-mesenchymal transition
(EndoMT)334, Interestingly, EndoMT, a process throughout which ECs partially or
completely lose their differentiated state and acquire a mesenchymal phenotype has
been observed in CNS ECs during EAE by another study33® and has also been
described in MS lesions®3*. During endoMT, microvascular ECs lose their BBB
phenotype, which could be a mechanism of endothelial dysfunction favoring leukocyte
infiltration in the CNS in MS33’. EndoMT is also proposed to play a role in several
cardiovascular diseases®38. Finally, a recent study suggests that BBB-like endothelial
cells of MS patients display intrinsic alterations compared with healthy individuals33.

Hence, several lines of evidence suggest a link between MS and vascular alterations,
which prompted some authors to speculate that “vascular changes”®*° and hypoxia3*
instead of being epiphenomenon of inflammation might play a key role in the disease

pathogenesis.



1.7.5 Requlation of leukocyte trafficking in the CNS by endothelial cells

Leukocyte infiltration in the CNS parenchyma is a key event for the initiation of MS
relapses and EAE?%5, A combination of in-vitro studies, intravital microscopy, EAE, and
analysis of MS lesions have enabled us to better understand the sequence of events
allowing leukocytes to cross the BBB and the molecular players involveds3%% 342,

Compared with peripheral endothelial cells, CNS ECs display a low expression of
genes associated with immune response and leukocyte chemotaxis at a steady
state33> 343, Thus, in healthy conditions, leukocytes are almost completely excluded
from the CNS parenchyma3®. However, during MS relapses and EAE, the CNS
endothelium becomes activated, expression of adhesion molecules is increased3#+ 345
as BBB permeability 346, Selectin expression in the luminal surface of CNS ECs is
increased and will promote leukocyte rolling®*’. However, at least in mice, this step is
dispensable for invasion of CD4* T cells in the brain and spinal cord parenchyma, 347
348,349 In contrast, a4B1 integrin interaction with VCAM-1 is essential for EAE3%0. 351,
This has led to the development of a mouse humanized anti-a4 integrin antibody
(Natalizumab)®52 which has been proven to be effective in preventing MS relapses by
two phase Il clinical trials 353 3% and is now used as a DMT. GPCR activation by
chemotactic signals is essential to mediate a firm attachment between integrins
expressed by leukocytes and adhesion molecules present at the endothelial surface3®
and GPCR inhibition by pertussis toxin protects mice from EAE?68 35. 35 Under
inflammatory conditions, the CNS endothelium produces a wide array of chemokines
that can regulate leukocyte infiltration 357 358, |n-vitro data indicate that the atypical

chemokine receptor 1 (ACKR1 formerly known as DARC), whose expression is



induced in CNS ECs in both MS and EAE®®® 360, can act as a transporter for pro-
inflammatory chemokine 3%°. It could thus transport chemokines produced by CNS
resident cells and increase their bioavailability on the luminal surface of the BBB.
However, ACKR1 KO mice are not completely protected from EAE®*?; indicating that
additional mechanisms might be implicated in the activation phase of the cascade
during neuroinflammation. Of note, the nature of the exact chemotactic signals
responsible for the firm arrest of leukocytes on the BBB is not identified yet342,
Interaction of aLB2 integrin on leukocytes with endothelial ICAM-1 and ICAM-2
regulate the arrest and the crawling phases of the adhesion cascade36! 362 363
Furthermore, ICAM-1 deficient mice display an attenuated active EAE disease course
364 and the absence of both ICAM-1 and ICAM-2 reduces EAE severity in the adoptive
transfer model®3. Reelin and Apolipoprotein E receptor 2 have been shown to promote
rolling and CNS parenchymal infiltration of macrophages and mice KO for these 2
genes are partially protected against EAE365 366,

In addition to participating in the adhesion cascade, endothelial cell surface receptors
are also involved in the regulation of diapedesis. Hence, in-vitro, while CD99 and
CD31 (PECAM-1) seem to favor the paracellular route®¢’. 368 the absence of
expression of ICAM-1 and ICAM-2 in CNS ECs or high surface levels of ICAM-1 favor
the transcellular route of diapedesis3®®. In CNS ECs, the expression of a scaffolding
protein of caveolae (Caveolin-1, CAV-1), increases during EAE and is required for
CD4* transcellular diapedesis370- 371,

Most of the above-mentioned pathways act as pro-migratory signals for leukocytes.
On the other hand, alterations in pathways preventing leukocyte entry into the CNS
parenchyma might also be involved in EAE and MS pathophysiology. The Sonic

Hedgehog pathway (Shh) is important in maintaining BBB integrity®°® and might be



dysregulated in both EAE and MS3%: 372, 373 Notably, the expression of the Shh
downstream effector Netrin-1 is increased in CNS ECs of MS lesions®’4. Furthermore,
Netrin-1 can reduce pro-inflammatory cytokine production by inflamed CNS ECs in-
vitro and is protective during EAE®’4, and alterations in serum levels of Netrin-1 have
been described in MS patients compared with healthy controls37#4 375, Developmental
Locus 1 (DEL-1) is a glycoprotein secreted by ECs that can inhibit aLp2 integrin-
dependent leukocytes adhesion37®. Its expression is reduced during both MS and EAE
and DEL-1 KO mice display a slightly exacerbated EAE disease course®’’. In addition,
a mutation in the DEL-1 gene locus (EDIL-3) , has been associated with MS 378, The
chemokine CXCL12, which is the ligand of CXCR4 and is a potent chemotactic signal
for leukocytes, displays interesting functions in MS and EAE. During homeostasis,
CXCL12 expression is polarized to the basolateral surface of the BBB and this
polarization is lost during EAE 37° and MS38°, Some studies indicate that antagonizing
CXCR4 exacerbates EAE and that CXCL12 may prevent the entry of leukocytes in the
CNS parenchyma by retaining them in the perivascular space 37°. However, other
groups describe opposite findings of CXCR4 antagonism on EAE disease course38%
382 Those discrepancies could be explained by the use of different EAE models or of
CXCR4 antagonists with different specificity. Indeed, CXCL12 is the ligand of CXCR4
and ACKR3 (also known as CXCR?7). Interestingly, increased expression of ACKR3 in
CNS ECs during EAE might favor leukocyte parenchymal infiltration by quenching
CXCL123%8 and, hence reducing its bioavailability. In line with this, ACKR3 antagonism

attenuates EAE383. 384

Overall, the regulation of immune cell infiltration in the CNS parenchyma by BBB

endothelial cells is a tightly regulated process with many molecular players involved.



It thus tempting to speculate that, leukocyte infiltration in the CNS parenchyma or
retention in the blood is determined by the balance between pro and anti-migratory

signals. This is reminiscent of leukocyte activation that depends on the sum of co-

stimulatory and co-inhibitory signals.



2. Aim of the thesis and summary of the results

The principal aim of this thesis was to increase the knowledge about Ch25h function
during inflammatory diseases. The laboratory of Professor Pot being primarily
interested in neuroinflammation, the vast majority of my work was dedicated to this
field. However, | also worked on the impact of the Ch25h pathway on IBD as a side
project.

| had the opportunity to collaborate with Professor Misselwitz who is a
gastroenterologist working at the Inselspital (Bern). The aim of this collaboration was
exploratory. We collected lamina propria mononuclear cells (LMPCs) and peripheral
blood mononuclear cells (PBMCs) from IBD patients and healthy volunteers (for the
PBMCs) to perform an in-depth immuno-phenotyping of GPR183 expressing cells in
IBD. Additionally, the IBD cohort contained patients carrying or not a GPR183 IBD-
associated SNP to study the effect of this SNP on disease outcome and immune cells
phenotype. All the LPMCs were collected, and some PBMCs were finally used for the
revisions of manuscript N°1. This paper described the pro-inflammatory role of
GPR183 (EBI2) and Ch25h in IBD and its experimental models.

Therefore, the aim of this collaboration slightly changed and we focused our attention
on immuno-phenotyping of GPR183 expressing lymphocytes in the peripheral blood.
We also evaluated the impact of the SNP on disease outcome and circulating

lymphocytes. The outcomes of this aim are described in manuscript N°2.

For the main subject of my thesis, one of the key aims was the establishment and
validation of a new mouse model, the Ch25h"" mice. The purpose of this model was

to determine the cellular source of Ch25h during EAE and to better understand the



molecular mechanism through which Ch25h promotes neuroinflammation during EAE.
For a more detailed description of this model and the outcomes of this aim, the reader

is referred to manuscript n° 4.



3. Manuscript N°1: The EBI2-oxysterol axis promotes the development of

intestinal lymphoid structures and colitis

This manuscript was published in Mucosal Immunology (2019).

DOIl:https://doi.org/10.1038/s41385-019-0140-x

It demonstrates that the activity of the GPR183/70,25-diOHC axis is increased during
intestinal inflammation in both humans and mice and, that it promotes the formation of
colonic lymphoid structures at steady state and during inflammation. It also promotes

colonic inflammation in the IL-10 -/- spontaneous model of colitis.

My contribution to this manuscript, under the supervision of Professor Pot, is fig. 1a
and b. | performed the preparation, acquisition, and analysis of the PMBCs and
LPMCs samples by flow cytometry. | found that on the 4 samples analyzed, the CD4
memory T cells from the lamina propria of the colon display a higher expression of
GPR183 than CD4 memory T cells from the peripheral blood. It should be noted that
the donors of PMBCs and LPMCs were not matched and that the underlying conditions
of the patients undergoing colonic surgery (colonic cancer and in one IBD patients)
might also result in increased infiltration of GPR183* CD4 memory T cells. In addition,
as TNF-a mRNA levels were positively correlated with GPR183 transcripts (Table S3),
| assessed the impact of TNF-a stimulation of PMBCs on GPR183 expression. We did
not observe any effect of the treatment on GPR183 expression on lymphocytes (Fig

Sic-d).
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ARTICLE
The EBI2-oxysterol axis promotes the development of

intestinal lymphoid structures and colitis

Annika Wyss1, Tina Raselli', Nathan Perkins?, Florian Ruiz3, Gérard Schmelczer', Glynis Klinke>®, Anja Moncsek’, René Roth’,
Marianne R. Spalinger', Larissa Hering', Kirstin Atrott’, Silvia Lang’, Isabelle Frey-Wagner', Joachim C. Mertens', Michael Scharl’,
Andreas W. Sailer®, Oliver Pabst®, Martin Hersberger?, Caroline Pot®, Gerhard Rogler' and Benjamin Misselwitz'”

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 levels of 25-hydroxylated oxysterols,
including 7a,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.

Mucosal Immunology (2019) 12:733-745; https://doi.org/10.1038/s41385-019-0140-x

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 progres-
sion. 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 7q,25-
dihydroxycholesterol (70,25-diHC).>” 7a,25-diHC acts as a che-
moattractant, directing migration of EBI2 expressing B cells, T cells,
and DCs.5™ 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.'® 7a,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
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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 ref. '*) Develop-
ment 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
CCR6/CCL20, these chemokines are not essential in the colon.'*™
Furthermore, while the gut microbiota stimulates small intestinal
SILT, the microbiota dampens SILT formation in the colon, an
effect mediated by IL-25 and IL-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.'®

In the colon, adaptation to inflammation includes formation of
additional lymphoid structures. Induction of newly formed
lymphoid structures 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.

RESULTS

Human intestinal lymphocytes express EBI2

To test for surface expression of EBI2 on intestinal immune cells,
colon lamina propria mononuclear cells (LPMC) from patients
undergoing intestinal surgery were analyzed by flow cytometry.
We observed robust EBI2 expression on various subsets of B and
T cells. As reported previously, expression levels were highest in
memory CD4" T cells (Fig. 1a) in human peripheral blood
mononuclear cells (PBMC).'” EBI2 expression was also observed
in PBMCs without significant differences between healthy
volunteers and IBD patients (CD and UC, Fig. 1b). Direct
comparison of LPMCs with identical cellular subsets of PBMCs
revealed significantly higher EBI2 expression in the gut (p=
0.0001).

Upregulation of gene expression of EBI2 and oxysterol-

synthesizing enzymes in inflamed tissue of UC patients

We found an inflammation dependent upregulation of the EBI2-
oxysterol axis in the gut. 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)%° were analyzed. RNA expression levels of the oxysterol-
synthesizing enzymes CH25H, CYP7B1, and CYP27A1 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; Fig. 1c and
Supplementary Figure S1a). A similar increase was observed for
the oxysterol receptor EBI2 (p <0.001 for inflamed vs. healthy).

SPRINGER NATURE o SOCIETY FOR MUCOSAL IMMUNOLOGY

Expression levels of HSD3B7 remained unchanged in all three
sample groups (Supplementary Figure S1a).

To validate 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 (Fig. 1d). mRNA expression levels of genes encoding
proinflammatory cytokines (TNF, IFNG, and IL1B) were used to
confirm the severity of colonic inflammation (Supplementary
Figure S1b). Expression of genes of the EBI2-oxysterol axis also
depended on clinical parameters: In a multivariate analysis, EBI2
expression was related to UC activity (modified Truelove and Witts
activity index) while expression of CH25H and CYP7B1 was related
to endoscopic activity and a history of past or current TNF
treatment (p < 0.05; Supplementary Table S2).

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 upregu-
lation of the EBI2-oxysterol system in active UC in parallel with the
critical cytokine TNF (Supplementary Table S3). However, TNF does
not seem to directly affect EBI2 expression since treatment of
PBMCs with TNF did not affect EBI2 surface expression (Supple-
mentary Figure S1c-d).

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

To further study the function 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;
Fig. 2a). This increase was more pronounced than in human
samples (Fig. 1c, d), potentially reflecting the more acute and
severe inflammation in DSS colitis. In chronic DSS colitis, robust
upregulation of Ebi2 (p < 0.05), Ch25h (p < 0.05), and Cyp7b1 (p <
0.0001) was evident even though the increase was weaker in
chronic than in acute inflammation, reminiscent of the human
situation (Fig. 2b). No significant changes were observed in
Cyp27al and Hsd3b7 expression in both acute and chronic colitis
(Supplementary Figure S2a, b).

Increased oxysterol levels in murine colitis

To determine the functional outcome of altered CH25H and
CYP7B1 expression during inflammation, we compared oxysterol
concentrations between mice with acute DSS colitis and controls.
Eight oxysterol derivatives (hydroxycholesterol: HC; dihydroxylated
cholesterols: diHC) were measured by mass spectrometry: 7a,25-
diHC, 7B,25-diHC, 25-HC, 7a,27-diHC, 7B,27-diHC, 27-HC, 24S-HC,
and 70,24-diHC (Fig. 2¢, d and Supplementary Figure S2c-f).

We found a trend for higher levels of 25-HC, 70,25-diHC, and
70,27-diHC in colon tissue of DSS-treated mice with acute colitis
compared to untreated controls (Fig. 2c, upper panel) and
significantly higher levels of 25-HC and 7a,25-diHC in liver tissue
of inflamed versus untreated mice (Fig. 2c, lower panel). In both,
colon and liver tissue knockout of CH25H led to lower levels of 25-
hydroxylated oxysterols whereas lack of EBI2 did not influence any
of the liver oxysterols (Fig. 2c and Supplementary Table S4).

In a multivariate linear regression analysis of liver oxysterol
levels (Supplementary Table S4) controlling for DSS, CH25H, and
EBI2 genotype, DSS treatment increased the levels of all 25-
hydroxylated oxysterols (25-HC, 70,25-diHC, 7f,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,
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Fig. 1 High EBI2 surface expression in human intestinal lymphocytes and upregulated gene expression of EBI2 and oxysterol-synthesizing

enzymes in inflamed intestinal tissue. (a) EBI2 expression on human LPMCs of colon resections shown as mean fluorescence intensity ratio
(MFIR) in naive (CD19"CD27") and memory (CD19*CD27") subsets of B cells and in naive (CD45RA™) and memory (CD45RA™) CD4* and
CD8™ T cells determined by FACS analysis. (b) Percentages of memory CD4" T cells expressing EBI2 on human PBMCs from healthy volunteers
(HV) and CD and UC patients and on human LPMCs of colon resections determined by FACS analysis. (c) 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). (d) 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 + SEM. Statistical analysis: (a): One-way
ANOVA with Dunnetts test; (b-d): Mann-Whitney U test; *p < 0.05, ***p < 0.001, ****p < 0.0001

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 CYP27AT,
CYP46A1, and CYP3A4.2" Intestinal and liver gene expression
levels of all analyzed oxysterol-related enzymes did not increase
predictive value of the analysis (data not shown). A multivariate
analysis for colon oxysterol measurements was not possible due to
a low number of observations.

Our data thus indicate pronounced changes in liver oxysterol
levels upon induction of acute 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).

Mucosal Immunology (2019) 12:733-745

In chronic DSS colitis, oxysterol levels were not significantly
elevated in colon or liver tissue (Fig. 2d), in agreement with only
mild upregulation of oxysterol-producing enzymes (Fig. 2b).

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 (Fig. 3a-d, Supplementary Figure S3a-c, and
submitted manuscript.??) For CH25H'~ mice we observed a
trend towards slightly increased inflammation indicated by
significantly higher endoscopic colitis scores in acute DSS colitis
(affecting all sub-scores, Supplementary Figure S3b). Of note, in
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chronic colitis we also observed slightly increased inflammation, inflammasome activity.”> However, in our experiments, increased
but for unclear reasons only the histological score with all sub- inflammation in CH25H™'~ mice could not be explained by
scores was affected (submitted manuscript.??) Reboldi et al. increased /ITb mRNA expression (Supplementary Figure S3d, e).

reported a 25-HC dependent suppression of //1b expression and Similar to wild-type animals, CH25H and EBI2 knockout mice
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Fig. 2 Increased expression levels of oxysterol-synthesizing enzymes CH25H and CYP7B1 accompanied by elevated oxysterol levels in murine
DSS colitis. Acute and chronic DSS colitis was induced; on day 8 (acute colitis) or 80 (chronic colitis) mice underwent colonoscopy and were
sacrificed to obtain tissue samples. (@) MRNA expression levels of Ch25h, Cyp7b1 and Ebi2 from colon tissue of wild-type mice with acute colitis
and (b) chronic colitis and water controls were determined by RT-PCR and normalized to GAPDH using the AACt method. (c) Oxysterol levels
from acute DSS colitis experiments were measured by LC-MS/MS. Upper panel: Oxysterol levels in colon tissue of inflamed wild-type (n =4)
and inflamed CH25H™/~ mice (n = 3) with wild-type water controls (n = 3). Lower panel: Oxysterol levels in liver tissue of inflamed wild-type
(n =12) and inflamed CH25H /" mice (n = 6) and respective water controls (n = 12/ n = 6). (d) Oxysterol levels from chronic DSS colitis. Upper
panel: Colon tissue from wild-type mice (DSS: n =6, water: n = 6). # indicates measurements, which were on the limit of detection (grey).
Lower panel: Liver tissue of inflamed wild-type (n = 6) and inflamed CH25H '~ (n = 5) mice and respective water controls (n =5/ n = 6). Data
from acute and chronic DSS colitis are pooled from two independent experiments each. Data shown as mean + SEM. Statistical analysis:
Mann-Whitney U test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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(d) Histological scores for chronic DSS colitis in EBI2 ™/~ mice were determined accordingly. Data from acute and chronic DSS colitis are pooled

from two independent experiments each. Data shown as mean + SEM. Statistical analysis: Mann-Whitney U test; *p < 0.05, **p < 0.01

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 of spontaneous colitis. For this aim, we generated
EBI2/7IL10™"~ mice and compared inflammatory activity to
EBI2Y/FIL10™~ (in the following named IL10~/7) littermate
controls. In 200-days-old mice, the histological colitis score of
male EBI2/7IL10~/~ mice was significantly reduced compared to
IL10~'~ controls (p < 0.01; Fig. 4a, b). Reduced spleen weight in
these EBI27/7IL10™/~ animals (p<0.05) confirmed reduced
systemic inflammation in EBI2™/7IL10™/~ males (Fig. 4c). Effects
of EBI2 on colon inflammation were restricted to male animals, in
females no EBI2-dependent changes were detected (Supplemen-
tary Figure S4a-c).

Mucosal Immunology (2019) 12:733-745

A minority of IL10~/~ animals developed rectal prolapses due to
colonic inflammation; however, time to develop prolapse did not
differ between EBI27/7IL10~/~ and IL10~"~ in male and female
animals (Fig. 4d, Supplementary Figure S4c). The genotype also did
not affect colon inflammation of animals with prolapse (Fig. 4a).

Testing expression levels of a panel of immune regulatory
genes in 200-days-old male EBI2~/~IL10~/~ and IL10~/~ mice
revealed similar expression of most cytokines and T cell regulatory
genes except Tbx21 and 1123 for which expression was significantly
higher in EBI2/7IL10™~ mice (Supplementary Figure S5a, b).
Expression levels of enzymes regulating the concentration of EBI2
ligands (CH25H, CYP7B1, CYP27A1, and HSD3B7) did not differ
significantly between IL1T0™/~ and EBI2~/7IL10~/~ mice (Supple-
mentary Figure S5¢, d).

EBI2 is required for a normal number of colonic SILT

Since EBI2 affects the localization of immune cells in secondary
lymphatic organs, we speculated that EBI2 knockout might also
alter the distribution of immune cells in the colon. For
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Statistical analysis: Mann-Whitney U test; *p < 0.05, **p < 0.01

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 wild-type littermate controls (p < 0.05, Fig. 53, 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 pm? p = 0.004; <100°000 pm? p < 0.0001)
while the number of large B220" structures (>100'000 um?)
remained unchanged (Fig. 5c). 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 (Fig. 5d).

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'? (Fig. 5e). This approach also allows
for the visualization of small lymphoid structures including
cryptopatches, largely devoid of B cells. While the number of SILT
in EBI2~/~ animals was reduced (p < 0.05), the number of large
CLP remained unchanged (Fig. 5f).

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 recapitulating the
situation of wild-type mice (Fig. 6). Taken together, our data
suggest that EBI2 does not seem to be required for maturation of
SILT since the few detected lymphoid structures in EBI2~/~

SPRINGER NATURE & SOCIETY FOR MUCOSAL IMMUNOLOGY

animals were indistinguishable from lymphoid structures in wild-
types.

Development of intestinal lymphoid structures is a complex
process involving ROR-yt-expressing ILCs, cytokines, and chemo-
kines. However, colonic expression of RORC and chemokines
important for lympho-organogenesis and lymphocyte recruitment
including CCL20, CXCL13, and CCL19 were not altered in EBI2 ™/~
compared to wild-type mice (Supplementary Figure S6a) suggest-
ing 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 EBI2™'~ animals was similar to wild-types (Supplementary
Figure S6b, c). Similarly, the substantial reduction of SILT numbers
in EBI2”~ mice did not significantly affect fecal IgA levels
(Supplementary Figure S6d). Furthermore, overall microbiota
composition of wild-type and EBI2™/~ animals was indistinguish-
able, and the microbiota of EBI2™’~ or wild-type animals
resembled more strongly the microbiota of wild-type 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 in wild-type and EBI2~/~
animals (Supplementary Figure S6e). Overall, these experiments
indicate an intact intestinal adaptive immune system and

Mucosal Immunology (2019) 12:733 -745
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microbiota composition in the non-inflamed colon of EBI2™/~
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 previously reported, in wild-type mice
with DSS colitis, the number of colonic lymphoid structures was
approximately two-fold higher compared to control animals (p <
0.05; Fig. 7a, b). Furthermore, in EBI2~/~ animals the number of
lymphoid structures did not significantly increase upon DSS

Mucosal Immunology (2019) 12:733-745

treatment (p =0.07, Fig. 7a) and remained well below levels
observed in inflamed wild-type colons even though severity of
inflammation was comparable between wild-type and EBI2™/~
mice (Fig. 3b, d). In CH25H/~ mice the number of lymphoid
structures at baseline was also lower compared to wild-type
animals (p < 0.05; Fig. 7b). However, DSS-induced colonic inflam-
mation increased the number of lymphoid structures in CH25H~/~
mice almost to wild-type levels. Therefore, CH25H activity seems
necessary for normal development of lymphoid structures at
baseline but not for an increase in chronic inflammation. No
increase in lymphoid structures was observed in acute DSS colitis
(Supplementary Figure S7a, b).
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Compared to untreated wild types, the number of lymphoid
structures was increased in IL10~~ mice (>three-fold; Fig. 7c and
Supplementary Figure S8a), and the number of lymphoid structures
strongly correlated with the level of intestinal inflammation in
IL10~~ animals (Fig. 7d). However, this was not the case in
EBI2~/7IL10~/~ mice, which had clearly decreased numbers of
colonic lymphoid structures compared to IL10~/~ 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 EBI2/ILT0~/~ animals, suggesting that EBI2 is
required for efficient accumulation of lymphoid structures during
inflammation (Fig. 7c, d and Supplementary Table S5). The cellular
composition of gut mucosal lymphoid structures in IL10~/~ mice
was very similar to the structures seen in wild-type mice (Fig. 7e, f).
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In ILT0~~ mice, accumulation of lymphoid structures was
clearly accompanied by an increase in IgA levels in fecal colon
extracts. However, this effect was much lower in EBI2™~ animals
(Supplementary Figure S8b-c), due to a reduced number of SILTs
and/ or other effects of missing EBI2 function. Taken together, our
data indicate an essential role of EBI2 in the accumulation of
lymphoid structures upon colonic inflammation.

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 wupregulated in colitis, indicated by mRNA
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measurements of EBI2 and oxysterol-synthesizing enzymes in We show an activation of the EBI2-oxysterol axis in colon
human and murine colon samples and oxysterol levels in mice. ii) inflammation using mRNA and direct oxysterol measurements.
EBI2 is required for efficient formation of solitary intestinal Analogous to previous studies, our results demonstrate that
lymphoid tissue (SILT) in the mouse colon. iii) EBI2 is required inflammation increased CYP7B1 and CH25H mRNA expression and
for accumulation of lymphoid tissue in chronic mouse colitis. iv) levels of all 25-hydroxylated oxysterols tested, including the EBI2
EBI2 increases the severity of colitis in the IL-10 colitis model but  ligand 70,25-diHC.""**"?® Inflammation did not affect concentra-
not in acute or chronic DSS colitis. tions of most 7a-hydroxylated oxysterols, even though Cyp7b1
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Fig. 7 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 wild-type (n = 6) and EBI2~/~ mice
(n = 6) with chronic DSS colitis and water controls (n = 6 each). (b) As in (a), but with wild-type (n = 6) and CH25H~'~ mice (n = 5) and water
controls (n=5 / n=6). (c) Quantification of lymphoid structures in EBI2/7IL10~/~ and IL10~/~ male mice at the indicated ages or after
occurrence of prolapse. The dotted line indicates the mean number of lymphoid structures in wild-type animals at the age of approximately
200 days. (d) Correlation of the numbers of lymphoid structures with histological scoring of 120 (grey) and 200 days old (black) EBI2~/~IL10~/~
and ILT0™'~ male mice. (e, f) Cellular characterization of lymphoid structures (e): SILT and (f): CLP with immunofluorescent staining of colon

Swiss rolls for B220 (green; left panels) or c-kit (green; right panels), CD3 (red) and DAPI (blue) in wild-type and IL10~/~

mice at the age of

200 days. Scale bars: 200 um. Data from chronic DSS colitis (a and b) are pooled from two independent experiments each. Data from IL-10
colitis: each animal represents an independent observation from continuous breeding > 12 months. Data shown as mean + SEM. Statistical
analysis: Mann-Whitney U test; *p < 0.05, **p < 0.01, ****p < 0.0001; correlation analysis: Spearman R

<

mMRNA levels were induced 10-fold. Effects of inflammation on
enzyme expression and oxysterols levels were less pronounced in
chronic DSS colitis. No oxysterol measurements for the IL-10 colitis
models are available, which is a limitation of our study. Yet, very
recently an independent study observed a similar increase of
oxysterol levels both in other mouse models of colitis and in
human colitis cohorts.?’

Knockout of the 7a,25-diHC receptor EBI2 decreased the
number of colonic lymphoid structures approximately five-fold,
as also demonstrated very recently.'® Further, the number of
lymphoid structures was reduced in CH25H™/~ animals, indepen-
dently confirming a role of the EBI2-70,25-diHC axis in colonic
lymphoid tissue formation. SILT in EBI2~/~ and wild-type animals
were morphologically indistinguishable, suggesting that EBI2
promotes induction but is not essential for subsequent maturation
of SILT. Further, our results indicate an intact IgA response with
intact bacterial IgA coating in homeostasis in EBI2~/~ 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 7a,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 of CH25H and CYP7B1 by CD34Podo-
planin™ fibroblasts as a likely source for 7a,25-diHC production,
which would attract EBI2" LTi-cells.'®

There is agreement that chronic inflammation increases the
number of intestinal lymphoid tissues in the DSS colitis
model."”*%3" However, in a carefully performed study by Olivier
et al, three large colonic lymphoid structures were induced in
inflammation in three distinct locations in the colon.®' In contrast,
in a study by Lochner et al, up to 30 lymphoid structures were
found in inflamed colonic tissue,'” similar to our experiments. The
reason for this discrepancy remains unclear but might be related
to differences in the intestinal microbiota or different scoring
systems used in these studies.

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 lymphoid structures in inflammation (Supple-
mentary Table S5). In contrast, CH25H knockout did not
significantly affect the number of lymphoid structures in
inflammation, suggesting that CH25H activity is not limiting for
immune cell recruitment. In inflammation, we found an increase of
the other EBI2 ligand 7a,27-diHC produced by CYP27A1 in colon
tissue (Figure 2c). 70,27-diHC might replace 70,25-diHC as a
chemoattractant in intestinal inflammation, as 70,27-diHC has
been shown to act as an efficient EBI2 ligand for the positioning of
dendritic cells in the spleen.3? However, we cannot completely
rule out that other enzymes with 25-hydroxylation activity can
replace CH25H. In any case, future studies with CH25H/ CYP27A1
double knockouts are warranted. In previous studies, several
requirements for induction of lymphoid tissue in inflammation,
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including a role of lymphotoxin, IL-22, IL-23, and CXCL13 have
been described.'””*3*** Qur study identifies EBI2 as a further
molecule promoting the accumulation of lymphoid tissue in
chronic inflammation.

Even though lymphoid structures uniformly accompany colonic
inflammation, it is unclear whether their accumulation promotes
colon inflammation or whether it is a reaction to chronic
inflammation, potentially enabling downregulation of inflamma-
tion, or induction of tolerance.®> Some experimental evidence for
proinflammatory effects of SILT in murine colitis has been
published: ROR-yt deficient mice displayed more colonic SILT
and more severe DSS colitis compared to wild-type. Vice versa,
reduction of the number of SILT by lymphotoxin neutralization
decreased colitis severity."” A similar correlation between intest-
inal lymphoid tissue accumulation and severity of inflammation
was observed in the TNF**®F model. Interference by anti-CCR7
treatment further increased lymphoid tissue formation and
severity of inflammation.®

Our results argue against an essential proinflammatory role of
lymphoid structures in the chronic DSS and IL-10 colitis model:
Severity of inflammation in chronic DSS colitis was identical in EBI2
wild-type and knockout animals. Further, EBI2 knockout did not
reduce inflammation in female IL10~/~ animals even though the
number of lymphoid structures was decreased to a similar level as
in males.

In contrast to DSS colitis, EBI2 knockout reduces inflammation in
IL-10 colitis; however, EBI2 deficiency only reduced inflammation
in male mice. This gender dependent dimorphism of EBI2~/
“IL10~/~ animals has parallels in the literature. Other sexual
dimorphisms regarding colitis severity have been related to
various factors including microbiota®” and colon cellular infil-
trate®® or direct of effects of estradiol.>® Further, in a recent study
with the murine TNFA®E model, protection from ileitis was
observed in male, but not female mice with a specific pathogen-
free flora.®® Strikingly, for a genetic polymorphism within the
human IL70 gene, a sexual dimorphism regarding the risk of
ulcerative colitis has been described.*' For the enzyme CYP7B1,
producing the EBI2 ligand 7a,25-diHC, differential expression in
mouse livers (male > females) has been described;*? however, our
analysis did not reveal relevant gender specific differences of all
oxysterol producing enzymes tested (Supplementary Figure S5c
and data not shown). Further, the number of lymphoid structures
was similar in both sexes. Taken together, the mechanism for the
sexual dimorphism of the EBI2 knockout in IL-10 colitis regarding
inflammation cannot be explained by our experiments, which
remains a further limitation of our study.

Further, EBI2 knockout only affected IL-10 colitis but not acute
or chronic DSS colitis, likely reflecting 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 EBI2 knockout would reduce recruitment of proinflam-
matory T cells, we analyzed mRNA levels of several T cell markers
but no clear difference was detected (Supplementary Figure S5a).
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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
EBI2™/7IL10™/~ animals. The role of ILCs in IL-10 colitis has not
been formally addressed; however, in a related infectious colitis
model with Campylobacter jejuni infecting IL10™'~ mice, colonic
ILCs were increased and depletion of ILCs abrogated colitis.*® ILCs
have also been implicated in other models of colitis.*”~*° In CD40
colitis, ILCs within colonic cryptopatches increased their motility
shortly after induction of inflammation, resulting in ILC accumula-
tion at the tip of the villus.>® The signal driving ILC movements is
unclear but 70,25-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 CD40 colitis, EBI2 expressing ILCs and
myeloid cells accumulated in inflammatory foci in the colon
mucosa and colitis severity were 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
RAG2~/~TBX21~/~ animals),*® and some infectious colitis mod-
els.*” 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
ass?ciated 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 lymphoid structures in steady state and inflammation.
Our results provide further insights to lymphoid tissue develop-
ment 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.*?

MATERIALS AND METHODS

Human samples

LPMCs were isolated from colon resections of patients undergoing
intestinal surgery. PBMCs were isolated from healthy volunteers
and IBD patients. Intestinal biopsies from IBD patients were
obtained from the Swiss IBD Cohort Study (SIBDCS), a large,
prospective nation-wide registry. The cohort goals and methodol-
ogy are described elsewhere.®* Sample and data collection was
approved by local ethics committees (BASEC 2017-01868, EK-
1316) and all patients provided written informed consent. Data
from a whole human genome oligo microarray (GEO data sets:
GDS3268)%° were used as a complementary data set.

Flow cytometric analysis of human samples

PBMCs and LPMCs (prepared as described in the supplemen-
tary methods) were thawed and resuspended in RPMI-PSG-10%
FCS and plated for resting at 37 °C (PBMCs: overnight; LPMCs: 5
h). The cells were stained with LIVE/DEAD Fixable Dead Cell
Stain Kit (Life technologies/ Thermo Fisher scientific, Waltham,
USA) according to the manufacturer’s instructions. For cell
staining the following antibodies were purchased from
BioLegend (San Diego, USA): CD8 (SK1), CD4 (SK3), CD45RA
(H1100), CD27 (M-T271), CD19 (HIB19), and CCRR6 (G0343E3).
The following antibodies were purchased from BD Biosciences
(Franklin Lakes, USA): PE-Streptavidin and CD3 (SK7). The
isotype control was purchased from R&D Systems (Minnesota,
USA): Mouse IgG2a control biotin conjugated (Cat: IC0038). The
EBI2 antibody (57C9B5C9) was provided by Andreas Sailer from
Novartis and biotinylated. All patient samples were analyzed
with an LSR Il flow cytometer (BD Biosciences, Franklin Lakes,
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USA) within the same month. The analysis was performed with
FlowJo software (FlowJo LLC).

Animals

All mice were kept in a specific pathogen-free (SPF) facility in
individually ventilated cages. EBI2™~ mice (C57BL/6 x C129) were
originally purchased from Deltagen (San Mateo, USA) and CH25H-
deficient mice (C57/BL6) were provided by David. W. Russell,
University of Texas Southwestern.® Both strains were subsequently
back-crossed to C57BL/6 for more than 10 generations.® In our
facility, they were crossed with wild-type C57BL/6 mice and
heterozygous offspring was mated to generate knockout and
wild-type littermates. All animal experiments were conducted
according to Swiss animal well fare law and approved by the local
animal welfare authority of Zurich county (Tierversuchskommis-
sion 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 under-
went 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.>

IL10~/~ mice (C57BL/6) were crossed with EBI2~/~ mice; animals
heterozygous for EBI2 (EBI2™IL10™'") were used to generate
EBI2/7IL10/~ and EBI2"/*IL107/" littermates. IL10™~ 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-um sections. Deparaffinized sections were
stained with hematoxylin and eosin (HE). Histological scoring for
acute and chronic DSS colitis was performed as described;*® a
slightly adapted score was used for IL10~/~ colitis (Supplementary
Table S6).

Oxysterol measurements

Extraction of oxysterols from murine liver samples. ~Frozen colon or
liver samples from colitis experiments were pulverized using a
CryoPrepTM CPO02 (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:dichlor-
omethane (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.
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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 1h at 4°C. Colons were
washed five 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
1h 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 um) per colon, ~100 pm 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
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 (Fig. 5c) 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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Supplementary Figure Legends

Supplementary Figure S1: Expression of oxysterol processing enzymes and pro-inflammatory genes
in colon tissue and EBI2 surface expression in PBMCs upon TNF treatment

(a) Data from a human whole genome microarray (GEO data sets: GDS3268) was analyzed regarding
MRNA expression levels of CYP27A1 and HSD3B7 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 of tumor necrosis factor
(TNF), interferon-y (IFNG), and interleukin-1 (/L1B) from rectal biopsies of UC patients (non-inflamed
from patients with quiescent disease activity (n=20) and inflamed from patients with moderate to
severe disease activity (n=20)) from the SIBDCS were determined by RT-PCR and normalized to GAPDH
using the AACt method. (c) EBI2 expression shown as mean fluorescence intensity ratio (MFIR) in CD19*
B cells, CD4* T cells, and CD8* T cells (total, naive, and memory; n=5) from human PBMCs at baseline
(white) and after 4h TNF treatment (black) determined by FACS analysis. (d) Representative
fluorescence histogram (from c) showing EBI2 expression at baseline (red) and after TNF treatment
(blue) in memory CD4* T cells determined by FACS analysis. Data is shown as mean + SEM. Statistical
analysis: Mann-Whitney U test; ** = p<0.01, *** = p<0.001; **** = p<0.0001.

Supplementary Figure S2: mRNA expression levels, oxysterol levels and endoscopic assessments in
murine DSS colitis

Acute and chronic DSS colitis was induced; on day 8 (acute colitis) or 80 (chronic colitis) mice
underwent colonoscopy and were sacrificed to obtain tissue samples. (a) mMRNA expression levels of
Hsd3b7 and Cyp27a1l from colon tissue of wildtype mice with acute colitis and water controls and (b)
chronic colitis and water controls were determined by RT-PCR and normalized to GAPDH using the
AACt method. (c, d) Oxysterol levels from acute DSS colitis experiments were measured by LC-MS/MS.
(c) Oxysterol levels in colon tissue of inflamed wildtype (n=4) and inflamed CH25H”" mice (n=3) with
wildtype water controls (n=3). (d) Oxysterol levels in liver tissue of inflamed wildtype (n=12) and
inflamed CH25H”" mice (n=6) and respective water controls (n=12/ n=6). (e, f) Oxysterol levels from
chronic DSS colitis. (e) Colon tissue from wildtype mice (DSS: n=6, water: n=6). (f) Liver tissue of
inflamed wildtype (n=6) and inflamed CH25H”" (n=5) mice and respective water controls (n=5/
n=6)Data from acute and chronic DSS colitis are pooled from two independent experiments each. Data
shown as mean * SEM. Statistical analysis: Mann-Whitney U test; * = p<0.05, ** = p<0.01.

Supplementary Figure S3: Lack of EBI2 and CH25H does not affect severity of DSS colitis

Endoscopic scoring (MEICS score) for (a) wildtype and EBI2-deficient, and (b) wildtype and CH25H-
deficient mice in acute DSS colitis and (c) for wildtype and EBI2-deficient mice in chronic DSS colitis.
mRNA expression levels of //1b from colon tissue of wildtype and CH25H”" mice with (d) acute and (e)
chronic DSS colitis and respective water controls were determined by RT-PCR and normalized to
GAPDH using the AACt method. Data from acute and chronic DSS colitis are pooled from two
independent experiments each. Data shown as mean £ SEM. Statistical analysis: Mann-Whitney U test;
* = p<0.05, ** = p<0.01.



Supplementary Figure S4: Histological score, spleen weight and rectal prolapse of female EBI2/- mice
in the IL-10 colitis model

(a) Histological scores of HE stained colon sections of female EBI27'IL107" and IL107" mice at the age of
200 days. (b) Spleen weight of female animals shown in (a) and after 120 days or prolapse occurrence.
(c) Survival curve for onset of prolapse in female mice. Each mouse represents an independent
observation from continuous breeding over >12 months. Data shown as mean * SEM. Statistical
analysis: Mann-Whitney U test; * = p<0.05, ** = p<0.01.

Supplementary Figure S5: Similar expression levels of oxysterol and inflammation related genes in
the IL-10 colitis model

mRNA expression levels were determined by RT-PCR and normalized to GAPDH using the AACt method.
(a, b) MRNA expression levels of inflammation-related genes from colon tissue of 200 days old male
mice. (c) mMRNA expression levels of Cyp7b1 from colon tissue of 200 days old male and female mice.
(d) mRNA expression levels of EBI2 and oxysterol-related genes from colon tissue of 200 days old male
mice. Each mouse represents an independent observation from continuous breeding over >12 months.
Data shown as mean + SEM. Statistical analysis: Mann-Whitney U test; * = p<0.05.

Supplementary Figure S6: EBI2 knockout does not affect levels of B and T cells, IgA and IgA-coated
bacteria

(a) mRNA expression levels of Rorc, Ccl20, Cxcl13, Ccl19, 1123a, 1112b, 1125, Gp2 from whole colon tissue
from 12 weeks old EBI2” mice and wildtype littermate controls determined by RT-PCR and normalized
to GAPDH using the AACt method. (b) Percentages of isolated CD45" cells positive for B220 (left), CD3
and CD4 (middle), and CD3 and CDS8 (right) of lamina propria lymphocytes (LPL), mesenteric lymph
nodes (MLN) and the spleen (SPL) of 12 weeks old EBI2”" (n=5) and wildtype (n=6) littermate mice
determined by FACS analysis. (c) Absolute numbers of isolated CD45* cells positive for B220 (left), CD3
and CD4 (middle), and CD3 and CD8 (right) of lamina propria lymphocytes (LPL) of 12 weeks old EBI27
(n=5) and wildtype (n=6) littermate mice determined by FACS analysis. (d) IgA ELISA of fecal extracts
of 12 weeks old EBI2” mice and wildtype littermate controls. (e) Percentage of IgA-coated bacteria of
total fecal bacteria of 3-4 months old EBI2”- and wildtype littermate mice determined by bacterial FACS
analysis. Data shown as mean + SEM. Statistical analysis: Mann-Whitney U test; * = p<0.05.

Supplementary Figure S7: No increase in lymphoid structures in acute DSS colitis

(a, b): Lymphoid structures quantified in representative HE stained colon sections of wildtype and EBI2-
(a) and CH25H-deficient female mice (b) with acute DSS colitis (n=6 for all groups). Data from acute
DSS colitis are pooled from two independent experiments each. Data shown as mean + SEM. Statistical
analysis: Mann-Whitney U test; * = p<0.05, ** = p<0.01.



Supplementary Figure S8: EBI2 deficiency leads to a reduced number of lymphoid structures
accompanied by lower fecal IgA levels in IL10 colitis

(a) Quantification of lymphoid structures in 200 days old female EBI27IL107" and IL107" mice The
dotted line indicates the mean number of lymphoid structures in wildtype animals at the age of
approximately 200 days. (b, c) IgA ELISA of fecal extracts of 200 days old male (c) and female (d) EBI2
F1L107- and IL107" mice. The dotted line indicates the mean of wildtype mice. Data shown as mean *
SEM. Statistical analysis: Mann-Whitney U test; * = p<0.05, *** = p<0.001.



Supplementary Tables

Disease activity Quiescent Moderate or severe Comparison
N=25 N=20

Age 43 (31-53); 24-70 34 (28-51.5); 18-61 P=0.24

Gender Male: 7; female: 18 Male: 11; female: 9 P=0.12

Disease duration 17 (10-21.5); 8-37 14.5 (11-21); 4-34 P=0.58

Extent” E1:2;E2:2;E3:6 E1:2; E2:11; E3:7 P=0.19

BMI** 22.7 (21.7-25.1); 19.7- | 24.4 (21.9-27.7); 19.4- | P=0.30
323 34.7

MTWAI 0 (0-1); 0-1 7.5 (5-12); 4-19 P<0.0001

Current anti-TNF Yes: 2; no: 23 Yes: 5; no: 15 P=0.21

Past + current anti- Yes: 3; no: 22 Yes: 9; no: 11 P=0.019

TNF

Current immune Yes: 10; no: 15 Yes: 11; no: 9 P=0.38

modulator

Past + current immune | Yes: 13; no: 12 Yes: 18; no: 2 P=0.0091

modulator

Current steroids Yes: 1; no: 24 Yes: 9; no: 11 P=0.0024

Past + current steroids | Yes: 9; no: 16 Yes: 18; no: 2 P=0.0003

Supplementary Table S1: Disease characteristics and treatment of SIBDC patients. Statistical analysis:
Mann-Whithey-U test, Fisher’s exact test or Chi-square test. *missing values for 10 patients for
quiescent disease. #missing values for 1 patient with severe disease. MTWAI: modified Truelove and
Witts activity index.



EBI2 expression

CH25H expression

CYP7B1 expression

MTWAI

0.21 (0.087-0.33)

-0.19 (-0.4-0.023)

-0.27 (-0.52--0.015)

p=0.0018 p=0.09029 p=0.047
Endoscopic activity | - 1.63 (0.26-3) 1.95 (0.42-3.48)
p=0.026 p=0.018
BMI - - 0.23 (0.096-0.36))
p=0.0021
Past or current - 2.23 (0.71-3.74) 3.16 (1.29-5.02)
anti-TNF treatment p=0.0072 p=0.0024

Supplementary Table S2: Influence of clinical parameters on expression of EBI2 and oxysterol-
producing enzymes. Measurements reflect 35-37 UC patients. For each gene indicated, a multivariate
linear regression analysis with automated parameter elimination was performed. The linear slope with
95% confidence interval and the nominal p-value is provided. Nominally significant associations are
shown in bold. Parameters included into model predicting algorithms were body mass index (BMl),
age, disease duration, modified truelove and Witts activity index (MTWAI), current steroid usage, past
or current anti-TNF usage, endoscopic disease activity during endoscopy (none, mild, moderate,
severe). Reading example: each additional point of the MTWAI increases colonic EBI2 expression by an

average of 0.21.




CYP7B1 EBI2 TNF IFNG IL1B

CH25H r=0.4649 r=0.4167 r=0.3474 r=-0.09391 | r=0.08566
p=0.0449 p=0.0962 p=0.1334 p=0.7109 p=0.7354
CYP7B1 ] r=0.7008 r=0.7218 r=0.09474 | r=0.08359
p=0.0006 p=0.0003 p=0.6997 p=0.7416

£B12 ) r=0.5987 r=0.2684 r=0.3891
p=0.00041 | p=0.2665 p=0.1105

r=0.4649 r=0.2054

TNF i p=0.0449 p=0.4136

r=0.4167

IFNG i p=0.0962

Supplementary Table S3: Expression levels of CYP7B1, EBI2 and TNF in inflamed tissue correlate with
each other. Measurements reflect expression levels in 20 samples of inflamed tissue from patients
with moderate to severe disease activity. Significant correlations are shown in bold. Statistical analysis:
Spearman R correlation.



Average Inflammation CH25H EBI2
value DSS treatment genotype genotype
(nmol/mg yes vs. no k.o. vs. wt k.o. vs. wt
liver protein)
7a, 25-diHC 11 3.1(1.3-5) -4.9 (-7.1-2.7) -2.40 (-4.6-0.18)
p=0.0015 p=0.000086 p=0.04
70,27-diHC 40 2.84 (-5.7-11.3) 5.28 (-5.1-15.7) 9.68 (-0.72-20.1)
p=0.52 p=0.33 p=0.075
70,24-diHC 46 29.9 (15.1-44.7) -6.3 (-24.4-11.9) 2.62 (-15.5-20.7)
p=0.00027 p=0.5 p=0.78
7B,27-diHC 6.7 1.46 (-1.2-4.1) 1.46 (-1.8-4.8) 2.84 (-0.45-6.1)
p=0.29 p=0.39 p=0.098
7B,25-diHC 16 8.53 (5.1-12) -7.05(-11.3--2.8) | 1.67 (-2.6-5.9)
p=0.000016 p=0.0021 p=0.44
25-HC 442 220 (92-348), -215 (-371 - -58) 32.5(-124-189)
p=0.0015 p=0.01 p=0.69
27-HC 1515 1224 (-1522-3971) | -181 (-3545-3183) | 2803 (-561-6167)
p=0.39 p=0.92 p=0.1
24S-HC 1135 1257 (673-1842) -108 (-824-608) -215 (-930-501)
p=0.00012 p=0.77 p=0.56

Supplementary Table S4: Influence of inflammation, CH25H and EBI2 genotype on the concentration
of various oxysterols in liver of mice with acute DSS colitis. Measurements reflect 48 samples, with
12 animals per condition for wildtype and 6 animals per condition for both knockouts. For each
oxysterol indicated, a multivariate linear regression analysis was performed. The linear slope with 95%
confidence interval and the nominal p-value is provided. Nominally significant associations are shown
in bold, associations remaining significant after Bonferroni correction (correcting for 24 different tests)
are shown in red. Reading example: DSS treatment increases concentration of 7a, 25-diHC levels from
an average of 11 nmol/mg by an average of 3.1 nmol/mg



Average Genotype Histological Genotype:Histological
value wt vs. EBI27 Score Score
SILT 8.9 16.5 (9.6 - 23.5); 4.3(2.4-6.3) -3.4 (-6 - -0.8)
p=2.9x10"% p=7.4x10"% p=0.015

Supplementary Table S5: Influence of EBI2 genotype and the histological score (inflammation) on
the number of SILT in IL-10 colitis. The table summarizes 49 animals (24 wildtype and 25 EBI27
animals). A generalized linear regression model was built (p=4x10" for predictions of the complete
model). The linear slope with 95% confidence interval and the nominal p-value are provided. Reading
example genotype: wildtype genotype increases the number of SILT from an average of 8.9 by 16.5.
Histological scoring: One point of the histology score increases the number of SILT by 4.3. Interaction
of gentoype with histological score: For EBI2” animals, each point of the histological score decreases
the number of SILT by 3.4.




in>70%

exceeds the criteria above

Epithelium Infiltrate Mucosa
Score Score Score
Normal morphology 0 No infiltrate 0 -
Minimal hyperplasia
in <10 % 1 Around crypt base 1 -
Mild hyperplasia (~2x t.hl.cker), . Infiltration of 1-2 ulcerations
goblet cell loss (% cryptitis, + erosions) 2 . 2 R 1
; L. muscularis mucosae (<20 crypts in total)
in 10-30 %
Moderate hyperplasw.] .(2>3X thicker), Marked edematous infiltration of 1-4 Ulcerations
goblet cell loss (cryptitis, tcrypt abscesses) | 3 . 3 . 2
) L. muscularis mucosae (> 20-40 crypts in total)
in 40-70 %
Marked hyperplasia (> 4x thicker),
A ful that
goblet cell loss (multiple crypt abscesses) 4 Infiltration of Tela submucosa 4 My group ot uicers tha 3

Supplementary Table S6: Scoring system for assessment of severity of colitis in IL107" colitis.




Supplementary Methods

PBMC extraction

PBMCs from blood samples of IBD patients and healthy volunteers were extracted by gradient
centrifugation using Ficoll-Paque Plus (GE Healthcare, Chicago, USA). The mononuclear cell layer was
removed and washed in RPMI (Gibco / Thermo Fisher scientific, Waltham, USA) with Penicillin,
Streptomycin and Glutamine (PSG; all from Sigma-Aldrich, St. Louis, USA). Viable cells were counted
using trypan blue, resupended in FCS with 10% DMSO (Sigma-Aldrich, St. Louis, USA), frozen and kept
in liquid nitrogen.

TNF stimulation

PBMCs were thawed, resuspended in RPMI-PSG-10% FCS and plated for overnight resting at 37°C.
200’000 cells were stimulated with TNF (Peprotech, London, UK) in final concentration of 10
ng/ml. After 4 h cells were harvested for flow cytometry analysis.

LPMC extraction (human samples)

For LPMC isolation, colon resections from patients undergoing intestinal surgery were washed and
fat muscle layers dissected carefully. The tissue was washed twice in cold HBSS/2% FCS, cut into
small segments, and incubated twice in HBSS/2 mM EDTA at 37°C. After washing with HBSS the
remaining tissue was incubated at 37°C for 45 min in RPMI/10% FCS/0.6 mg/ml Dispase (Gibco /
Thermo Fisher scientific, Waltham, USA) /0.4 mg/ml Collagenase IV (Sigma-Aldrich, St. Louis, USA).
The resulting cell suspension was passed through a 70 um cell strainer and washed with PBS. Cells
were frozen in FCS with 10% DMSO (Sigma-Aldrich, St. Louis, USA) and kept in liquid nitrogen.

Measurement of mRNA expression

Total RNA was isolated using RNeasy Mini kit (Qiagen, Venlo, NL) according to the manufacturer’s
protocol. Lysis buffer from the kit was added to snap frozen tissue pieces and samples were shredded
in M tubes in a gentleMACS tissue homogenizer (both obtained from Miltenyj Biotec, Bergisch
Gladbach, DE). On-column DNase digestion with RDD buffer (Qiagen, Venlo, NL) was performed for 15
min at room temperature. RNA concentration was assessed by absorbance at 260 and 280 nm on a
NanoDrop® ND-1000 Spectrophotometer (Thermo Fischer Scientific, Waltham, USA). Complementary
DNA (cDNA) synthesis was performed using a High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems / Thermo Fischer Scientific, Waltham, USA) following the manufacturer’s instructions. Real-
time PCR was performed using FAST qPCR Master Mix for Tagman Assays (Applied Biosystems /
Thermo Fischer Scientific, Waltham, USA) on a Fast 7900HT Real-Time PCR system using SDS Software
or on a QuantStudio 6 Flex using QuantStudio Real-Time PCR Software (all Applied Biosystems /
Thermo Fischer Scientific, Waltham, USA). Measurements were performed in triplicates,
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as endogenous control, and results
were analyzed by the AACt method. The real-time PCR included an initial enzyme activation step (5
minutes, 95°C), followed by 45 cycles comprising a denaturing (95°C, 15 seconds) and an
annealing/extending (60°C, 1 minute) step. All gene expression assays used were obtained from Life
Technologies (Thermo Fisher Scientific, Waltham, USA).



Oxysterol measurements in detail

Murine liver sample preparation:

Frozen murine colon (10 — 100 mg) or liver samples (200 — 350 mg) from DSS colitis experiments were
pulverized using a CryoPrep™ CP02 (Covaris, Woburn, USA), weighed and lysed in homogenization
buffer (0.9% sodium chloride) to a total weight of 1.6 g and homogenized using a Qiagen Tissuelyser
Il (Qiagen, Venlo, NL) at 4 °C. A liquid-liquid extraction was performed on the lysate using 3 ml of
methanol and 3 mL of dichloromethane to aid in the extraction of the oxysterols from the lysate. The
mixture was vigorously shaken on a horizontal shaker at 4 °C for 5 minutes and centrifuged at ca. 1200
g for 8 min before the bottom organic phase was extracted. A second liquid-liquid extraction was
repeated on the top aqueous phase adding 1 ml of the homogenization buffer and 2 ml
dichloromethane. Both organic phases were pooled and centrifuged for 8 min to consolidate
impurities, which could be easily removed from the top layer after centrifugation. This extract was
dried under nitrogen and the supernatant was reconstituted with 75 pl ethanol containing 0.1 % formic
acid, vortexed and, after 10 min, filtered through a 20 pL filter tip (TipOne, Starlabgroup) ready for
analysis on the 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 Quad™ 5500 mass spectrometer (AB Sciex, Zug,
CH). For RP (reversed phase)-HPLC separation of the oxysterols, a Waters Acquity UPLC BEH C18
column (150 mm x 2.1 mm; 1.7 um) with guard column (Brechbiihler AG, Schlieren, CH) was used. The
mobile phase gradient consisted of two solvents, A (H.0: MeOH 95:5 % with 0.1% formic acid) and B
(MeOH: ACN (62.5:37.5 % with 0.1 % formic acid) with a flow rate of 400 uL/min. The oxysterols were
separated using the following gradient: (i) linear gradient from 0.2 % to 73 % solvent B in 0.5 min; (ii)
linear gradient from 73 % to 81 % in 8 min; (iii) linear gradient from 81 % to 100 % solvent B in 4 min;
(iv) isocratic flow 100 % solvent B for 1 min; (v) linear gradient from 100 % to 0.2 % solvent B in 2.5
min; (vi) isocratic flow 0.2 % solvent B for 4 min. The source parameters of the Sciex Triple Quad™
5500 were: CAD: 10, CUR: 30, GS1: 50; GS2: 60, IS: 5500, TEM: 550. Scheduled multiple reaction
monitoring (SMRM) was used in positive ion mode to identify the oxysterols using their precursor and
selected product ions with the following transitions: 385 - 161 and 385 - 147 (24S-, 25- and 27-OHC),
391 - 159 (d6-Internal standards), 383 = 159 and 383 - 145 (7a,-diHC and 7B,-diHC), 391 = 159 and
407 - 389 (d6- and d7-Internal standards). The two transitions for each individual oxysterol were
summed together using the Sciex MultiQuant™ 3.0.2 Software Data analysis software, therefore only
requiring one transition for the internal standard. Oxysterol quantification was performed using the
MultiQuant™ MQ4 integration algorithm with a signhal to noise ratio (S/N) > 3 as limit of quantification.

Immunofluorescent stainings of colon “Swiss rolls”

Cryosections of colon “Swiss rolls” (mounted on glass slides) were air-dried, fixed with 4 % PFA, washed
with PBS and permeabilized with 0.3% Triton X-100. After washing, sections were blocked with
blocking buffer (PBS, 5% BSA, 0.3% Triton X-100). Incubation with primary antibodies diluted in
blocking buffer (a-CD3 and a-aSMA (Abcam, Cambridge, UK); a-CD45R—Alexa Fluor 488, clone RA3-
6B2 (Life Technologies / Thermo Fisher scientific, Waltham, USA); a-CD117(c-kit), clone ACK2
(Affymetrix/eBiosciences / Thermo Fisher scientific, Waltham, USA)) was performed overnight at 4°C.



The next day sections were washed and incubated with secondary antibodies (a-rabbit—Alexa Fluor
546, a-rat—Alexa Fluor 546 (Life Technologies / Thermo Fisher scientific, Waltham, USA) and DAPI) for
1h at RT. After washing, tissue sections were mounted using Dako® Fluorescence Mounting Medium
(Dako / Agilent, Santa Clara, USA). Zeiss Axio Scan.Z1 with ZEN blue Software (Zeiss, Oberkochen, DE)
was used to scan and analyze the sections. SILT and CLP were defined according to their size and
localization; CLP: composed of large lymphoid follicles between the two external muscular layers and
the muscularis mucosae, SILT: smaller clusters of lymphoid cells in the lamina propria.

ELISA

To quantify fecal IgA, colons were cut open, feces scraped out and transferred into Eppendorf tubes.
Feces were resuspended in 500 pl PBS and spun for 5 min at 400 g to remove coarse material.
Supernatants were spun for 5 min at 8000 g to pellet bacteria. This step was repeated until samples
were clear of bacterial pellets. Supernatants (containing IgA) were used as samples (1:50-1:250 (v/v)
dilutions) for ELISA. Anti-mouse IgA ELISA kit (Mouse IgA Ready-SET-Go!®) was obtained from
Affymetrix/eBiosciences (Thermo Fisher scientific, Waltham, USA); the assay was performed according
to the manufacturer’s protocol. Absorbance at 450 nm with a correction wavelength of 570 nm was
measured on a Sinergy2 microplate reader using Gen5 software (both obtained from BioTek, Winooski,
United States). Measurements were performed in duplicates.
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Flow cytometric analysis (mouse samples)

For LPL isolation, colonic content was removed, colons washed in PBS and opened longitudinally.
Colons were washed twice in cold HBSS/2% FCS, cut into small segments, and incubated twice in
HBSS/2 mM EDTA at 37°C. After washing with HBSS the remaining tissue was incubated at 37°C for 45
min in RPMI/10% FCS/1 mg/ml Dispase (Gibco / Thermo Fisher scientific, Waltham, USA)/0.75 mg/ml
Collagenase D (Roche, Basel, CH)/0.4225 mg/ml Collagenase V (Sigma-Aldrich, St. Louis, USA)/ 30
pg/ml DNase (Roche, Basel, CH). The resulting cell suspension was passed through a 70 um cell strainer,
spun at 400 g, and resuspended in PBS. To obtain single cell suspensions of mesenteric lymph nodes
(MLN) and spleen, organs were minced through a 70 um cell strainer, spun at 400 g and resuspended
in PBS. Cells were stained using the following antibodies: anti-mouse CD45 (30-F11) — Pacific Blue
(BioLegend, San Diego, USA), CD45R/B220 (RA3-6B2) — PE-Cy7 (BD Pharmingen / BD Biosciences,
Franklin Lakes, USA), anti-mouse CD3 (17A2) — APC (BioLegend, San Diego, USA), anti-mouse CD4
(GK1.5) — APC-Cy7 (BD Biosciences, Franklin Lakes, USA), anti-mouse CD8a (53-6.7) — PerCP-Cy5.5
(eBioscience / Thermo Fisher scientific, Waltham, USA). The LIVE/DEAD Fixable Dead Stain Kit (Life
technologies / Thermo Fisher scientific, Waltham, USA) was used for exclusion of dead cells and
absolute cell numbers were determined using Precision Count Beads (BioLegend, San Diego, USA).
Data acquisition was performed on a FACSCanto Il (BD Biosciences, Franklin Lakes, USA) and FlowJo
(FlowJo LLC) software was used for data analysis.

IgA-coated bacteria

Bacteria were isolated by differential centrifugation from frozen fecal pellets. Pellets were
resuspended in sterile filtered HBS, centrifuged for 1 min at 500 rpm and the supernatant transferred
to a fresh tube. Centrifugation was repeated twice. Subsequently bacteria were centrifuged for 8 min
at 8000 rpm and the pellet containing bacteria suspended in 100 ul HBS containing 3% goat serum.
The suspension was adjusted to obtain an OD600 of 0.12 for 1:100 dilutions. To detect IgA-coated
bacteria, 2 pul of the suspension was incubated at 1:200 dilution with anti-IgA-PE (eBiosciences /
Thermo Fisher scientific, Waltham, USA) for 20 min on ice. To stain bacteria Syto9 (Life Technologies /
Thermo Fisher scientific, Waltham, USA) was added at 1:1000 dilution for 10 min. Bacteria were
washed with HBS containing goat serum and analyzed on a BD Fortessa flow cytometer (BD
Biosciences, Franklin Lakes, USA).
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Key Results: We found increased GPR183 expression in lymphocytes expressing
chemokine receptors CCR6 or CCR9, implicated in IBD and on Th17 memory T cells.
The GPR183 ligand 7a,25-dihydroxycholesterol and the CCRé6 ligand CCL20
stimulated migration of memory T cells in an additive manner. Further, IBD patients
with the CC allele of rs9557195 had higher GPR183 surface expression compared
to individuals with the TT allele. Swiss IBD cohort study patients carrying the
rs9557195-CC allele had higher psoriasis rates compared to individuals with the
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Conclusion and Implications: We demonstrate increased GPR183 surface expression
on T cells with a potential role in gut inflammation. An SNP of the GPR183 locus was

associated with GPR183 surface expression and psoriasis rates in IBD patients. Our
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1 | INTRODUCTION

The two major forms of inflammatory bowel diseases (IBD), Crohn's
disease (CD) and ulcerative colitis (UC), are chronic inflammatory con-
ditions of the human gut (Maaser et al., 2019; Sturm et al., 2019). IBD
is a disease with a multifactorial pathophysiology, with contributing
environmental, genetic, microbial and immunological factors. Gener-
ally, IBD is characterized by a dysregulated mucosal immune response
to intestinal bacteria in genetically susceptible individuals (Khor
et al, 2011; Maloy & Powrie, 2011; Uhlig & Powrie, 2018). Despite
extensive efforts, the pathogenesis of IBD is still not fully understood.

Up to now, more than 240 single nucleotide polymorphisms
(SNP) have been associated with susceptibility to IBD in genome-wide
association studies (Jostins et al., 2012; Liu et al., 2015). However, the
mechanistic impact of genetic variants on the immune system remains
unknown for most SNPs and it is unclear whether a specific genotype
would alter the clinical course of IBD.

One of these IBD associated SNPs, rs9557195, is located
within the gene for GPR183 (also known as Epstein-Barr virus-
induced G protein-coupled receptor 2; EBI2) (Jostins et al., 2012).
GPR183 is a chemoattractant receptor and GPR183 expressing
immune cells move towards a gradient of the GPR183 ligand
7a,25-dihydroxycholesterol (7,25-OHC) (Hannedouche et al,
2011; Liu et al., 2011). 7a,25-OHC and other oxysterols are
metabolites of cholesterol oxidation that have initially been pro-
posed to act as bile acid precursors but have been assigned new
roles in immune regulation (Duc et al., 2019). 7a,25-OHC is pro-
duced from cholesterol by two sequential oxidation steps, hydrox-
ylation at position 25 by the enzyme 25-hydroxylase (CH25H)
(Lund et al., 1998)and 7a-hydroxylation of 25-HC is subsequently

data suggest a pro-inflammatory role of GPR183 in IBD.

LINKED ARTICLES: This article is part of a themed issue on Oxysterols, Lifelong
Health and Therapeutics. To view the other articles in this section visit http://
onlinelibrary.wiley.com/doi/10.1111/bph.v178.16/issuetoc

GPR183/EBI2, FACS, IBD, psoriasis, SNP, UBAC2

What is already known

e GPR183 is implicated in immune cell migration and pre-
clinical studies suggest a role in IBD.
o Polymorphisms of the rs955719 SNP within the GPR183

gene are associated with IBD risk.

What does this study add

e GPR183 cooperates with chemokine receptors involved
in trafficking of intestinal inflammatory cells to promote
chemotaxis

e The rs955719 SNP is associated with increased GPR183
expression and psoriasis rates in IBD patients.

What is the clinical significance

e GPR183 might be a therapeutic target in IBD and IBD-

associated psoriasis.

performed by the enzyme cytochrome P450 family 7 subfamily B
member 1 (CYP7B1) (Martin et al., 2001). Mice lacking either
GPR183, CH25H, or CYP7B1 fail to correctly position B cells, T
cells and dendritic cells within secondary lymphoid organs and

show defects in the generation of T cell dependent immune
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responses (Baptista et al., 2019; Gatto et al., 2009, 2013; Hannedouche
et al.,, 2011; Li et al.,, 2016; Liu et al., 2011; Lu et al., 2017; Misselwitz
et al,, 2020; Pereira et al., 2009; Yi et al., 2012; Yi & Cyster, 2013).

GPR183 has an important role for the development of the intesti-
nal immune system and intestinal inflammation. Mice either lacking
GPR183 or 7a,25-OHC synthesizing enzymes failed to form normal
numbers of solitary intestinal lymphoid tissue, lymphoid follicles
within the intestinal mucosa (Chu et al., 2018; Emgard et al., 2018;
Wyss et al., 2019). For efficient induction of solitary intestinal lym-
phoid tissues, GPR183 needs to be expressed in innate lymphoid cells
type 3 (Emgard et al., 2018). GPR183 has pro-inflammatory activities
in the intestine and GPR183 knockout increased susceptibility to
Citrobacter rodentium (Chu et al., 2018) and decreased inflammatory
activity in murine anti-CD40 colitis and IL-10 colitis (Emgard
et al,, 2018; Wyss et al., 2019), indicating a potential role of GPR183
and oxysterols in IBD pathogenesis. However, our understanding of
GPR183 and oxysterols in gut disease remains incomplete (Chu
et al., 2018; Emgard et al., 2018; Misselwitz et al., 2020; Raselli,
Hearn, et al., 2019; Raselli, Wyss, et al., 2019; Willinger, 2019; Wu
et al., 2017; Wyss et al., 2019).

GPR183 is highly expressed on immune cells including mature B
cells, CD4* T cells including follicular helper T cells, innate lymphoid
cells type 3 and dendritic cells (Chiang et al, 2013; Gatto
et al, 2009; Gatto et al,, 2013; Li et al., 2016; Pereira et al., 2009;
Suan et al., 2015). In human peripheral blood, GPR183 expression is
higher in CD4" cells compared to CD8" cells or natural killer cells
(Clottu et al., 2017). Further, memory T cells (CD45RA-CD4" and
CD8",CD45RA™) and GPR183 expression on memory B cells
(CD27°CD19%) is higher than on their naive counterparts (Clottu
et al,, 2017).

Genetic evidence as well as animal and patient data have impli-
cated T cells in IBD pathogenesis (Annunziato et al., 2007; Jostins
et al.,, 2012; Ueno et al., 2018; Uhlig & Powrie, 2018). Critical T cell
subsets include Th17 cells and nonclassical Th1 cells (Th1* cells) that
combine properties of Thl and Th17 cells (Sallusto, 2016; Ueno
et al., 2018). Various partially redundant mechanisms for T cell recruit-
ment into the gut exist and integrins as well as chemokine receptors
CCR6, CCR9 and CXCR3 mediate T cell homing into the inflamed gut
(Perez-Jeldres et al., 2019; Trivedi & Adams, 2018). GPR183 was
shown to dimerize with CXCR5 (Barroso et al, 2012) but how
GPR183 cooperates with other chemokine receptors on different
immune cells remains unknown.

We studied abundance of GPR183 expression on subsets of
immune cells from IBD patients and healthy volunteers and tested
the impact of the allele status of rs9557195 on GPR183 surface
staining and IBD disease course. We found higher GPR183 expres-
sion on CCR6 and CCR9 expressing lymphocytes as well as on
Th17 cells compared to total CD4 memory T lymphocytes. Further,
the CC allele of rs9557195 was associated with higher GPR183 sur-
face expression in naive B cells and higher psoriasis rates in patients
of the Swiss IBD cohort study, suggesting a pro-inflammatory role
of GPR183 in IBD.

2 | METHODS

21 | Recruitment of healthy volunteers and IBD
patients for analysis of peripheral blood mononuclear
cells

Healthy volunteers (HV) were recruited by advertisement while IBD
patients were recruited from our clinical practice. We also took
advantage of genotyping performed within Swiss IBD cohort study
(see below): Swiss IBD cohort study patients with the
rs9557195-CC genotype and the rs9557195-TT genotype, respec-
tively, were contacted and an appointment at a study centre was
made. To the best of our knowledge, the impact of the rs957195
polymorphism on GPR183 expression has not been studied before.
Therefore, our study should be considered a pilot study and no
power analysis could be performed. The number of patients carry-
ing the rs9557195-CC genotype and the rs9557195-TT genotype
differ in the general population; therefore, a different number of
individuals were recruited into both groups (more individuals homo-
zygous for the major allele, rs9557195-TT). All patients were com-
pensated for travel expenses, but no additional payments were
made. This multi-centre study was approved by the Ethics commis-
sions of all Swiss counties involved (BASEC 2017-01868). All
patients and HV provided written informed consent. The study was
registered at www.ClinicalTrials.gov, trial registration number:
NCT03633409.

All patients answered standardized questionnaires regarding IBD
disease activity including the Harvey-Bradshaw index for CD
patients and the ulcerative colitis severity index for UC patients
(Harvey & Bradshaw, 1980). Data regarding biomarkers were
extracted from the clinical records. All subjects had 50 ml of EDTA
blood withdrawn and the peripheral blood mononuclear cells were
isolated by gradient centrifugation (Clottu et al., 2017) and they
were frozen in 90% fetal calf serum (FCS) and 10% DMSO. FCS
was purchased from Biowest (lot number SI375151810) and for
consistency, the same lot of FCS was used for all experiments. In
the absence of FCS, peripheral blood mononuclear cells were not
viable; therefore, control experiments in the absence of FCS were

not feasible.

22 | Materials

For blood sampling for PMBC's isolation, S-monovette K3 EDTA tube
were purchased from Sarstedt (Nimbrecht, Germany), Ficoll-Paque
plus for gradient centrifugation from GE Healthcare (UK), and
dimethyl sulfoxide from Sigma-Aldrich. For flow cytometry, PBS was
purchased from Bichsel (Interlaken, Switzerland). Other reagents sup-
pliers used for flow cytometry are detailed in Section 2.3. Reagents
and materials suppliers used for migration assays are detailed in
Section 2.4. Reagents and materials suppliers used for quantitative
PCR are detailed in Section 2.5.


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4975
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https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=66
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=70
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2.3 | Flow cytometry

Cryopreserved peripheral blood mononuclear cells were thawed, coun-
ted and resuspended at 10° cells-mI™* in Roswell Park Memorial insti-
tute (RPMI) 1640, GlutamtaMAX (GIBCO)-completed with penicillin,
streptomycin (Sigma-Aldrich) and 10% FCS and plated overnight at
37°C and 5% COs,. Cells were then collected, washed in PBS and coun-
ted again with trypan blue (GIBCO) to exclude dead cells. The cells were
stained with LIVE/DEAD Fixable Dead Cell Stain Kit (Life technologies/
Thermo Fisher scientific, Waltham, USA) according to the manufac-
turer's instructions for 30 min in the dark at 4°C. PMBCs were washed
again and incubated with antibodies diluted in PBS-1% BSA. They were
first incubated with the anti-GPR183 antibody or isotype control for
30 min in the dark at 4°C, followed by washing and incubation
with other antibodies. The cells were fixed and acquired the next day.

Antibodies were purchased either from BiolLegend (San Diego,
USA): CCR4 (L291H4, used at a concentration of 500 ng-ml~! Cat),
CXCR3 (G925H7, used at a concentration of 1 pg-ml~), CCRé
(GO343E3, used at a concentration of 1 pg-ml~t), CCR9 (LO53ES, used
at a concentration of 2 pg-ml’i), CDS8 (SK1, used at a concentration of
400 ng-ml™Y), CD4 (SK3, used at a concentration of 400 ng-ml™Y),
CD45RA (HI100, used at a concentration of 1 pg-ml‘l), CcD27
(M-T271, used at a concentration of 1 pg-ml~%), CD19 (HIB19, used at
a concentration of 1 pg-mi~?) or from BD Biosciences (Franklin Lakes,
USA): PE-Streptavidin (used at a concentration of 1.25 pg-mi~2), CD3
(SK7, used at a concentration of 1 ug-ml’l), and CCR7 (150,503, used
at a concentration of 500 ng-ml™). The isotype control for mouse bio-
tin conjugated 1gG2a was acquired from R&D Systems (Minnesota,
USA, Cat: 1C0038, used at a concentration of 5.46 pg'ml‘l). The
GPR183 antibody (57C9B5C9, used at a concentration of 5.46 pg-ml™)
was kindly provided by Andreas Sailer from the Novartis Institute of
Biomedical Research, Basel, Switzerland (Rutkowska et al., 2015). All of
the above concentrations were used to stain 1,000,000 of cells.

The samples were analysed with an LSR Il flow cytometer
(BD Biosciences, Franklin Lakes, USA). FlowJo software (FlowJo LLC,
RRID: SCR_008520) was used to analyse the flow cytometry data.
Fluorescence minus one (FMOs) were used to identify CXCR3*,
CCR4*, CCR6" and CCR9* cells. The gating strategy is indicated in
Figure S1 and is highly similar to our previous work (Clottu et al., 2017)
identifying T helper subset as follows:- Th1: CXCR3*CCR4™; Th2:
CXCR3™CCR4*; Th17: CXCR3™CCR6"; Th1*: CXCR3*CCR6" (Acosta-
Rodriguez et al., 2007; Sallusto, 2016). Results are provided either as
the percentage of positive or negative cells or the mean fluorescence
intensity ratio (MFIR), the ratio of the geometric mean of the signal
after staining with the GPR183 antibody over the signal after staining
with isotype control. For consistency with our previous work (Clottu
etal., 2017) on GPR183, we put emphasis on MFIR.

2.4 | Migration assays

The migrations assays were performed as previously described
(Clottu et al., 2017). Briefly, after overnight resting, PMBCs were

resuspended in DMEM (Gibco) containing minimal essential medium
(MEM), vitamins (100x), non-essential amino acid solution (100x),
1.5 mM sodium pyruvate, 14 mM folic acid, 0.3 mM L-asparagine,
0.7 mM L-arginine, 2 mM L-glutamine, 100 U-mI~* penicillin-strepto-
mycin, 14.3 mM p-mercaptoethanol, 1% BSA (all from Sigma-Aldrich)
at 1.5 million cells-ml~Y. Human recombinant CCL20 (Peprotech,
reconstituted in PBS/0.1% BSA at 100 pg-ml_l) and 7a,25-OHC
(Sigma-Aldrich, catalog no.: 700080P, reconstituted in DMSO at
10 mM) were diluted at the indicated concentration in the same
medium; 240 pl of CCL20 and/or 7a,25-OHC were then loaded in the
lower well of a HTS Transwell-96 well permeable support (Corning
catalog no.: 3387); 240 pl of media without any added chemotactic
signal was used as a negative control; 75 pl of cells with or without
NIBR 189 (Avanti Polar, reconstituted in DMSO at 10 mM) were then
loaded into the upper well;. 75 pl of cells were loaded into the lower
chamber to simulate conditions with 100% migration. The system was
incubated for 3 h at 37°C and 5% CO, in an incubator. Cells from the
lower wells were then collected and stained with fluorochrome-
conjugated antibodies. The number of migrated cells was quantified
by flow cytometry using CountBright absolute counting beads
(Thermofischer). Results are expressed as “migration ratio,” that is, the

number of migrated cells, divided by the mean of the controls.

2.5 | Quantitative PCR for UBAC2 expression

Cells were rapidly thawed (<1 min) and resuspended in 30 ml RPMI,
followed by a centrifugation step. RNA was isolated from the cell
pellet using the Maxwell RSC simplyRNA Cells Kit (Promega); 500 ng
of RNA was transcribed to cDNA by the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). UBAC2 DNA was quantified
using the UBAC2 TagMAn Gene Expression Assay (Applied Bio-

systems) and normalized to GAPDH levels as a house keeping gene.

2.6 | Analysis of Swiss IBD cohort study patients
Clinical data from IBD patients were obtained from the Swiss IBD
Cohort Study (SIBDCS), a large, prospective nation-wide registry.
Swiss IBD cohort study has been approved by the local ethics
committee of each participating centre (institutional review board
No. EK-1316, approved on February 5, 2007 and BASEC 2018-
02068 on March 9, 2020). Swiss IBD cohort study goals and meth-
odology are described elsewhere (Pittet et al, 2009; Pittet
et al., 2019). All patients provided written informed consent prior to
inclusion into Swiss IBD cohort study. Analysis of patient data for
the current study was approved by the scientific board of Swiss IBD
cohort study.

IBD characteristics of patients were retrieved from the Swiss IBD
cohort study data centre. Clinical characteristics include gender;
diagnosis; age at diagnosis; maximal extent of disease in UC patients
(Silverberg et al., 2005) (proctitis, left-sided colitis, pancolitis, or
unknown); disease location in CD patients (Silverberg et al., 2005) (L1:


https://www.sciencedirect.com/topics/neuroscience/nonessential-amino-acid
https://www.sciencedirect.com/topics/neuroscience/sodium-pyruvate
https://www.sciencedirect.com/topics/neuroscience/folic-acid
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ileal disease with or without disease limitation to the cecum, L2: disease
limited to the colon, L3: ileal disease with disease beyond the cecum,
L4: disease of the upper gastrointestinal tract); complications; intestinal
surgery; CD patients: fistula, abscess or anal fissure, surgery for fistula;
current and prior treatment with anti-tumour necrosis factor (TNF
drugs and anti-TNF treatment failure, psoriasis as a side effect of side

anti-TNF treatment; extraintestinal manifestations and psoriasis.

2.7 | SNPs of the GPR183/UBAC2 locus

Besides GPR183, the GPR183 gene locus also comprises the gene for
ubiquitin-associated domain-containing gene 2 (UBAC2) on the com-
plement strand. Therefore, we considered the IBD-associated SNP
rs9557195 and the Behcet's disease associated SNPs rs7999348,
rs3825427, rs9513548, rs9517668 and rs9517701. Genotyping of
the SNPs in the GPR183/UBAC2 gene locus was done using
MALDI-TOF MS-based SNP genotyping (Storm et al., 2003) prior to
this study as a part of an analysis of the whole SIBD cohort for IBD
associated SNPs and additional SNPs potentially altering IBD disease
course (Lang et al., 2018).

For SNPs with strong Pearson's correlation for each pair
(R? > 0.97), the SNP with least support in the literature was excluded.
The following SNPs with an R? < 0.52 remained for further analysis:
rs9557195, rs7999348 (whose results are also valid for rs9513584)
and rs3825427 (whose results are also valid for rs9517668 and
rs9517701).

The major allele was defined as wildtype; for the relevant SNPs,
the following genetic polymorphisms were observed: rs9557195
homozygous wildtype (TT), heterozygous (CT) and homozygous vari-
ant (CC); rs7999348 homozygous wildtype (AA), heterozygous

TABLE 1 Summary of basic characteristics of study participants
Healthy volunteers (N = 8)
Age (years) 35 (32-42.75), 30-49

Median (IQR), range
Gender female (%) 5 (62.5%)
Harvey-Bradshaw index -

Median (IQR), range
UC severity index -

Median (IQR), range
Treatment

Vedolizumab

Anti-TNF

Other
rs9557195

CcC

TT

CT

Unknown
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(GA) and homozygous variant (GG); rs3825427 homozygous wildtype
(CQ), heterozygous (AC) and homozygous variant (AA).

2.8 | Statistical analysis

The data and statistical analysis comply with the recommendations of
the British Journal of Pharmacology on experimental design and
analysis in pharmacology (Curtis et al., 2018). These studies were not
designed to have equal group sizes. Unequal group sizes were handled
appropriately during the statistical analysis. Statistical analyses were
performed with a minimum of five patients or HV per group. In all
analyses, the declared group size corresponds to independent
observations and not technical replicates. If technical replicates were
used, for example, in migration assays, data presented in the
manuscript represent the mean of the technical replicate for each
donor. A P-value <0.05 was considered significant. One outlier was
removed in Figure 5b from the TT subgroup of naive B cells using the
ROUT (Q = 1%) method in Graphpad Prism V.8.

Differences about the association of SNP variants in relation to
patient characteristics such as disease location, complications, medica-
tion, extraintestinal manifestation and psoriasis were assessed by
Pearson's ;{2 test or Fisher's exact test, whatever appropriate. Contin-
uous variables (e.g. age at diagnosis) were summarized as median,
quartiles and range and the Kruskal-Wallis test was used to analyse
differences between the groups. For statistical analyses, Stata soft-
ware, Release 14 was used.

Statistical analysis of flow cytometry data was performed using
Graphpad Prism V.8 (RRID: SCR_002798). The difference of GPR183
expression was analysed using unpaired or paired t-test whenever
appropriate.

Crohn's disease (N = 12)
42 (29.5-53),21-73

Ulcerative colitis (N = 15)
47 (35-56), 28-63

8 (66.7%) 10 (66.5%)
7 (4-9),0-12 -
3 4(2.5-8), 0-14

2 (17%) 5 (33%)

6 (50%) 5 (33%)

4 (33%) 5 (33%)

2 4

7 7

0 0

3 4
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29 | Nomenclature and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY
http://www.guidetopharmacology. (Harding et al., 2018) organd are per-
manently archived in the Concise Guide to PHARMACOLOGY 2019/20
(Alexander, Cidlowski, et al., 2019; Alexander, Fabbro, et al., 2019).

3 | RESULTS

3.1 | Study population

We recruited 27 IBD patients (15 UC patients and 12 CD patients)
and eight healthy volunteers (HV, Table 1). Our study population was
predominantly female (23/35, 65%) and of young to middle age
(median: 42 years, range 21-73 years). Most IBD patients were
treated with biologicals (vedolizumab: 7/27, 26% or anti-TNF: 11/27,
41%). Twenty IBD patients also participated in the Swiss IBD cohort
study and were genotyped regarding the rs9557195 SNP as part of a
larger genotyping effort within Swiss IBD cohort study.

3.2 | Preferential GPR183 expression in CCR6*
and CCR9* CD4* memory T cells in healthy volunteers
(HV)

We first tested GPR183 expression on different subsets of peripheral
blood mononuclear cells (for full gating strategy, see Figure S1A)
obtained from HV using an anti-GPR183 monoclonal antibody (clone
57C9B5C9) by flow cytometry (Clottu et al., 2017; Rutkowska
et al., 2015). We previously showed that GPR183 is strongly expressed
on memory CD4 T cells (CD45RA~CD4") (Clottu et al., 2017). The spec-
ificity of GPR183 staining with the clone 57C9B5C9 has been previ-
ously shown as incubation of peripheral blood mononuclear cells with
7a-25-OHC induces an GPR183 down-regulation (Wanke et al., 2017).
Since our study population was predominantly female (65%, see above),
we confirmed homogenous expression in male and female study partici-
pants in CD4" T cells, CD8" T cells and B cells (Figure S2).

We then focused on CD4* memory T cell subsets expressing
chemokine receptors CCR6, CCR9 and CXCRS3, which can recruit
immune cells into the inflamed intestine (Figure 1a-c, Figure S3A, for
full gating strategy see Figure S1B; Trivedi & Adams, 2018; Trivedi
et al., 2016). We observed that GPR183 was differentially expressed
in relation to chemokine receptor expression. Memory CD4" T cells
expressing CCR6 and CCR9 had a significantly higher GPR183 mean
fluorescence intensity ratio (MFIR) compared to total memory T cells
(Figure 1b,c, Table S1). In contrast, memory CD4* T cells expressing
CXCRS3 or chemokine receptors CCR4 or CCR7 had similar GPR183
intensity staining compared to total memory T cells (Figure 1c). The
association of CCR6, CCR9,and GPR183 expression was also signifi-
cant when we used percentage of GPR183" cells (instead of MFIR) as

the outcome measure (Figure 1a and Figure S3A,B).

We further tested GPR183 and CCRé6 expression on different
lymphocyte subsets and also observed a significantly higher GPR183
MFIR in CD8* memory T cells expressing CCR6 compared to total
memory CD8" T cells (Figure 1d) and a trend for higher GPR183
expression in CCR6" B cells compared to memory B cells (Figure 1e,
Table S1). In conclusion, we observed enrichment for GPR183 expres-
sion in memory lymphocytes expressing CCR6 and an increased

expression on CD4 memory T cells expressing CCR9.

3.3 | Additive effects of 7a,25-OHC and CCL20
for the stimulation of CD4* memory T cell migration

To test, whether co-expression of GPR183 and CCRé would be func-
tionally relevant, we performed migration assays. Total peripheral blood
mononuclear cells were loaded in a transwell system and incubated
with the GPR183 ligand 70,25-OHC, the CCRé ligand CCL20, and a
combination of both with or without the GPR183 inhibitor NIBR 189.
The number of migrated cells of the various lymphocyte populations
(CD4 T cells, CD8 T cells and B cells) was assessed by flow cytometry.
In the absence of chemokines, CD4" cells migrated inefficiently (migra-
tion ratio of 1). However, addition of either 7a,25-OHC or CCL20 at
optimal concentrations stimulated migration at least 10-fold over base-
line (Figure 1f). Higher migration ratios were observed in the presence
of both 7¢,25-OHC and CCL20 (P < 0.05), in line with an additive effect
of both chemokines. Migration was specific to GPR183 since addition
of NIBR 189 eliminated the effects of 7a,25-OHC (Figure 1f).

In CD8" T cells and B cells, migration was also most efficient in
the presence of both 7x,25-OHC and CCL20. However, additive
effects did not reach statistical significance (Figure S3C).

34 | Preferential GPR183 expression in CCR6"
cells of IBD patients

We then evaluated abundance of GPR183 expression on lymphocytes
obtained from peripheral blood mononuclear cells of patients with CD
and UC. Similar to HV, we observed significantly increased GPR183
staining on CCRé expressing CD4" memory T cells of CD and UC
patients (Figure 2a). However, in contrast to HV, GPR183 expression
was not significantly increased in CCR9 expressing CD4" memory T
cells in IBD patients (Figure 2b). When abundance of GPR183 expres-
sion was compared in CCR9 versus CCR6 expressing memory CD4* T
cells in the same donor, GPR183 expression was not significantly differ-
ent from both lymphocyte subsets in HV (Figure 2c, Table S1). How-
ever, in CD and UC patients, GPR183 staining was significantly lower in
CCR9* compared to CCR6* memory CD4" lymphocytes (Figure 2c,
Table S1). Those results suggest that GPR183 expressing CCR9" lym-
phocytes have been depleted from the blood compartment in favour of
a preferential homing in tissues such as the gut, as CCR9* has been
described as a gut homing chemokine receptor (see Section 4).

No further differences in the other CD4 memory T cells

populations according to IBD state were observed (Figure S4).
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FIGURE 1 GPR183 (EBI2) surface expression in memory lymphocytes of healthy volunteers is increased upon CCR6 and CCR9 expression.
(a) Contour plot showing the frequency of isotype (left) and GPR183 (right) staining in CD4"CD45RA™ memory CCRé6" cells (top) and
CD4*CD45RA™ memory CCR9* cells (bottom). Numbers in each quadrant indicate the percentage (%) of isotype or GPR183 positive cells.

(b) Histogram showing the phycoerythrin (PE) GPR183 signal of CCR6" or CCR9" cells, as indicated; the isotype control is shown in light grey.

(c) GPR183 mean fluorescence intensity ratio (MFIR) in total CD4" memory T cells, CD4* memory T cells expressing CXCR3, CCR4, CCR7, CCR9
or CCRé, as indicated. MFIR is defined as the ratio between the geometric mean fluorescence intensity (MFI) of anti-GPR183 staining and the
geometric MFI of the isotype control, n = 8. (d) GPR183 MFIR in CD8" memory T cells (CD8"CD45RA™) compared to CD8" memory T cells
CCR6" and (e) in memory B cells CD19*CD27* compared to memory B cells CCR6", n = 6. (F) Transwell migration assay of peripheral blood
mononuclear cells (PBMCs) of five healthy volunteer comparing chemotaxis with CCL20 at 100 ng-ml~2, 7a,25-OHC at 300 nM and the GPR183
antagonist NIBR 189 at 25 nM, as indicated. The cells are quantified by flow cytometry using counting beads. The memory CD4 T cells were
identified using the gating strategy indicated in Figure S1. The migration ratio is calculated based on the ratio between the cell concentrations in
the experimental conditions and the cell concentrations using the medium only, without any added chemotactic signal as a negative control, n = 5.
ns, not significant. *P < .05
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Furthermore, no correlation between abundance of GPR183 expres-
sion on lymphocytes and disease activity scores or biomarker levels
was found (data not shown).

Subsets of patients were treated with the integrin inhibitor
vedolizumab, which blocks immune cell homing into the gut. How-
ever, we did not find any differences in abundance of GPR183 expres-
sion according to IBD treatment neither on memory CD4*, memory
CCR6*CD4*, memory CD8"* or memory B cells from patients under
vedolizumab, anti-TNF or under other therapies compared to HV
(Figure S5A-H).

3.5 | Increased GPR183 expression in Th17 cells

We then evaluated GPR183 expression on different T lymphocyte
subsets based on their chemokine receptor expression, namely, Th1,

T T
CCR6* CCR9*

Th2, Th17 and Th1* cells. Th1* (also referred to as Th1/Th17 or non-
classical Th1 cells) cells express transcription factors and chemokine
receptors from Th1l and Th17 cells and combine properties of both
cell types (Sallusto, 2016; Ueno et al., 2018). CCR6 is expressed by
both Th17 (CXCR3~CCRé6") and Th1* (CXCR3"CCR6") cells.

Abundance of GPR183 surface staining in memory Th17 and
Th1* cells was significantly higher compared to total memory, Th1l or
Th2 cells in HV (Figure 3a, Table S1). The percentage of GPR183*
cells was higher in Th17 cells compared to Th1l, Th2 and Th1*
(Figure 3b,c). This is in line with previous studies, demonstrating
higher abundance of GPR183 surface staining in Th17 cells (Clottu
et al, 2017; Wanke et al., 2017). Higher abundance of GPR183
surface staining was functionally relevant, since 7«,25-OHC induced
migration resulted in enrichment of Th17 cells compared to the input
(Figure 3d). No enrichment was observed for Th1, Th1* cells or Th2
cells (Figure Sé6).


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7437

RUIZ ET AL.

BRITISH
5 PHARMACOLOGICAL 3165
SOCIETY

FIGURE 3 The abundance of (a)
GPR183 (EBI2) surface expression is
increased in Th17 and Th1* memory cells.
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Increased amounts of GPR183 surface staining were also
observed in IBD patients where GPR183 MFIR was higher in Th1* and
Th17 cells compared to Th1 and Th2 cells in UC and CD (Figure 3e,f).

3.6 | High GPR183 surface expression in memory
CD8" T cells and memory B cells in IBD

We previously demonstrated higher GPR183 surface staining in all
subsets of memory lymphocytes (CD4* and CD8" T cells as well as B
cells) and compared their naive counterparts in HV (Clottu
et al., 2017). CD4" T cell subsets (data not shown) and CD8* memory
T cells also depicted higher GPR183 MFIR compared to their naive
counterparts in CD and UC patients (Figure 4a). When we compared
GPR183 expression in CD8* T cell subsets from different patient
groups, we observed a higher GPR183 MFIR in CD compared to HV.
This result was significant in total CD8" T cells as well as in naive

CD8* T cells (Figure 4b). We also note a similar trend for higher

GPR183 expression in naive CD8" T cells in UC compared to HV (not
significant; Figure 4b). Further, we confirmed significantly stronger
GPR183 surface staining in memory B cells (CD27*CD19*) compared
to naive B cells in HV as well as in UC (Figure 4c) (Clottu et al., 2017),
but the difference was not significant in CD. No significant differences
were observed between HV, CD and UC in different B cell subsets;
however, we observed that two IBD patients depicted very high
GPR183 expression (Figure 4d). Those two outliers could not be iden-
tified in CD8"* T cells.

3.7 | Increased GPR183 surface expression in IBD
patients with the CC allele of rs9557195

Those results prompted us to investigate if a genetic predisposition was
related to those observations. The rs9557195 SNP is located within an
intron of the GPR183 gene (Figure 5a) and has been associated with
the risk for IBD (Jostins et al., 2012). Whether alleles of rs9557195 can
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affect GPR183 gene function is unclear. Of all patients, genetic testing
had been performed in 20 IBD patients: six patients were homozygous
for the minor C-allele (resulting genotype rs9557195-CC) and
14 patients were homozygous for the major T-allele rs9557195-TT).

In naive B cells, we observed a significantly increased percentage
of GPR183" cells in IBD patients with the CC allele compared to the
TT allele (Figure 5b and representative FACS plot in Figure 5c). How-
ever, the percentage of GPR183" cells did not differ according to the
rs9557195 allele state in naive CD4" or naive CD8" T cells (Figure 5b).
Control experiments demonstrated that the percentage of naive B
cells and memory B cells in peripheral blood mononuclear cells did not
differ in individuals with the rs9557195-CC and rs9557195-TT
genotype (data not shown).

We also tested mRNA expression levels of UBAC2 according to
the rs9557195 genotype. UBAC2 has a joint genomic location with

GPR183 (Figure 5a) and rs9557195 is also localized within the UBAC2
gene. However, our quantitative PCR experiments did not reveal
significant differences between individuals with the CC and TT allele
state of rs9557195 (Figure 5d).

3.8 | Distribution of rs9557195 and Behcet's
disease associated alleles within Swiss IBD cohort
study patients

To assess an impact of the IBD associated SNP rs9557195 on IBD
disease course, we took advantage of the clinical and genetic infor-
mation available for Swiss IBD cohort study patients. Of >3000
Swiss IBD cohort study patients, genetic information was available
for 2304 individuals and for 2301 patients, the rs9557195 genotype
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FIGURE 5 Increased GPR183 (EB12)
expression in naive B cells of individuals
with the CC allele of the GPR183 SNP
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was known (52% male and 48% female); 1335 patients (58%) were
diagnosed with CD and 966 (42%) with UC. Our study comprises a
mixed cohort of patients with mild, moderate and severe disease
(Table S2).

The composition of the GPR183/UBAC2 locus is complex. The
IBD associated SNP rs9557195 is positioned within an intron of
GPR183. At the same genetic location as GPR183 but on the reverse/
complementary strand, the much larger ubiquitin-associated domain-
containing gene 2 (UBAC2) is found (Figure 5a). Several SNPs within
the UBAC2 gene (rs9513584, rs3825427, rs9517668, rs9517701 and
rs7999348) have been associated with Behcet's disease in humans
(Hou et al., 2012; Sawalha et al., 2011). After reducing pairs or triplets
of SNPs with strong correlation (see Section 2, Figure S7), the follow-
ing three SNPs remained for further analysis: rs9557195, rs7999348
and rs3825427. Allelic frequencies of these SNPs were similar in
Swiss IBD cohort study patients compared to international cohorts
(Table S3).

GRP183

CD27

3.9 | The CC genotype of the IBD SNP rs9557195
is associated with psoriasis and extraintestinal
manifestation of IBD

Of 2301 Swiss IBD cohort study patients, 134 (5.8%) carried the CC
genotype of the GPR183 SNP rs9557195, 824 (35.8%) the heterozy-
gous form (CT) and 1343 (58.4%) the homozygous wildtype allele
TT. Overall, presence of the C allele was associated with younger age
at IBD diagnosis (Table S2), however this difference failed to reach
statistical significance. Examining clinical phenotypes including
disease location, extent, surgical and medical history, and common
complications in our cohort, we did not find significant associations
between rs9557195 genotype and disease severity (Figure 6éa,b and
Table S2).

Psoriasis can complicate IBD (Cottone et al., 2019). In our
study population, 129 cases of psoriasis were recorded throughout

follow-up. Of patients carrying the CC genotype, 11.2% were
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FIGURE 6 Increased psoriasis rates
in Swiss inflammatory bowel disease
(IBD) cohort study patients carrying the
rs9557195 CC allele. (a) Percentage of
ulcerative colitis (UC) patients with the
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and intestinal surgery. (b) Percentage of
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ileocolonic, L4: isolated upper
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with psoriasis. (d) Percentage of IBD
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diagnosed with psoriasis, compared to only 5.5% and 5.1% patients
carrying the CT and TT alleles, respectively (P = 0.014, Table S4
and Figure 6c). The association between the C allele and the pres-
ence of psoriasis was even more pronounced when we merged CT
and TT variants (P = 0.004; Fisher's exact test). The rate of psoria-
sis was approximately twice as high for CC patients compared to
CT and TT for both UC and CD patients. However, since psoriasis
was diagnosed more frequently in CD than in UC (7.7% vs. 2.7%),
the association of psoriasis and the CC genotype was only signifi-
cant in the subgroup of CD patients (Figure 6c). In a minority of
patients (26 of 126 patients: 24 with CD and two with UC),
psoriasis was reported as a side effect of anti-TNF treatment;
however, this side effect was not associated with the rs9557195
genotype.

in UC and CD

patients, mainly affecting peripheral and axial joints, skin and eyes, but

Extraintestinal manifestations are common
also hepatopancreatobiliary, renal and pulmonary systems (Fagagnini
et al., 2017; Larsen et al., 2010). In the CD group, aphthous oral ulcers
showed a significantly different distribution between rs9557195
genotypes with 25.3% patients with aphthous oral ulcers in the CC
group compared to 14.3% and 15.5% in the CT and TT group, respec-
tively (P =0.044). Also, erythema nodosum tended to be more
frequent in CD patients carrying the CC variant (12.7% CC vs. 5.9%
CT and 8.7% TT) (Table S4 and Figure 6d).

T
Ankylosing
spondylitis

0 -
Statistical analysis: Pearson ;(2 test,

Fisher's exact test. TT=rs9557195
homozygous wildtype, CC=rs9557195
homozygous variant, CT =rs9557195
heterozygous variant. *P < .05

Erythema
nodosum

3.10 | Association of the UBAC2 SNP rs799348
with extraintestinal manifestations

Alleles of rs7999348 and rs3825427, associated with the UBAC2
gene and Behcet's disease, did not differ regarding intestinal disease
manifestations of IBD in an extensive association analysis (data not
shown). Regarding extraintestinal manifestation we found significant
associations of the risk allele G for Behcet's disease (rs7999348) with
the occurrence of erythema nodosum (P =0.029) and ankylosing
spondylitis (P = 0.017). For rs3825427 we did not find significant
associations (Table S6 and Figure S8).

4 | DISCUSSION

To study the role of the oxysterol receptor GPR183 in IBD, we
analysed GPR183 surface expression on PBMC derived lymphocytes
and the impact of alleles of the SNP rs9557195 on the clinical
course of IBD. We would like to emphasize the following observa-
tions: (i) abundance of GPR183 expression is higher on immune cells
expressing the IBD associated chemokine receptors CCR6 and
CCR9. (ii) There is higher GPR183 surface staining on pro-
inflammatory Th17 and Th1* cells, associated with IBD. (iii) 7a,25-
OHC and the CCR6 ligand CCL20 have additive effects on the
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migration of CD4* memory T cells, (iv) IBD patients with the CC-
allele of rs9557195 had higher GPR183 expression in B cells com-
pared to patients with the TT-allele. (v) IBD patients with the CC-
allele of rs9557195 had a higher psoriasis rates compared to indi-
viduals with the TT-allele. These results add to growing body of
experimental and genetic evidence indicating a role of GPR183 in
IBD (Chu et al., 2018; Emgard et al., 2018; Jostins et al., 2012;
Misselwitz et al., 2020; Wyss et al., 2019).

41 | GPR183 expression on CCR6 and CCR9
positive cells

A large number of chemokines and chemokine receptors can be
expressed by several cell types in the colon and their expression pat-
terns shape the distribution of immune cells in the small and large
bowel in health and inflammation (Trivedi & Adams, 2018). In physio-
logical or pathological situations, recruitment of immune cells is medi-
ated by more than one chemokine and examples for cooperative
interactions of chemokines have been reported (Verkaar et al., 2014).
Strong evidence implicates GPR183 in immune cell trafficking into the
gut (Chu et al., 2018;Emgard et al., 2018 ; Wyss et al., 2019). We
demonstrate co-expression of GPR183 with two IBD associated
chemokine receptors, CCR6 and CCR?, indicating cooperation and
coordination of these pathways in IBD pathogenesis.

The CCR9 chemokine is expressed on 58-97% of immune cells
with gut tropism (Trivedi & Adams, 2018). The only CCR9 ligand,
CCL25, is expressed in the small bowel with a gradient of decreasing
concentration from the duodenum to the ileum in health, but CCL25
is also induced in the colon upon inflammation (Trivedi et al., 2016).
The CCR9-CCL25 axis promotes recruitment of many different cell
types into the intestine (Trivedi & Adams, 2018) and also increases
expression of additional pro-migratory receptors for intestinal homing
such as a4p7 integrin (Miles et al., 2008), indicating cooperation.

CCR6 and its ligand CCL20 as well as CXCR3 with its ligands
CXCL9/CXCL10 are also implicated in the recruitment of immune cells
into the small and large intestine in inflammation; human genetic, trans-
lational and animal data implicate CCR6-CCL20 and CXCR3-CXCL9/
CXCL10 in IBD pathogenesis (Jostins et al., 2012; Ostvik et al., 2013;
Skovdahl et al., 2015; Trivedi & Adams, 2018). However, so far, clinical
trials in IBD patients using compounds affecting CCR6, CCR9 or
CXCRBS signalling have been disappointing (Biswas et al., 2019; Feagan
et al., 2015; Mayer et al., 2014; Perez-Jeldres et al., 2019; Trivedi &
Adams, 2018), most likely due to redundant migratory signals for
immune cell recruitment into the inflamed gut. We observed co-
expression of GPR183 with CCR6 and CCR? on different subsets of
memory lymphocytes from HV, in line with a joint and mutually
supporting function of both chemokine receptors in the gut.

Co-expression of CCR6 and GPR183 is likely functionally relevant
since in migration assays in peripheral blood mononuclear cells from
HV; both the CCRé6 ligand CCL20 and the GPR183 ligand 7a,25-OHC
stimulated migration approximately 10-fold. Migration was increased

in the presence of both ligands, in line with additive effects in health.

We similarly observed a co-expression of GPR183 and CCRé in
lymphocytes from IBD patients. Surprisingly, this was not evident for
GPR183 expression in CCR? expressing subsets. This could be the con-
sequence of the migration of CCR9 and GPR183 expressing cells from
the blood into the gut. This could be directly tested in migration experi-
ments with the CCR9 ligand CCL25. In line with additive effects of
CCR6 and/or CCR9 with GPR183 on cellular migration, we previously
reported higher GPR183 expression on colonic lamina propria derived
lymphocytes compared to blood lymphocytes (Wyss et al., 2019).
GPR183 could thus induce or accelerate recruitment of immune cells
into the gut. Such a scenario is supported by animal models of IBD and
experimental autoimmune encephalomyelitis, in which inactivation of
GPR183 resulted in sequestration of GPR183 expressing immune cells
in mesenteric or peripheral lymph nodes (Chalmin et al, 2015;
Chu et al, 2018). A non-exclusive interpretation of the role of
GPR183-induced migration would be redistribution of GPR183
+ lymphocytes from intestinal lymphoid tissues to inflammatory foci, as
supported by mouse studies (Emgard et al., 2018; Wyss et al., 2019).

Th17 cells are crucial pro-inflammatory cells in the intestine
(Sallusto, 2016). Furthermore, Th17 cells also play a central role in the
pathogenesis of IBD as indicated by genetic evidence and translational
data such as high concentrations of Th17 cells within the inflamed
intestinal mucosa in IBD patients (Jostins et al, 2012; Ueno
et al., 2018). Besides Th17 cells, Th1* cells have been described: Th1*
cells show characteristics of Thl cells, such as expression of CXCR3
and T-bet as well as characteristics of Th17 cells, such as expression of
RORyt (NR1F3) and CCRé (Sallusto, 2016). Such Th1* subsets have in
fact been described in the gut of CD patients (Annunziato et al., 2007).
Previous studies demonstrated higher GPR183 expression on Th17
cells (Clottu et al., 2017; Wanke et al., 2017). Our study expands these
findings, demonstrating preferential expression of GPR183 on Th17
and to a lesser extent on Th1* cells, although the impact on migration
was only significant in Th17 cells. Since in our study, Th17 cells are
defined as CXCR3™CCR6" cells and Th1* cells are defined as
CXCR3*CCR6" cells, expression of GPR183 on Th17 and Th1* cells is
likely related to CCRé expression. Our results are in line with a pro-
inflammatory role of GPR183 and a supporting function of GPR183 for
Th17 and Th1* mediated intestinal inflammation.

4.2 | Arole of GPR183 in psoriasis

Clinical evidence indicates a significant co-occurrence of IBD with
psoriasis and psoriasis patients have a 4-fold higher risk of developing
CD (Cottone et al., 2019; Li et al., 2013). Molecular and cellular patho-
genesis of IBD and psoriasis also overlap and implications GPR183
co-expression with CCR6 and CCR? also apply to psoriasis. CCR6 and
its ligand CCL20 are up-regulated in psoriasis (Homey et al., 2000);
and CCRé6 expression has been described in mature dendritic cells and
memory T cells in psoriatic lesions (Guo et al., 2019; Kim et al., 2014)
which clustered together reminiscent of secondary lymphoid organs
(Kim et al., 2014). In psoriasis, higher CCR9 expression in skin biopsies
was associated with poor response to anti-TNF therapy (Koga


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=817
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2770
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2770
http://nr1f3
http://nr1f3

BRITISH
3170 PHARMACOLOGICAL
SOCIETY

RUIZ ET AL.

et al., 2016). As in IBD, the Th17 - IL-23 axis plays a central role in
psoriasis (Chan et al., 2006; Lee et al., 2004; Lowes et al., 2008). Th17
T cells are enriched in inflammatory lesions in IBD and psoriasis and
rheumatoid arthritis and produce IL-17 and express high amounts of
CCR6 (in contrast to Th1 or Th2 cells) (Pene et al., 2008). Therefore,
GPR183 co-expression with CCR6 and CCR9 and preferential expres-
sion in Th17 and Th1* cells places GPR183 in cell subtypes, which are
active pro-inflammatory players in psoriasis.

Several genetic risk loci are shared between CD and psoriasis
(Ellinghaus et al., 2012) and rs9513593 (in close vicinity to the IBD-
associated SNP rs9557195) within the GPR183/UBAC2 genetic locus is
associated with the risk of psoriasis (Tsoi et al., 2017). We demonstrate
an increased risk of psoriasis in IBD patients with the rs9557195-CC
allele, suggesting that the GPR183/UBAC2 locus is another link mediat-
ing the association of IBD and psoriasis. In line with previous data indi-
cating clinical overlap with CD but not UC (Cottone et al., 2019; Li
et al, 2013), we only observed an increased psoriasis risk in
rs9557195-CC patients with CD. In our study, preferential GPR183
expression in rs9557195-CC patients was limited to B cells, possibly
reflecting limited power of our analysis. However, B cells have also
been implicated in the pathogenesis of psoriasis in animal and human
studies (Alrefai et al., 2016; Guidelli et al., 2013; Hayashi et al., 2016;
Yanaba et al., 2013) and in an animal model, expression of CCR6 on B
cells supported homing into the skin (Geherin et al., 2012).

43 | The GPR183/UBAC2 locus is associated with
the risk for IBD, Behcet's disease and psoriasis

Two genes are present within the GPR183 gene locus: GPR183 and
UBAC2, on the complement strand (Figure 5a). Consequently, genetic
alterations within the GPR183/UBAC2 locus might affect expression,
splicing and/or function of either or even both of these genes.

In contrast to GPR183, knowledge regarding the function of the
UBAC2 protein (also called phosphoglycerate dehydrogenase-like pro-
tein 1) is limited. UBAC2 is an endoplasmic reticulum membrane pro-
tein involved in protein ubiquitinylation and proteasome mediated
degradation. UBAC?2 is part of a protein complex in the membrane of
the endoplasmic reticulum which can inhibit Wnt/g-catenin signalling
and defects of this protein complex resulted in severe lymphocyte
dysfunction (Choi et al., 2019). In another study, UBAC2 restricted
trafficking of Fas associated factor 2 (FAF2, also called UBXD8) from
the endoplasmic reticulum to lipid droplets (Olzmann et al., 2013).
However, it remains unclear, how UBAC2 would contribute to organ
inflammation.

Several studies with patients from Turkey, China and Japan asso-
ciated genetic polymorphisms of the UBAC2 gene with Behcet's dis-
ease (Hou et al., 2012; Sawalha et al., 2011; Yamazoe et al., 2017).
Behcet's disease is characterized by a triple-symptom complex of oral
aphthous ulcers, genital ulcers and ocular lesions. However, skin
(acneiform lesions, erythema nodosum, pyoderma gangrenosum and
others), joints and the gastrointestinal tract are also frequently

affected (Greco et al., 2018) and clinical overlap between Behcet's

disease and IBD with extraintestinal manifestation can result in diag-
nostic challenges.

For two UBAC2 associated SNPs, rs7999348 and rs3825427, pre-
vious studies have identified functional effects on UBAC2 expression
in peripheral blood mononuclear cells (Hou et al., 2012; Sawalha
et al, 2011). Besides UBAC2, other ubiquitination-related genes
(UBASH3B, SUMO4) have also been associated with Behcet's disease,
suggesting a crucial role of ubiquitination in the pathogenesis of this
condition (Fei et al., 2009; Hou et al., 2012; Sawalha et al., 2011). Inter-
estingly, an expression quantitative trail loci (€QTL) study in anti-TNF
resistant CD patients demonstrated elevated UBAC2 expression in
individuals with the TT allele of the IBD SNP rs9557195 in peripheral
blood and the intestine (Di Narzo et al., 2016). In our study, a minor
trend for higher UBAC2 expression in individuals with the rs9557195
TT allele was also observed which did not reach statistical significance.
Further, a SNP within UBAC2/GPR18 was associated with anti-TNF
non-response (Burke et al., 2018), raising the possibility of involvement
of UBAC2 also in IBD. In our study, rs7999348 was associated with
extraintestinal manifestation but not with the clinical course of IBD but
it remains possible that Behcet's disease associated polymorphisms
mediate the risk for extraintestinal manifestation in IBD patients.

Joint localization of UBAC2 and GPR183 in a common genomic
location might be an indication of a functional relationship. In fact,
ubiquitinylation has been shown to target GPCRs for proteasomal or
lysosomal degradation as a mean for desensitation or functional inacti-
vation (Rajagopal & Shenoy, 2018; Skieterska et al., 2017). However,
ubiquitinylation can have implications beyond degradation: In case of
the GPCR CXCR4, ubiquitin was shown to directly bind to the receptor,
mediating activation (Saini et al., 2010). Similarly, CXCR2 signalling criti-
cally depends on ubiquitinylation of the C-terminus and preventing
ubiquitinylation at this position blunted CXCR2 signaling (Leclair
et al., 2014). Even more interesting, ubiquitinylation can mediate biased
agonisms, differential responses of the same GPCR upon interaction
with different agonists (Groer et al., 2011; Skieterska et al., 2017).
Further, transubiquitination refers to a process, where binding of an
agonist to one receptor can mediate ubiquitinylation and degradation
of another receptor (Li et al., 2008; Skieterska et al., 2017).

Activation of GPR183 by 7a,25-OHC has been shown to
stimulate ubiquitinylation of Notch and inhibition of Notch
signalling, resulting in endothelial-to-haematopoietic transition (Zhang
et al., 2015). However, to the best of our knowledge, a functional
interaction of GPR183 and UBAC2 has not been directly addressed
and any interplay will need to be clarified by future studies.

44 |
in IBD

Immune cell migration as a therapeutic target

Interfering in immune cell migration is a cornerstone in IBD therapy
(Biswas et al., 2019; Perez-Jeldres et al., 2019) and vedolizumab, an
o4p7 integrin inhibitor, is a safe and effective treatment for UC and
CD (Feagan et al., 2013; Sandborn et al., 2013). Previous results from
our group demonstrated increased GPR183 expression in immune
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cells from peripheral blood in multiple sclerosis patients treated with
the a4 integrin inhibitor natalizumab in a longitudinal analysis (Clottu
et al., 2017). In the current cross-sectional study, no difference in
GPR183 expression was observed upon vedolizumab treatment.
However, it is important to stress that this result does not exclude
sequestering of GPR183 expressing immune cells in peripheral blood
since the natalizumab-induced GPR183 increase had only be observed
in a pair-wise analysis with a longitudinal study design (Clottu
et al., 2017). Future experiments will show, whether sequestration of
immune cells outside the intestine by blocking the GPR183-oxysterol
axis (Chu et al., 2018; Clottu et al., 2017) might be a feasible thera-
peutic strategy in IBD.

4.5 | Strengths and limitations

Our study has several strengths and limitations. Strengths include the
good clinical characterization of all IBD patients in the Swiss IBD
cohort study, enabling detailed genotype phenotype association
studies. Further, abundance of GPR183 expression has been tested
for several subsets of IBD patients and healthy volunteers in many B
and T subclasses. Limitations include the small number of IBD patients
for which FACS analysis could be performed. We also did not assess
GPR183 expression in intestinal cells since for ethical reasons,
patients with various rs9557195 genotypes could not be recruited for
endoscopies without medical justification. Moreover, genetic results
were not confirmed in an independent cohort. Finally, the number of
IBD patients, seemingly high at >2/200 was not sufficient to provide

Bonferroni correctable significance levels for all relevant readouts.

5 | CONCLUSION

In conclusion, our translational experiments indicate preferential
GPR183 expression in cells with a pro-inflammatory role in the
intestine. We also observed additive effects of the GPR183 ligand
7a,25-OHC and the CCRé ligand CCL20 on the migration of memory
T cells. GPR183 expression is also higher in B cells with the CC
allele of rs9557195, an IBD associated genetic polymorphism and
rs9557195-CC was associated with higher psoriasis rates in IBD
patients. In agreement with prior genetic and animal data, our experi-
ments confirm GPR183 as an important inflammatory mediator and a
potential drug target.
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Supplementary Figure S1: Gating strategy to define lymphocytes populations: (A) Lymphocytes
were identified using morphology (SSC-A and FSC-A) doublet and dead cells were further excluded.
The different lymphocytes populations were defined as follows: CD4 naive T cells (CD3*, CD4",
CD45RA*), CD4* memory T cells (CD3*, CD4*, CD45RA’), CD8* naive T cells (CD8*, CD3*, CD45RAY),
CD8* memory T cells (CD8*, CD3*, CD45RA’), naive B cells (CD3", CD19*, CD27°) memory B cells (CD3,
CD19%, CD27%). (B) CD4* memory T cells were further defined as follows: CD4* memory CXCR3*, Thl
(CXCR3*, CCR4’), CD4* memory CCR4*, Th2 (CCR4*, CXCR3"), CD4* memory CCR6%, Th17 (CXCR3"
,CCR6*,) Th1* (CXCR3*,CCR6*), CD4* memory CCR9". Fluorescence minus one was used to define
positivity for the various chemokine receptors mentioned above. Central memory CD4* T cells were
also assessed (CCR7%).

Supplementary Figure S2 related to Figure 1 : Impact of gender on EBI2 surface expression in total
CD4* T cells, total CD8* T cells and B cells assessed by flow cytometry. Men n=10, women n= 23.

Supplementary Figure S3 related to Figure 1: EBI2 expression and migration assays in subsets of
CD4" T cells according to chemokine receptor expression: (A ) Representative contour plot of EBI2
expression (right panels) vs isotype control (left panels) in memory CD4 T cells CCR6* vs CCR6™(top
panels) or CCR9* vs CCR9 (bottom panel). (B) Percentage of EBI2* cells in CD4* memory T cells
expressing CXCR3,CCR4,CCR7, CCRI and CCR6, as indicated,n=8. (C) Transwell migration assay of
memory CD8* and B cells of 5 healthy volunteers comparing chemotaxis with CCL20 at 100 ng/ml,
7a,25-diHC at 300nM and the EBI2 antagonist NIBR 189 at 25nM as indicated. The cells are
guantified by flow cytometry using counting beads. The different lymphocyte subsets were
identified using the gating strategy indicated in Supplementary Figure S1, n=5.ns: not significant; *:
p<0.05; **: p<0.01; ***: p<0.001., ****: p<0.0001

Supplementary Figure S4 related to Figure 2: EBI2 expression in T cell subsets does not differ in
patients with UC, CD and healthy volunteers (HV). Comparison of EBI2 MFIR between HV, CD and
UCin (A) Thi cells, (B) Th2 cells, (C) Th17 cells, (D) Th1* cells, (E) CXCR3*CD4* memory T cells, (F)
CCR4* CD4* memory T cells, (G) CCR7* CD4* memory T cells, and (H) CCR9* CD4* memory T cells. HV:
n=8, CD: n=12, UC: n=15.ns: not significant.

Supplementary Figure S5: EBI2 expression in T cell subsets in IBD patients treated with anti-TNF or
vedolizumab. EBI2 surface expression of the indicated T cell subset in healthy volunteers (HV), or
IBD patients treated with vedolizumab (VEDO), anti-TNF or other/ no treatment as indicated. HV:
n=8, VEDO : n=7, anti-TNF: n=11, other : n=9. ns: not significant; *: p<0.05.

Supplementary Figure S6 related to Figure 3: Impact of chemotaxis induced by 7a,25-diHC on the
percentage of T helper populations: (A) Percentage of Th1 cells in CD4* memory T cells in the
absence of migration (input) or after migration with 7a,25-diHC (30nM). (B) as in (A) except that Th2



are shown. (C) as in (A) except that Th1* are shown. The different lymphocyte subsets were
identified using the gating strategy indicated in Supplementary Figure S1. n=5. ns: not significant.

Supplementary Figure S7 related to Figure 5: Correlation matrix of the IBD related SNP rs9557195
and the Behget’s disease associated SNPs rs7999348, rs3825427, rs9513548, rs9517668, rs9517701
in SIBDC patients. Statistical analysis: Pearson’s correlation (pairwise).

Supplementary Figure S8 related to Figure 6: Extraintestinal disease manifestations in according to
Behget’s disease associated SNPs. Percentage of patients carrying the indicated allele of the
Behcget's disease associated SNPs rs7999348 and rs3825427 with (A) erythema nodosum, (B)
aphthous oral ulcers and (C) ankylosing spondylitis. AA: n=1095, GA: n=949, GG: n=260, rs3825427 :
CC:n=1853, AC: n=413, AA : n=29. *: p<0.05; Statistical analysis: Pearson chi square test.



Supplementary Table S1: Ratio of the MFIR in the cell type over a population reference. Ratio
superior to 1 is indicative of an increased MFIR in the cell type compared to the reference. ns: not

significant: p-value =>0.1

Cell type Reference Mean of fold | p-value (cell type vs Figure
matched reference)
control
values (SD)
CD4*CXCR3* CD4 memory T 1.067 (0.093) 0.0824 1C
memory T cells cells
CD4*CCR4* memory | CD4 memory T 0.9686 (0.07) ns 1C
T cells cells
CD4*CCR6* memory | CD4 memory T 1.771(0.33) 0.0003 1C
T cells cells
CD4*CCR7* memory | CD4 memory T 0.9984 (0.04) ns 1C
T cells cells
CD4*CCR9* memory | CD4 memory T 1.548( 0.46) 0.0125 1C
T cells cells
Thil CD4 memory T 1.191 (0.26) 0.0814 3A
cells
Th2 CD4 memory T 0.9373 (0.09) ns 3A
cells
Th17 CD4 memory T 1.756 (0.33) 0.0004 3A
cells
Th1* CD4 memory T 2.364 (1.08) 0.0086 3A
cells
CD8*CCR6* memory | CD8 memory T 1.185 (0.19) 0.0452 1D
T cells cells
CCR6" memory B Memory B cells 1.612(0.56) 0.028 1E
cells
CD4*CCR9* memory | CD4 memory 0.89 (0.27) ns 2C
T cells CCR6+




Ulcerative colitis patients

Cell type Reference Mean (SD) p-value (cell type vs Figure
reference)

CD4*CCR9* memory | CD4*CCR6* 0.75(0.23) 0.0011 2C

T cells memory T cells

Thi CD4* memory T 1.062 (0.11) 0.0411 3E
cells

Th2 CD4* memory T 1.034 (0.08) ns 3E
cells

Th17 CD4* memory T 2.052 (0.45) <0.0001 3E
cells

Th1* CD4* memory T 2.11 (1.41) 0.0085 3E
cells

Crohn’s disease patients

Cell type Reference Mean (SD) p-value (cell type vs Figure

reference)

CD4*CCR9* memory | CD4*CCR6* 0.72(0.17) 0.0002 3C
memory T cells

Thil CD4* memory T 1.042 (0.13) ns 3F
cells

Th2 CD4* memory T 0.9832 (0.09) ns 3F
cells

Th17 CD4* memory T 1.804 (0.32) <0.0001 3F
cells

Th1* CD4* memory T 2.18 (1.38) 0.0127 3F

cells




Supplementary Table S2: Distribution of rs9557195 genotypes in IBD patients and clinical
characteristics (UC and CD)

IBD patients p-value
(Chi
square)
Diagnosis
CD 79 (59.0%) 489 (59.3%) 767 (57.1%) 0.578
uc 55 (41.0%) 335 (40.7%) 576 (42.9%)

Gender
Male (%) 75 (56.0%) 448 (54.4%) 669 (49.8%) 0.073
Female (%) 59 (44.0%) 376 (45.6%) 674 (50.2%)

CD only:

Male (%) 46 (58.2%) 255 (52.1%) 365 (47.6%) 0.090
Female (%) 33 (41.8%) 234 (47.9%) 402 (52.4%)
UC only:
Male (%) 29 (52.7%) 193 (57.6%) 304 (52.8%) 0.356
Female (%) 26 (47.3%) 142 (42.4%) 272 (47.2%)

Age at diagnosis
Median, q25-q75, | 24.5,18.1-33.6, | 25.6,18.7—-35.6, | 26.5, 19.1 — 36.8, | 0.198
min — max 4.2 -67.4 1.0-80.1 0.5-81.4

CD only:

Median, q25-q75, | 24.5,19.1-34.6, | 24.0,17.5-33.6, | 25.2, 18.6 — 36.0, | 0.230
min — max 4.2 -67.4 1.0-80.1 0.5-81.4

UC only:

Median, g25 — q75, 24.4,17.1 -33.6, | 29.1,20.4-40.2, | 28.6,20.3 —-38.1, | 0.087
min — max 5.7-61.3 3.8-77.9 29-79.6

Maximum extent of

disease — UC:

Proctitis 2 (3.8%) 36 (11.0%) 50 (8.9%) 0.142
Left-sided colitis 23 (43.4%) 112 (34.4%) 173 (30.9%)

Pancaolitis 28 (52.8%) 178 (54.6%) 337 (60.2%)

Unknown 2 9 16

Complications

UC only:

No 25 (45.5%) 141 (42.1%) 228 (39.6%) 0.584
Yes 30 (54.5%) 194 (57.9%) 348 (60.4%)

Intestinal surgery

UC only:

No 49 (89.1%) 303 (90.4%) 496 (86.1%) 0.149
Yes 6 (10.9%) 32 (9.6%) 80 (13.9%)
Last disease
location :
L1 29 (36.7%) 140 (28.9%) 237 (31.6%) 0.622
L2 25 (31.6%) 157 (32.4%) 254 (33.9%)
L3 24 (30.4%) 173 (35.7%) 240 (32.0%)
L4 1 (1.3%) 15 (3.1%) 18 (2.4%)
Unknown 0 4 18
Complications
No 25 (31.6%) 174 (35.6%) 266 (34.7%) 0.786
Yes 54 (68.4%) 315 (64.4%) 501 (65.3%)
Intestinal surgery




No 40 (50.6%) 285 (58.3%) 460 (60.0%) 0.264
Yes 39 (49.4%) 204 (41.7%) 307 (40.0%)

Fistula, abscess or

anal fissure
No 85 (63.4%) 558 (67.7%) 917 (68.3%) 0.518
Yes 49 (36.6%) 266 (32.3%) 426 (31.7%)

Surgery for fistula
No 111 (82.8%) 681 (82.6%) 1118 (83.2%) 0.935
Yes 23 (17.2%) 143 (17.4%) 225 (16.8%)

Ever treated with

TNF-inhibitors
uc 18 (32.7%) 107 (31.9%) 219 (38.0%) 0.163
CD 55 (69.6%) 316 (64.6%) 468 (61.0%) 0.191

At least one failure

with TNF inhibitor
uc 7 (12.7%) 63 (18.8%) 108 (18.8%) 0.532
CD 25 (31.6%) 138 (28.2%) 200 (26.1%) 0.464

Supplementary Table S3: Allele frequencies of SNPs rs9557195, rs7999348, and rs3825427 in the
global and European population (controls), in patients with IBD, Behget disease, and in the Swiss
IBD cohort (SIBDC). RAF: risk allele frequency.

rs9557195 (C/T) rs7999348 (G/A) rs3825427 (A/C)
RAF (T) RAF (G) RAF (A)
Global Population (The 0.85 0.44 0.14
Genome Aggregation
Database, gnomAD)
European Population (Exome | 0.775 0.285 0.116
Aggregation Consortium,
EXAC, 1000 Genomes)
IBD patients (4) 0.77 - -
(cases + controls)
Behget disease (19) - 0.48 (cases) -
Turkish population 0.34 (controls)
Behget disease (53) - 0.38 (cases)
Chinese population 0.30 (controls)
SIBDC (this study) 0.76 0.32 0.10




Supplementary Table S4: Distribution of rs9557195 genotypes and EIM in IBD patients (UC and CD)

rs9557195

EIM at least once through-out

CcC

CT

TT

p-value
(chi square)
yes vs. no for

follow-up each type of EIM
Any one 80 (59.7%) 481 (58.4%) | 746 (55.5%) | 0.341
Peripheral arthritis 64 (47.8%) 382 (46.4%) | 611 (45.5%) | 0.842
Uveitis / Iritis 13 (9.7%) 80 (9.7%) 139 (10.3%) | 0.881
Pyoderma gangrenosum 0 (0%) 13 (1.6%) 22 (1.6%) 0.331
Erythema nodosum 10 (7.5%) 44 (5.3%) 92 (6.9%) 0.323
Aphthous oral ulcers 24 (17.9%) 100 (12.1%) | 159 (11.8%) | 0.123
Ankylosing spondylitis 9 (6.7%) 57 (6.9%) 98 (7.3%) 0.929
PSC 2 (1.5%) 21 (2.5%) 31 (2.3%) 0.748

CD only:
Any one 55 (69.6%) 305 (62.4%) | 461 (60.1%) | 0.224
Peripheral arthritis 45 (57.0%) 249 (50.9%) | 394 (51.4%) | 0.602
Uveitis / Iritis 8 (10.1%) 59 (12.1%) 98 (12.8%) 0.769
Pyod. gangrenosum 0 (0%) 5 (1.0%) 12 (1.6%) 0.410
Erythema nodosum 10 (12.7%) 29 (5.9%) 67 (8.7%) 0.056
Aphthous oral ulcers 20 (25.3%) 70 (14.3%) 119 (15.5%) | 0.044
Ankylosing spondylitis 5 (6.3%) 43 (8.8%) 68 (8.9%) 0.744
PSC 1 (1.3%) 5 (1.0%) 5 (0.7%) 0.704

UC only:
Any one 25 (45.5%) 176 (52.5%) | 285 (49.5%) | 0.511
Peripheral arthritis 19 (34.5%) 133 (39.7%) | 217 (37.7%) | 0.705
Uveitis / Iritis 5 (9.1%) 21 (6.3%) 41 (7.1%) 0.720
Pyoderma gangrenosum 0 (0%) 8 (2.4%) 10 (1.7%) 0.449
Erythema nodosum 0 (0%) 15 (4.5%) 25 (4.3%) 0.282
Aphthous oral ulcers 4 (7.3%) 30 (9.0%) 40 (6.9%) 0.543
Ankylosing spondylitis 4 (7.3%) 14 (4.2%) 30 (5.2%) 0.568
PSC 1 (1.8%) 16 (4.8%) 26 (4.5%) 0.611

Psoriasis
No 119 (88.8%) | 779 (94.5%) | 1274 (94.9%) | 0.014
Yes 15 (11.2%) 45 (5.5%) 69 (5.1%)

Psoriasis reported as a side

effect 2 (1.5%) 9 (1.1%) 15 (1.1%) 0.918

CD only:
No 67 (84.8%) 453 (92.6%) | 712 (92.8%) | 0.037
Yes 12 (15.2%) 36 (7.4%) 55 (7.2%)

Psoriasis reported as a side

effect 2 (2.5%) 8 (1.6%) 14 (1.8%) 0.854

UC only:
No 52 (94.5%) 326 (97.3%) | 562 (97.6%) | 0.416
Yes 3 (5.5%) 9 (2.7%) 14 (2.4%)

Psoriasis reported as a side

effect 0 (0%) 1 (0.3%) 1 (0.2%) 0.869




Supplementary Table S5: Distribution of rs7999348 genotypes and EIM in IBD patients (UC and CD)

rs7999348

EIM at least once through-
out follow-up

GG

GA

AA

p-value

(chi square)
yes vs. no for
each type of EIM

Any one 151 (58.1%) | 528 (55.6%) | 628 (57.4%) 0.662
Peripheral arthritis 128 (49.2%) | 431 (45.4%) | 498 (45.5%) 0.515
Uveitis / Iritis 26 (10.0%) 96 (10.1%) 109 (10.0%) 0.993
Pyoderma gangrenosum | 4 (1.5%) 14 (1.5%) 17 (1.6%) 0.990
Erythema nodosum 28 (10.8%) 53 (5.6%) 65 (5.9%) 0.007
Aphthous oral ulcers 34 (13.1%) 122 (12.9%) | 127 (11.6%) 0.632
Ankylosing spondylitis 19 (7.3%) 85 (9.0%) 59 (5.4%) 0.007
PSC 8 (3.1%) 18 (1.9%) 28 (2.6%) 0.437
CD only:
Any one 89 (64.0%) 332 (59.9%) | 401 (62.3%) 0.573
Peripheral arthritis 79 (56.8%) 275 (49.6%) | 335 (52.0%) 0.298
Uveitis / Iritis 19 (13.7%) 70 (12.6%) 76 (11.8%) 0.801
Pyoderma gangrenosum | 1 (0.7%) 6 (1.1%) 10 (1.6%) 0.638
Erythema nodosum 19 (13.7%) 39 (7.0%) 48 (7.5%) 0.029
Aphthous oral ulcers 28 (20.1%) 91 (16.4%) 90 (14.0%) 0.153
Ankylosing spondylitis 12 (8.6%) 62 (11.1%) 42 (6.5%) 0.017
PSC 1 (0.7%) 4 (0.7%) 6 (0.9%) 0.914
UC only:
Any one 62 (51.2%) 196 (49.6%) | 227 (50.3%) 0.948
Peripheral arthritis 49 (40.5%) 156 (39.5%) | 163 (36.1%) 0.508
Uveitis / Iritis 7 (5.8%) 26 (6.6%) 33 (7.3%) 0.813
Pyoderma gangrenosum | 3 (2.5%) 8 (2.0%) 7 (1.6%) 0.761
Erythema nodosum 9 (7.4%) 14 (3.5%) 17 (3.8%) 0.147
Aphthous oral ulcers 6 (5.0%) 31 (7.8%) 37 (8.2%) 0.482
Ankylosing spondylitis 7 (5.8%) 23 (5.8%) 17 (3.8%) 0.337
PSC 7 (5.8%) 14 (3.5%) 22 (4.9%) 0.481
Psoriasis
No 242 (93.1%) | 901 (94.9%) | 1032 (94.2%) | 0.487
Yes 18 (6.9%) 48 (5.1%) 63 (5.8%)
Psoriasis reported as a side | 3 (1.2%) 9 (0.9%) 14 (1.3%) 0.779
effect
CD only:
No 124 (89.2%) | 521 (94.0%) | 589 (91.5%) 0.087
Yes 15 (10.8%) 33 (6.0%) 55 (8.5%)
Psoriasis reported as a side | 3 (2.2%) 8 (1.4%) 13 (2.0%) 0.714
effect
UC only:
No 118 (97.5%) | 380 (96.2%) | 443 (98.2%) 0.190
Yes 3 (2.5%) 15 (3.8%) 8 (1.8%)
Psoriasis reported as a side | 0 (0%) 1 (0.3%) 1 (0.2%) 0.862

effect




Supplementary Table S6: Distribution of rs3825427 genotypes and EIM in IBD patients (UC and CD)

rs3825427

AA

AC

CcC

p-value

EIM at least once
through-out follow-up

(chi square)
yes vs. no at each
line

Any one 17 (58.6%) 225 (54.5%) | 1059 (57.2%) | 0.599
Peripheral arthritis 12 (41.4%) 190 (46.0%) | 849 (45.8%) 0.889
Uveitis / Iritis 3 (10.3%) 39 (9.4%) 190 (10.3%) 0.884
Pyoderma gangrenosum | 0 (0%) 6 (1.5%) 28 (1.5%) 0.799
Erythema nodosum 2 (6.9%) 25 (6.1%) 119 (6.4%) 0.955
Aphthous oral ulcers 1 (3.4%) 54 (13.1%) 228 (12.3%) 0.312
Ankylosing spondylitis 1 (3.4%) 38 (9.2%) 124 (6.7%) 0.148
PSC 2 (6.9%) 7 (1.7%) 45 (2.4%) 0.180

CD only:
Any one 7 (46.7%) 135 (58.4%) | 677 (62.3%) 0.269
Peripheral arthritis 5 (33.3%) 114 (49.4%) | 567 (52.2%) 0.269
Uveitis / Iritis 0 (0%) 30 (13.0%) 135 (12.4%) 0.333
Pyoderma gangrenosum | 0 (0%) 2 (0.9%) 15 (1.4%) 0.742
Erythema nodosum 1 (6.7%) 18 (7.8%) 87 (8.0%) 0.977
Aphthous oral ulcers 1 (6.7%) 36 (15.6%) 172 (15.8%) 0.624
Ankylosing spondylitis 0 (0%) 27 (11.7%) 89 (8.2%) 0.112
PSC 0 (0%) 2 (0.9%) 9 (0.8%) 0.937

UC only:
Any one 10 (71.4%) 90 (49.5%) 382 (49.8%) 0.272
Peripheral arthritis 7 (50.0%) 76 (41.8%) 282 (36.8%) 0.295
Uveitis / Iritis 3 (21.4%) 9 (4.9%) 55 (7.2%) 0.057
Pyoderma gangrenosum | 0 (0%) 4 (2.2%) 13 (1.7%) 0.791
Erythema nodosum 1 (7.1%) 7 (3.8%) 32 (4.2%) 0.836
Aphhtous oral ulcers 0 (0%) 18 (9.9%) 56 (7.3%) 0.276
Ankylosing spondylitis 1(7.1%) 11 (6.0%) 35 (4.6%) 0.653
PSC 2 (14.3%) 5 (2.7%) 36 (4.7%) 0.104

Psoriasis
No 27 (93.1%) 387 (93.7%) | 1754 (94.7%) | 0.708
Yes 2 (6.9%) 26 (6.3%) 99 (5.3%)

Psoriasis reported as a side | 1 (3.4%) 2 (0.5%) 22 (1.2%) 0.216

effect

CD only:
No 13 (86.7%) 212 (91.8%) | 1005 (92.5%) | 0.654
Yes 2 (13.3%) 19 (8.2%) 81 (7.5%)

Psoriasis reported as a side | 1 (6.7%) 2 (0.9%) 20 (1.8%) 0.197

effect

UC only:
No 14 (100%) 175 (96.2%) | 749 (97.7%) 0.430
Yes 0 (0%) 7 (3.8%) 18 (2.3%)

Psoriasis reported as a side

effect 0 (0%) 0 (0%) 2 (0.3%) 0.774
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Abstract

Multiple sclerosis (MS) is a frequent autoimmune demyelinating disease of the central nervous system (CNS). There are three clinical
forms described: relapsing-remitting multiple sclerosis (RRMS), the most common initial presentation (85%) among which, if not
treated, about half will transform, into the secondary progressive multiple sclerosis (SPMS) and the primary progressive MS (PPMS)
(15%) that is directly progressive without superimposed clinical relapses. Inflammation is present in all subsets of MS. The relapsing/
remitting form could represent itself a particular interest for the study of inflammation resolution even though it remains incomplete in
MS. Successful resolution of acute inflammation is a highly regulated process and dependent on mechanisms engaged early in the
inflammatory response that are scarcely studied in MS. Moreover, recent classes of disease-modifying treatment (DMTs) that are
effective against RRMS act by re-establishing the inflammatory imbalance, taking advantage of the pre-existing endogenous suppres-
sor. In this review, we will discuss the active role of regulatory immune cells in inflammation resolution as well as the role of tissue and
non-hematopoietic cells as contributors to inflammation resolution. Finally, we will explore how DMTs, more specifically induction
therapies, impact the resolution of inflammation during MS.

Keywords Multiple sclerosis - Suppressive immune cells - Innate immune cells - Neurovascular unit - Astrocytes -

Blood-brain-barrier - Induction therapies

Introduction

Multiple sclerosis (MS) is a frequent autoimmune demyelin-
ating disease of the central nervous system (CNS). The exact
cause of MS remains elusive but it is certainly a multifactorial
disease. Environmental factors, such as Epstein bar virus in-
fection, low vitamin D status, or cigarette smoking contribute
to MS development as well as genetic factors, in particular the
HLA variant HLA-DRB1*15:01 [1]. The underlying physio-
pathology of MS is only partially unraveled. Most probably,
auto reactive CD4" T cells are activated in the periphery and
cross the blood-brain barrier to reach the CNS, known as the
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“outside-in hypothesis.” Once in the CNS, CD4" T cells are
reactivated by local antigen presenting cells, which will trig-
ger an inflammatory reaction, inducing the recruitment of oth-
er leukocytes (such as T cells, B cells, and macrophages). A
second hypothesis, the “inside-out hypothesis,” suggests that
MS is a primary neurodegenerative disease that triggers an
autoimmune reaction. We learned from murine models of
MS, in particular the experimental autoimmune encephalomy-
elitis (EAE) and from the treatments that are effective to con-
strain MS, that the outside-in hypothesis is certainly valid.
Peripheral leukocyte trafficking across the blood-brain-
barrier is indeed an essential step in the initiation of relapses.
The infiltration of pro-inflammatory leukocytes in the CNS fur-
ther triggers a disruption of the myelin sheath eventually leading
to neuronal loss [2]. However, what stimulates the peripheral
infiltration of leukocytes into the CNS is still matter of debate.
Predominantly, the disease starts with a relapsing remitting
course (RRMS), which may later convert into a secondary
progressive disease (SPMS). In a minority of cases, the pa-
tients show progression from the onset without superimposed
clinical relapses (primary progressive MS, PPMS) [3]. When
the disease is progressive, the majority of disease-modifying
treatments (DMTs) are inefficient probably because of the
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compartmentalization of the inflammation in the CNS. RRMS
is characterized by flare-ups of neurological symptoms with
periods of remissions. The relapses are characterized by an
infiltration of peripheral immune cells across the blood-brain
barrier (BBB), and blocking leukocyte trafficking from the
periphery to the CNS is effective to treat RRMS.

In this review, we will focus on the factors implicated
in the resolution of inflammation and discuss how they
can be impaired in MS. We will first discuss the immune
mechanism involved then the importance of non-immune
compartment. Finally, we will briefly explore how disease-
modifying treatments impact inflammation resolution.

Contribution of immune network to MS
resolution

Suppressive immune cells, both from the adaptive and innate
immunity, prevent exaggerated inflammatory responses. We
will first discuss the implication of CD4™" T cells, which can be
subdivided based on their cytokine profiles in both pro- and
anti-inflammatory subsets. Since the original classification by
Mosmann and Coffman of CD4" helper T (Th) lymphocytes
into Th1 and Th2 subsets [4], their repertoire has expanded:
for example, Th17 cells induce immunity against extracellular
bacteria and fungi. Exaggerated Th17 response promotes au-
toimmunity and elevated levels of IL-17 are detected in MS.
However, Th17 cells are heterogeneous and under certain
conditions, IL-10 secretion renders them non-pathogenic [5].
However, we will here focus on CD4™ T regulatory T cell
(Tregs) that are well-established players in the resolution of
inflammation. Several classes of Tregs are identified: the
FoxP3+ regulatory T cells that consist of conventional/
natural Treg (nTreg) cells and induced Tregs (iTregs) as well
as the type 1 regulatory T (Tr1) cells [6]. We will then discuss
the role of CD8" T cells that outnumber CD4* T cells in MS
lesions and also contribute to inflammation resolution [7]. In
addition, regulatory B cells (Breg) also restrain inflammation.
Furthermore, innate immune cells in particular, subsets of NK
cells, foamy macrophages as well as myeloid-derived suppres-
sor cells contribute to inflammation resolution during MS [8].
Finally, the implication of pro-resolving lipid mediators
(SPMs) in MS resolution will be explored. We will now dis-
cuss the implications of each of these immune cells and reg-
ulatory mechanisms in more detail.

Role of FoxP3* regulatory T cells (Tregs)

CD4*CD25™T cells play a critical role in the regulation of
CNS autoimmunity in EAE and MS (Fig. 1). Tregs influence
EAE by affecting the priming, polarization, and proliferation
of effector T cells in the periphery and within the CNS [9].
Transfer of Tregs in the periphery is sufficient to protect mice
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from the onset and the progression of both active and sponta-
neous EAE, whereas their depletion exacerbates the disease
[10]. In the same line, the presence of myelin proteolipid
protein-specific Tregs partially explains the genetic resistance
to EAE disease observed in B10.S versus SJL mice. While
both mouse models harbor T cells that recognize PLP139-
151 at similar frequencies upon immunization, EAE-
resistant B10.S mice fail to mount a sustained proliferative
response due to a higher relative frequency of PLP-specific
Tregs cells in their peripheral repertoire. Indeed, depletion of
CD257 cells in vivo restores EAE susceptibility to B10.S mice
[11]. Furthermore, epigenetic modifications of the Foxp3 gene
contribute to the pathogenesis of EAE [12]. Tregs are also
implicated directly in the CNS at the site of inflammation
resolution and can transmigrate across CNS endothelium
[13]. In healthy CNS, Tregs are important in promoting neu-
roprotection as interactions occur between the resident cells of
the CNS and the infiltrating Tregs to modulate the local im-
mune responses [14]. During neuroinflammation, the frequen-
cies of Tregs within the CNS are elevated during the recovery
phase of actively induced EAE; however, it is not clearly
established if they harbor suppressive activities, at least when
tested ex-vivo [15]. At the experimental level, treatments that
increase Tregs are beneficial; however, current techniques
broadly expand polyclonal Tregs but not just Ag-specific
cells. Promising studies indicate that tolerogenic nanoparticles
induce antigen-specific Tregs and provide protection and
transferable tolerance against EAE [16]. In the same way, gene
therapy-induced antigen-specific Tregs prevent development
and reverses pre-existing EAE [17]. Deficiency and/or dys-
function of Tregs are observed not only in EAE but also in MS
[18]. However, whether Foxp3Tregs are deficient in the blood
of MS patients has been a matter of debate for several years.
To address this question, a meta-analysis regrouping 16 stud-
ies was published providing evidences that the proportion of
Tregs expressing Foxp3 is indeed decreased in the peripheral
blood of MS patients [19]. The assessment of Tregs directly in
the CNS is however more challenging. Counter-intuitively,
Foxp3+Tregs are increased in the CSF of MS patients; how-
ever, their functions are dampened in this compartment [20].
Those results are supported by genome-wide association stud-
ies (GWAS) that identified single nucleotide polymorphisms
linked to Treg functions associated with an increased risk for
MS disease [21].

Role of IL-10-secreting type 1 regulatory T cells (Tr1)

In contrast to conventional Tregs, Tr1 cells do not express the
transcription factor Foxp3 and only a transient expression of
CD25; however, they co-expressed CD49b, LAG-3, and
CD226 cell-surface markers in humans and mice [22]. C-
MAF, AhR, BAFT, and IRF1 are critical transcription factors
for Trl cell differentiation [23, 24]. Trl cells exert their
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Fig. 1 Suppressive immune cells involved in inflammation resolution.
Foxp3™ Treg cells affect priming, proliferation, and polarization of
effector T cells both in the CNS and the periphery. Trl cells produce the
anti-inflammatory cytokine IL-10 and kill effector cells via granzyme-B
and perforin. Qa-1-restricted CD8" cells have a cytotoxic effect on

immunosuppressive effects through IL-10 expression and by
killing effector cells via Granzyme-B and Perforin (Fig. 1)
[6]. Several studies have reported the critical involvement of
IL-10 cytokine in the suppression of EAE models associated
with an increase in Tr1 cells [25]. In EAE, the transfer of in vitro
generated OVA-specific Trl cells prevents the development of
neurological symptoms when OVA peptide is injected intracra-
nially [26]. Moreover, in vivo induction of Trl cells with solu-
ble myelin basic protein (MBP) reverses ongoing disease in rats
immunized with MBP [27]. Regulatory Tr1 cells regulate EAE
partially through a mechanism involving IL-10 [28]. Myelin-
specific Trl cells injected mice-mediated delay onset of EAE
associated with a reduction in the severity of clinical signs [29].
Another challenge is to successfully induce regulatory T cells
directly in vivo to avoid T cell transfer that is challenging in
humans. Interestingly, nasal anti-CD3 administration can in-
duce Trl-like T cells in vivo that are further able to constrain
inflammation in the progressive animal model of multiple scle-
rosis in an IL-10-dependent manner by regulating astrocytes
and microglia function [30]. Tr1 cells also display immunosup-
pressive functions in the human setting. Tr1 cells isolated from
MS patients display impaired IL-10 production and altered IL-
10-mediated suppressive effects when compared with healthy
controls [31, 32]. In this line, considering that Tr1 function is
impaired in MS, some studies investigated the effect of Trl
differentiation by tolerogenic dendritic cells (tolDCs). A phase
1b clinical trial showed the feasibility and safety of treating a
patient with MS with tolDCs loaded with myelin peptides to
increase IL-10 levels in PBMCs as well as the frequency of Trl

Granzyme-B, Perforin,
NCR’s,Adenosine

activated CD4" T cells. Bregs secrete 1L-35 and TGF-f3 that suppress
APC function. NK cell engagement of NCRs suppresses CD4™ T cell
proliferation and exerts a cytotoxic activity via the release of granzyme-
B, perforin, and of the immunosuppressive adenosine. CNS-derived
MDSCs suppress proliferation and promote cell death of lymphocytes

cells [33]. Furthermore, tolDCs exert some of their effects
through the cytokine IL-27 that has been identified as a key
inducer of Trl and inhibitor of Th17 during autoimmunity [6,
24]. IL-27 plays a suppressive role during EAE as demonstrat-
ed by more severe disease in IL-27R-deficient mice [34].
Furthermore, IL-27 treatment reduces the severity of EAE by
a mechanism dependent on IL-10 [35]. Relevant to the human
disease, the beneficial impact of IFNf3, first-line therapy for
relapsing-remitting MS, is associated with IL-27 induction,
which promotes the production of IL10 by dendritic cells
[36]. Finally, IL-27 is expressed by astrocytes in brain biopsies
of human MS lesions suggesting that IL-27 regulates T cell
response also locally within the brain of MS patients [37].
Therefore, IL-27 (acting on Trl cells) plays a critical role in
controlling autoimmunity, providing a putative target therapy.

Role of regulatory CD8 cells

Similarly to CD4" T cells, CD8" T cells are both detrimental and
protective during EAE and probably MS. After the identification
of CDS as being protective during EAE [38], the importance of
the Qa-1 protein, an MHC class 1b molecule (mouse equivalent
of HLA-E for human), as a key molecule in CD8-meditated
suppression was highlighted [39]. Qa-1/HLA-E-restricted
CD8" Tregs reduce EAE by promoting a cytotoxic activity on
activated CD4" T cells (Fig. 1) [40]. By performing screening
for TCR specificity, peptides specific for the TCRs of clonally
expanded CD8* T cells were identified. Concomitant immuni-
zation with myelin and those peptides reduces EAE severity by
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expanding CDS8 T cells that limited the proliferation of myelin-
specific CD4" T cells [41]. During an MS exacerbation, CD8*
HLA-E-restricted show an impaired cytotoxic activity against
activated myelin-specific CD4" T cells [42]. Moreover,
neuroantigen-specific CD8" T cells are observed in both MS
patients and healthy subjects [43] but their suppressive function
is reduced during MS relapses [44]. A meta analysis evaluating
the differences of frequency of CD8" Tregs between healthy
volunteer and MS patients lead to the conclusion that CD8"
Tregs frequency is reduced in MS patients [45]. Furthermore
during EAE, while most of the expanded CD4" T cells are
myelin specific, the majority of clonally expanded CD8" T cells
are not activated by myelin protein [41].

Role of regulatory B cells

Regulatory B cells (Bregs) represent a small population of B
cells, which participates in immunoregulation and suppression
of immune responses. Due to the limited data on the phenotype
of Bregs, they are usually identified by their capacity to secrete
IL-10 and are termed B10 cells (Fig. 1). Apart from their IL-10
production, Bregs exert their functions by the expression of other
regulatory cytokines such as TGF[3 and IL-35 or by the genera-
tion and maintenance of Tregs. The role of B cells itself remained
elusive for many years, and initially, it was proposed using B
cell-deficient mice, that B cells did not play a major role in the
activation of encephalitogenic T cells but may solely partially
contribute to the immune modulation in EAE [46]. The roles of
B cells were further studied using B cell-targeted monoclonal
antibodies (anti-CD20). While B cell depletion is beneficial if
performed during disease activity, their depletion prior to EAE
induction increases encephalitogenic T cell influx into the CNS
in the MOG 3555 model of EAE [47]. By using the same strategy,
Ray et al. found that B cell depletion prior the onset of EAE
resulted in chronic disease induced by adoptive transfer of
MBP-specific encephalitogenic T cells [48]. Further studies
showed that transfer of B10 cells in mice suppresses active and
spontaneous EAE in different mouse strains [49, 50]. The sup-
pressive capacity of Breg during EAE is also dependent on co-
inhibitory molecules that downregulates effector T cell responses
and elevated PD-L1 expression on B cells suppresses EAE [51].
In addition, IL-35 expression is also implicated in EAE recovery
[52]. Finally, the presence of B cell-secreted TGF(3 limits the
induction phase of EAE, further demonstrating the regulatory
role of B cell-derived IL-35 or TGFf3 during autoimmunity [53].

In MS pathogenesis, the role of Bregs remains unclear due
to several contradictory reports. The number of Bregs was
reported to be reduced [54], unaltered [55], or increased [56]
ending in disagreement between studies evaluating the role of
Breg cells in MS. Interestingly, plasmablasts and plasma cells
(that are not targeted by anti-CD20 treatment) highly express
IL-10 within MS lesions [57] suggesting that these cells may
ameliorate inflammation. IgA+ plasma cells can be generated
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in the gut and be mobilized to the CNS to further contribute to
inflammation resolution in EAE and possibly in MS [58]. The
controversies on Bregs are certainly the consequence of vari-
ations in patient cohorts (state/form of the disease, treatments)
but also due to the non-established phenotype of Bregs and
may depend upon the stage of differentiation of B cells.

Role of NK cells

In addition to regulatory lymphocytes, innate immune cells
depict immune-regulatory properties. NK cells are innate lym-
phocytes that were initially affected with effector function
properties, in particular, anti-tumoral and anti-viral [59].
However, they also display regulatory functions, more specif-
ically the subset of human NK cells that express CD56 at high
levels (CD56°€" NK cells). CD56 8" NK cells are a small
fraction of circulating NK cells but constitute a large propor-
tion of NK cells within lymph nodes and CSF. NK cells are
detected in the CSF of both healthy and MS patients and can
be considered as a CNS-specific marker, probably entering the
CNS by the lymphatic vessels. NK cells can be activated by
the pro-inflammatory cytokines IL-12 and IL-15 and thus are
a good prototype of cells induced in the context of inflamma-
tion to promote its resolution. Interestingly, IL-27, which
drives Trl cell generation, further enhances the anti-
inflammatory functions of CD56°"¢" NK cells [60]. In hu-
man, CD56"€" NK cells control T cell responses by several
different mechanisms: contact-dependent suppression via
perforin and granzyme B, via engagement of natural cytotox-
icity receptors (NCRs) or via the secretion of the immunosup-
pressive molecule adenosine (Fig. 1) [61]. Interestingly, while
the numbers of NK cells are similar in control and MS pa-
tients, NK cells from MS patients depict a lack of regulatory
functions [62]. In EAE, the role of NK cells is more tedious to
evaluate, as murine NK cells do not express the surface mark-
er CD56. However, expression of other markers can further
identify regulatory murine NK cells. For example, enhancing
regulatory NGK2* NK cells dampens EAE disease by killing
T and microglia cells in the CNS in the acute phase of EAE. In
MS, modulating CD56°¢™ NK cell functions was used as a
strategy to tackle inflammatory processes. Indeed,
daclizumab, a drug used to treat MS and that blocked the IL-
2R« chain (CD25), was associated with expansion and acti-
vation of CD56°¢" NK cells that further controlled T cell
activation [63]. While daclizumab was efficient against MS
flare, it was withdrawn from the market after several cases of
systemic autoimmunity complications occurred [64].

Role of foamy macrophages
Histological assessment of the resolving lesion in MS sug-

gests that activated macrophages/microglia play a role in in-
flammation resolution [65]. Microglia and macrophages can
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be both detrimental and beneficial during EAE and MS [8]. Of
particular interest, foamy macrophage/microglia, which
phagocyte myelin, are present in the resolving lesion [65]
and MS lesions in general. Foamy macrophages/microglia in
MS lesions express anti-inflammatory mediators such as IL-
Ira, CCL18, IL-10, TGF-b, and IL-4 [66]. CD163 is consid-
ered as a marker of anti-inflammatory M2 macrophages [67],
and it was shown that macrophages in acute MS lesions
strongly express CD163 [68]. When challenged with LPS,
macrophages that have ingested myelin showed reduced pro-
duction of the pro-inflammatory cytokines TNF«, IL-12p35,
and 1L-12/23p40 as compared to macrophages that have not
ingested myelin [66]. Myelin uptake also increased the pro-
duction of prostaglandin E2 and CCL18, two mediators that
skew macrophages toward an M2 anti-inflammatory pheno-
type [69, 70]. Myelin ingestion can activate both peroxisome
proliferator-activated receptor 3/0 (PPAR (3/6) [71] and liver
X receptor (LXR) [72]. Those two nuclear receptors are acti-
vated by lipids and can repress an inflammatory phenotype
[73]. It should be noted that LXR is not a purely anti-
inflammatory receptor but can also promote inflammation in
certain settings [74].

Role of myeloid cells

In all MS lesions type, the macrophages/microglia outnumber
the lymphocytes [75]. Like all the cells constituting the im-
mune cell network, innate immune cells are both detrimental
and beneficial during MS. Among innate immune cells, a
potentially interesting subpopulation is the myeloid-derived
suppressor cells (MDSCs) that could play an important role
in MS (Fig. 1). MDSCs were initially discovered in cancer
[76]. They are constituted of heterogeneous populations of
immature myeloid cells which have the common ability to
suppress T cell proliferation [77]. Their implication in MS is
only starting to be investigated and is complicated by the
difficulty to define MDSCs (summarized elsewhere [78]).
MDSCs accumulate in the CNS during EAE, are able to sup-
press T cell proliferation, and promote cell death in vitro [79].
In addition, the ability of some blood-derived myeloid cells to
suppress T cell proliferation was impaired during EAE [80].
Furthermore, those suppressive cells accumulate within the
lymphoid compartment during EAE [81] and adoptive trans-
fer of MDSC:s attenuates EAE [81]. To corroborate those find-
ings, young mice are resistant to EAE and show a higher
frequency of MDSCs [82]. In patients suffering from a MS
relapse, the number of circulating MDSCs is increased.
Interferon-[3, a first-line treatment for MS, could act among
many mechanisms by enhancing MDSC activity [83]. Studies
are showing both increased and decreased frequencies of
MDSCs in MS [81]. More recently, an inverted correlation
between MDSCs and CD138" B cells was observed in
the CSF of MS patients [84] and CD138+ B cells are

positively correlated with CNS inflammation [85]. Based
on RNA sequencing analysis, MDSCs could acquire their
suppressive phenotype directly in the CNS. They further
prevent the accumulation of B cells in the CNS and
contribute to dampening the inflammatory reaction [84].
A few publications implicating MDSCs in MS resolution
and their potent immune suppressive activity indicates
that it is a promising field toward a better understanding
of MS resolution.

Role of TNF and related cytokine

Tumor necrosis factor (TNF) family genes are associated
with MS. TNF-« is produced by several cell types includ-
ing immune cells (macrophages or T cells) as well as CNS-
specific cells (astrocytes or neurons) and can be detected in
the CNS during MS [86]. It is active under two conforma-
tions: a transmembrane protein (tmTNF) and a soluble
TNF (solTNF). TNF-« binds to two different receptors
with different affinities: TNFR1, expressed on all cell
types and TNFR2 mainly expressed on neurons, endothe-
lial and immune cells [87]. SolTNF signals through
TNFRI1, mediating apoptosis, and chronic inflammation;
tmTNF signals by binding both TNFR1 and TNFR2 and
promotes resolution of inflammation [88]. TNF-« was ini-
tially proposed as a prototypical pro-inflammatory media-
tor and its expression is associated with MS disease pro-
gression [89]. However, blocking TNF-« pathway with
lenercept, a recombinant soluble TNFR1 fusion protein
strategy, failed as a treatment for MS and even lead to
more exacerbations in patients treated with the drug com-
pared to controls [90]. One possible explanation to this
phenomenon is the inability of lenercept to enter the CNS
[91]. However, treatments with soluble TNFR2 fusion pro-
tein (etanercept) or anti-TNF-« antibodies (infliximab) are
also associated with the development of MS-like demye-
linating lesions in patients treated for rheumatoid arthritis
[92] suggesting that TNF-« is possibly actively involved in
inflammation resolution and repair processes. First, TNF-&
contributes to Treg expansion. Indeed, using in vitro co-
culture experiments with murine Foxp3™ Tregs and effector
T cells (Teffs), short-term exposure to TNF-« promotes
Teff expansion, and a longer exposition to TNF-« pro-
motes Tregs activation [93]. TNRF2-deficient mice fail to
expand Tregs under septic challenge and depict a worse
EAE disease course [94]. Furthermore, TNFR2 signaling
contributes to tissue repair specifically in the CNS and
promotes the proliferation of immature oligodendrocytes
[95]. Finally, selective blockade of solTNF improves
EAE outcome by enhancing remyelination and axon pres-
ervation [95]. In addition, a polymorphism in TNF-related
apoptosis-induced ligand (TRAIL) gene, a type II trans-
membrane protein that can induce apoptosis, is observed
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in MS [96]. As for TNF-«, the TRAIL/TRAIL-receptor
pathway has double roles during neuroinflammation.
First, activating TRAIL pathway induces neurotoxicity
causing inflammation and cell death [97]. On the other
hand, it contributes to inflammation resolution in the
CNS as chronic blockade of TRAIL pathway promotes
inflammation and demyelination during EAE [98]. In con-
clusion, the roles of TNF and TNF-related genes on in-
flammation resolution remain a difficult but exciting area
of research in MS.

Lipid mediators during EAE and multiple sclerosis

Specialized pro-resolving lipid mediators (SPMs) represent
promising tools for the treatment of chronic inflammatory
diseases. These highly potent anti-inflammatory lipids are de-
rived metabolically from omega-3 essential fatty acids and
include lipoxin a4 (LXA4) derived from arachidonic acid
(AA), the D-series resolvins, protectins and maresins derived
from docosahexaenoic acid (DHA), and the E-series resolvin
derived from eicosapentaenoic acid (EPA). They are produced
in the resolution phase of acute inflammation and have direct
potent cellular responses to dampen inflammation and restore
homeostasis [99]. SPMs affect both innate and adaptive im-
mune cells by inhibiting DC maturation and function and/or
modulating T and B cell phenotype and cytokine production
[99]. Despite emerging data showing that SPMs might control
neuroinflammation, research on these mediators in MS re-
mains scarce. However, SPMs are produced in different tis-
sues including the brain and cerebrospinal fluid [100] and
accumulative evidence reveal that SPMs reduce neurodegen-
erative disease and protect neural cells in ischemic stroke or
Alzheimer’s disease [101, 102]. Furthermore, a connection
between disease severity and lipid mediator production has
been proposed as the resolving D1 and the neuroprotection
D1 are increased in CSF of patients with highly active MS
[103]. In contrast, bioinformatics analysis showed that the
metabolites of PUFAs were downregulated in the plasma of
EAE, which has also been reported in patients with MS [104].
In addition, oral administration of resolving D1 is effective in
attenuating EAE disease progression by promoting Treg phe-
notype while attenuating the percentage of Th1/Thl7 cells
[104]. Similarly, the levels of resolving D1 decrease in the
CSF of patients with neuromyelitis optica or MS compared
to healthy patients, indicating dysfunction of resolution in MS
patients [105]. Of note, researches in preclinical models and
epidemiologic studies relating specific diets in the manage-
ment of MS provide preliminary evidence that omega-3 fatty
acid supplementation beneficially influences both EAE and
MS disease [106]. These observations further strengthen the
therapeutic potential of SPMs derived from omega-3 essential
fatty acids in the resolution neuroinflammation.
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Contribution of non-hematopoietic
component: CNS network

The CNS has been considered as an immune-privileged site
for decades, based on an original finding that foreign tissue
was not rejected when grafted in the CNS parenchyma [107].
The aim here is not to describe the mechanism at the origin of
this immune-privilege but to discuss the putative role of non-
hematopoietic cells in the resolution of inflammation. The
intrinsically immuno-suppressive nature of the CNS is an im-
portant concept to consider when evoking local mechanisms
that contribute to dampening an inflammatory reaction arising
in the brain and spinal cord (Fig. 2a). The infiltration of pe-
ripheral leukocytes into the CNS is a key step at the origin of
inflammatory cascade leading to MS relapses (Fig. 2b). In-
between the blood circulation and the CNS parenchyma lies
a “two-wall castle” [108] that needs to be crossed by leuko-
cytes to trigger a relapse, the outer wall being either the highly
specialized epithelial cells or endothelial cells respectively of
the choroid plexus, i.e., the blood-cerebrospinal fluid barrier
(BCSFB) and the CNS capillaries, i.e., blood-brain-barrier
(BBB). The inner wall is called the glia limitans as is com-
posed of astrocytic end-feet and the parenchymal basement
membrane. In between those “two walls” is found the cere-
brospinal fluid (CSF). Virtually, all the cellular networks con-
stituting the CNS mediate pro-resolving mechanisms. The
BBB constitutes a tightly regulated obstacle to leukocyte entry
in the CNS and in itself can limit the infiltration by counter-
regulatory mechanisms. The BCSFB and the CSF serve as
selective gateways that shift the infiltrating leukocytes toward
a pro-resolving phenotype. The astrocytes, by the production
of anti-inflammatory signals and by forming a physical barri-
er, are key in the MS relapse resolutions (Fig. 2b). Finally,
neurons besides their numerous functions are also able to
modulate the phenotype of immune cells. The highly special-
ized tightly sealed endothelial cells of the BBB are an obstacle
for inflammatory immune cell trafficking into CNS [109].
However, the BBB endothelium should not be considered as
just a simple physical barrier. The regulation of its permeabil-
ity results from a dynamic cellular cross-talk between endo-
thelial cells, astrocytes, pericytes, microglial cells, and neu-
rons. Together, these cells form the neurovascular unit
(NVU) [110].

Astrocytes

The impact of astrocytes in inflammation can be both detri-
mental and beneficial [111]. However, as the purpose of this
review is to give an overview of the potential mechanism
resolving an MS relapse, we will focus on protective mecha-
nisms. Astrocytes produce anti-inflammatory cytokines in re-
action to an inflammatory stimulus. Activation of human as-
trocytes by inflammatory cytokines induces the production of
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Fig. 2 Schematic representation of the CNS at steady-state and during a
relapse. a. Healthy CNS. The endothelial cells of the BBB are ensheeted
by astrocytic end-feet. The BBB is impermeable notably to leukocytes.
Oligodendrocytes form the myelin layer that surrounds the axon. b CNS
during MS. The blood-brain barrier is disrupted and the endothelial

IL-27 [112], which is further able to reduce EAE symptoms
[34]. In accordance with those results, RRMS patients have
increased levels of IL-27 in the CSF [37] and astrocytes show
an increased immune-reactivity of the IL-27 subunit EBI3 in
MS lesions (Fig. 3) [37]. Furthermore, IL-6-deficient mice are
resistant to EAE [113] and IL-6 activation of Gp130 in astro-
cytes is beneficial during EAE [114]. Using a CRE/Lox sys-
tem, it has been observed that the specific depletion of gp130
in astrocytes leads to an increased EAE severity associated
with a reduced number of FoxP3* CD4* Tregs cells, increased
number of IL-17 and IFN-y producing CD4* T cells. The anti-
inflammatory cytokines IL-10 and IL-4 are upregulated in
activated astrocytes in MS lesions [115]. Moreover, activation
of human-induced pluripotent stem cell-derived astrocytes
[116] by a combination of IL-13 and TNF-« induces IL-10
secretion. Finally, the implication of a proliferation of active
ligand (APRIL) was explored in MS and EAE: EAE disease is
worsened in mice deficient for APRIL. APRIL is expressed in
MS lesions, and stimulation of astrocytes with this molecule
induces IL-10 secretion that is sufficient to reduce T cell pro-
liferation [117].

We will now explore how the astrocytes-endothelial cellu-
lar cross-talk can regulate leukocyte trafficking in MS and

Myelin sheet disruption

Neuron activation

Macrophages/ ‘ ; ‘ .
icrosli oligodendrocytes ncephalitogenic
microglia 8 yt neurons lymphocytes lymphocytes

fﬁ Activated astrocytes > Endothelial cells

permeability is increased. The astrocytic end-feet are detached, allowing
leukocytes to transmigrate and trigger an inflammatory cascade.
Inflammatory signals produced by leukocytes activate astrocytes. The
myelin sheet is disrupted and phagocytes start to remove myelin debris.
Neurons are further activated during the inflammatory reaction

EAE. The leukocyte infiltration into the CNS during a relapse
is associated with BBB disruption, and thus, restoring or
maintaining the endothelial permeability could be a potential
mechanism to prevent an excessive infiltration during a
relapse. Astrocytes and endothelial cells cross-talk regu-
late and limit leukocyte infiltration. A key pathway in
this cellular cross-talk is the Hedgehog pathway (Hh)
[118]. Sonic-hedgehog (Shh) production by astrocytes
leads to a decreased endothelial permeability. Blocking
the Hh pathways during EAE leads to more severe dis-
ease and increases the number of INF-y and IL-17 pro-
ducing T cells in the CNS. Finally, increasing amounts of
Hh elements are found in MS active lesions. Netrin 1 is
produced by the endothelium in response to astrocyte-
derived Shh and is upregulated in MS and EAE lesions.
Treatment with Netrin 1 can reduce BBB disruption and
disease severity during EAE (Fig. 3) [119].

Furthermore, astrocytes limit leukocyte infiltration in the
CNS by forming a physical barrier. Any kind of injury in the
CNS will lead to the activation of astrocytes, which will be
translated into morphological and functional changes called
reactive astrogliosis [120]. Reactive astrogliosis can be both
beneficial and detrimental. Thus, activated astrocytes
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attenuate the inflammatory reactions triggered by infiltrating
leukocytes by forming a “scar-like perivascular barrier,” a
physical barrier that prevents the spread of infiltrating cells
to the adjacent CNS [121]. More recently, it has been shown
that astrocytes upregulate the tight junction protein CLDNI,
CLDN4, and JAM-A when activated [122]. Furthermore, ac-
tivated astrocytes are able to form interconnected processes
leading to a “trap” able to enclose lymphocytes (Fig. 3).
This phenomenon is dependent on the expression of CLDI,
CLDN4, and JAM-A. Conditional mouse model deficient for
CLDN#4 in astrocytes leads to increased lesion sizes an in-
creased number of infiltrating CD4 T cells per mm? of lesions
during EAE [122].

Neurons actively participate in inflammation
resolution during MS.

The contribution of neurons to the immune privileged site
of the CNS is not well established; however, neurons har-
bor immunoregulatory functions. The interaction between
neurons and encephalitogenic T cells induces the conver-
sion of T cells into Foxp3™ Tregs (Fig. 3) [123]. A new
type of regulatory cells enriched in the CNS of a
relapsing-remitting model of EAE was described [124].
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produce anti-inflammatory cytokines that repress encephalitogenic T
cells. Treg induction by neurons: neurons can repolarize encephalitogenic
T cell into FoxAl* Tregs. Foamy macrophage-suppressive mechanisms:
foamy macrophages produce anti-inflammatory cytokine that contribute to
inflammation resolution

The generation of these Tregs cells is dependent on the
expression of IFN-f3, and their suppressive functions are
mediated by the co-inhibitory molecule program death
ligand-1 (PDL-1) as well as the expression of the
lineage-specification factor FoxAl (or hepatocytes nucle-
ar factor 3alpha or HNF3 alpha). PDL-1 being mentioned
here, we take this opportunity to stress the role of check-
point inhibitors. Given the increasing number of check-
point inhibitors such as those that target the PD-1/PDL-1
pathway, notably in the field of oncology, the importance
of those inhibitory signals in autoimmunity has been in-
creasingly recognized. Altering checkpoint inhibitory
pathways can trigger or worsen CNS autoimmune dis-
eases. For an overview of the implication of those
immune-checkpoint and their inhibitors in CNS autoim-
mune diseases, we refer the reader to the following review
[125]. Using a CRE/Lox system, it has been proposed that
IFN-B production by neurons is essential to generate
FoxA1l Treg cells [126]. Selective depletion of IFN-{3 ex-
pression in neurons leads to an increased number of infil-
trating cells in the spinal cord during EAE. The potential
implication of neurons as active immune-modulators in
MS is an interesting concept that could benefit from
deeper investigations.
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Choroid plexus

The epithelial cells of the choroid plexus form the BCSFB.
Like the BBB, epithelial cells of the choroid plexus are sealed
together with tight junctions [127]. The barrier is thus not
formed by the endothelial cells of the choroid plexus which
are fenestrated [128]. So far, there is no documentation that
crossing the blood-brain barrier could skew leukocytes toward
an anti-inflammatory phenotype but the choroid plexus could
be considered as a selective gate, facilitating the passage of
regulatory cells to the CNS [129]. Moreover, once they have
crossed the BCSFB, immune cells reach to cerebrospinal fluid
that itself is a suppressive environment [130]. In a model of
spinal cord injury, pro-resolving M2 macrophages are
reaching the CNS by crossing the BCSFB rather than crossing
the BBB at the site of the lesion [131]. The CSF and the
choroid plexus are an M2-skewing environment, illustrated
by the presence of high levels of IL-13 and TGF- [131].
However, the implication of the BCSFB as a selective pro-
resolving gateway in the context of MS has not been investi-
gated. So far, the evidence suggests that in this context, the
choroid plexus rather serve as a primary route of entry for
autoreactive lymphocytes [132]. The CCL20 chemokine li-
gand of CCRG6 is constitutively expressed at the choroid plex-
us [132]. CCR6 is expressed by Th17 cells; it is suggested that
during EAE, there are primary wave Th17 cells that reach the
CNS by crossing the BCSFB. This primary inflammatory in-
filtrate would then trigger and the second wave of leukocyte
infiltration that would reach the CNS via the BBB in a CCR6-
independent manner [132]. It is not excluded that while cho-
roid plexus could serve as an initial route of entry for
autoreactive cells in EAE and MS; its pro-resolving nature
illustrated in another context could be beneficial during the
recovery phase. As Foxp3+Treg also expresses CCR6 [133]
during EAE, the choroid plexus could also serve as a site for
the recruitment of those cells.

Endothelial cells in the BBB

Since leukocyte infiltration in the CNS is a tightly regulated
process, multiple mechanisms are involved. One treatment
strategy to target MS is to inhibit lymphocyte adhesion to
the endothelium. Developmental locus-1 (DEL-1) is highly
expressed in the CNS [134]. The absence of DEL-1 in the
endothelium leads to an increased leukocyte function antigen
1 (LFA-1)-dependent adhesion to the endothelium.
Interestingly, mutation in the gene encoding DEL-1 (EDIL3)
is associated with MS [135]. DEL-1-deficient-mice display a
more severe EAE than their wild-type counterpart [136]. This
phenotype is associated with an increased BBB permeability
and infiltration of neutrophils together with increased level of
IL-17 possibly produced by CDS8 T cells. DEL-1 expression is
downregulated in chronic active lesions in MS and in EAE

[136]. Rather than being a simple adhesion inhibitor, DEL-1
seems to have a pro-resolution function by promoting
efferocytosis, a process by which macrophages phagocyte ap-
optotic neutrophils and acquire a pro-resolution phenotype
[137] notably by LXR activation. The implication of this path-
way remains to be explored during MS.

Impact of disease treatment on inflammation
resolution

Multiple treatment strategies are available to dampen inflam-
mation in MS. We will here discuss the potential impact of MS
treatments on inflammation resolution, first with the treatment
of relapse with high-dose of corticosteroids and then novel
disease-modifying treatments (DMTs). We will focus on in-
ductive therapies that induce a reset of the immune system and
promote component of inflammation resolution.

Treatment of MS relapse: glucocorticoids

MS course is influenced by the level of endogenous glucocorti-
coids (Gcs) that are mainly secreted from the adrenal gland in
response to an activation of the hypothalamo-pituitary-adrenal
(HPA) axis [138]. By interconverting active Gces (cortisone, 11-
dehydrocorticosterone), 113-HSD modulates intracellular ac-
cess of glucocorticoid to receptors. Type 1 113-HSD (113-
HSD1) reactivates glucocorticoids and increases intracellular
glucocorticoid concentration while type 2 113-HSD (11f3-
HSD2) inactivates Gces in vivo. MS patients show lower cortisol
levels in the CSF during acute relapses that may be secondary to
poor local activation of cortisone via 11(3-HSD1 or to inactiva-
tion via 113-HSD2. In the CNS, differential expression of 113-
HSDI and 2 expressions in foamy macrophages possibly con-
tribute to the resolution of acute inflammation in MS. The sec-
ond important “neurosteroids” is the dehydroepiandrosterone
(DHEA). In addition to cortisone (the natural metabolite), syn-
thetic steroids are also substrates for the 11[3-HSD enzymes.
Synthetic Ges have higher affinity, greater bioavailability, and
are poorly metabolized, and thus persist in plasma much longer
than endogenous glucocorticoids (cortisol). High-dose cortico-
steroid medication is thus used to shorten the duration of a
relapse and to accelerate its recovery. Corticosteroids have ro-
bust anti-inflammatory properties [139], such as induction of T
cell apoptosis and inhibition of BBB disruption. They further
play an active role in the resolution of inflammation as they
increase regulatory T (Treg) number and enhance their suppres-
sive capacities [140]. Indeed, steroid treatment in mice increases
the relative number of CD4*CD25*Treg cells, which are more
resistant to GC-induced apoptosis due to a higher expression of
Bcl-2 and increased levels of CTLA-4. In humans, the percent-
age of Treg cells in MS patients is increased after short-term GC
therapy [141]. Effects on Treg cells presumably contribute to the

@ Springer



720

Semin Immunopathol (2019) 41:711-726

therapeutic efficacy of Gces by favoring active resolution of in-
flammation during an MS relapse. However, glucocorticoids
have no impact on the long-term MS disease course and are
not considered as disease-modifying treatment (DMTs).

Disease-modifying treatments

Disease-modifying treatments (DMTs) are divided in two
main approaches: the first DMTs are efficacious through
a mechanism of continuous immunosuppression; the sec-
ond are induction therapies where DMTs reshape the
immune system toward a new immune system less prone
to disease activity. We will here focus on the second
approach, not because it is more commonly used but
because of its possible contribution to long-term inflam-
mation resolution. The prototype of induction therapy is
the autologous hematopoietic stem cell transplantation
(aHSCT) that consists of first mobilization of CD34*
hematopoietic stem cells, then an immunoablative condi-
tioning followed by HSC transplantation. aHSCT enables
recalibration of the immune system and restores the pre-
dominance of anti-inflammatory regulating factors over
inflammatory effectors. These mechanisms may explain
induction of long-lasting suppression of some autoim-
mune diseases by aHSCT with the development of a
tolerant environment. Tregs are both quantitatively and
qualitatively modified in MS patients after aHSCT (re-
view in [142]). The effect of aHSCT on Bregs has not
been evaluated in MS but Bregs are increased when
aHSCT is performed in patients suffering from systemic
sclerosis [143]. Increased PD-1 inhibitory signaling is
another possible immunoregulatory mechanism by which
aHSCT restores immune tolerance in MS patients with
early expansion of PD-1*CDS8*T cells and of PD-1-
expressing CD19* B cells. PD-1/PDL pathways play a
role in MS and in mouse model of EAE, blockade of
PDL1 or PDL2 accelerates disease course and severity
[144]. An association between PD-1 deficiency and MS
progression is reported: PD-1 expression is higher on
MBP-specific CD4" and CD8" T cells during remission
compared to acute relapses [145].

In addition, alemtuzumab leads to a “reset of the immune
system.” This treatment administered as a pulsed therapy targets
CD52* cells and depletes T, B, and NK cells followed by an
immune reconstitution. Alemtuzumab increased the anti-
inflammatory IL-10 and TGF-f3 cytokine levels within 6 months
of treatment and further increase Treg percentage and function
after 24 months post-treatment [146]. However, alemtuzumab
increases the percentage of repopulated naive/immature B cells
and possibly the hyper-population of naive B cell population
regenerating before Tregs induce systemic loss of immune-
tolerance and secondary autoimmunity that can be severe and
limits its use in the clinic [147]. Finally, cladribine can be
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considered as an inductive therapy. It is a purine analog, a pro-
drug whose metabolite selectively accumulates in lymphocytes
inducing specific lymphocyte depletion. Cladribine therapy may
have a profile of immune-reconstitution closer to aHSCT com-
pared to alemtuzumab [147].

Open questions and concluding remarks

It is legitimate to argue that an inflammatory misbalance
is at the origin of MS. Research on pro-inflammatory
mechanisms in MS has been largely studied; however,
the potential mechanisms that actively participate in re-
solving inflammation were scarcely evaluated. In fact, au-
toimmune diseases in general could come as much from
an excess of inflammation as from a deficit of pro-
resolutive mechanism or as a combination of both. For
example, even if it is purely speculative, the DEL-1 mu-
tation associated with MS [135] could result in a loss of
function leading to enhanced leukocyte adhesion and
transmigration across the BBB while at the same time, it
could contribute to disrupting efferocytosis, an important
process for inflammation resolution [148]. In MS, the lack
of full resolution of inflammation probably participates to
persistent chronic inflammation. For this reason, the
comparison of immune responses between MS and other
self-limited inflammatory diseases of the CNS like
ADEM or viral encephalitis could help in understanding
the specific mechanisms that lead to chronic inflamma-
tion. A first response to this question was addressed in
pediatric neuroinflammatory diseases [149]. By compar-
ing both abnormal effector and regulatory T cells, subsets
in children with either MS or monophasic inflammatory
CNS disorders, the authors could identify specific ab-
normalities in MS but not in other self-limited diseases.
Only children with MS presented with both an exagger-
ated pro-inflammatory response of CD8* Teff cells that
were resistant to suppression to Tregs as well as defi-
cient suppressive capacities of Tregs (more specifically
CD4CD25"CD127""Foxp3* Tregs) [149].
Furthermore, the resolution of inflammation is the results
of'a complex collaboration between the network of peripheral
and resident immune cells together with the local cells of the
CNS. Along the same lines, it is important to develop new
models that specifically mimic inflammatory processes that
take place in MS. Interestingly, an alternative rat EAE model
that induces focal cortical demyelinating lesions could high-
light that rapid resolution of inflammation contributes to more
efficient remyelination [150]. A better understanding of this
endogenous pro-resolutive mechanism could lead to novel
therapeutic approaches. Notably, the use of SPMs for relapse
treatment could be a promising new therapeutic approach also
in MS. Similarly, favoring astrocytic reaction that prevents the
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spread of the lesion could reduce the potential disability in-
duced by a relapse. Favoring and accelerating inflammation
resolution could be beneficial in terms of preventing the ac-
cumulation of disability that we see in RRMS patients.

In conclusion, the understanding of the immunopathogenic
mechanisms involved in resolution of inflammation in MS
remains an important research field. Thus, a better understand-
ing of resolution of inflammation in MS could result in inter-
esting alternative approaches toward improvement in the treat-
ments of MS patients.
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6. Manuscript N°4: Endothelial-derived oxysterols regulate myeloid-derived
suppressor cell expansion at the blood-brain barrier

This manuscript was submitted to EMBO molecular medicine and was then transferred
to EMBO reports where it is currently (31.05.2022) under review. In addition, the
abstract of this project was selected for oral presentations in international congresses,
including the 37" congress of the European committee for treatment and research in
multiple sclerosis (ECTRIMS 2021) for which | was awarded a free registration and
the 15" international meeting of neuroimmuology (ISNI 2021). | also received the
award of the best oral presentation at European network for oxysterol research

(ENOR) meeting 2019 and 2021.

It is the main manuscript of my thesis. We here describe a new floxed reporter Ch25h
Knock-in mouse model. This tool enabled us to decipher the pro-inflammatory function
of endothelial cells and Ch25h in experimental autoimmune encephalomyelitis. In
particular, we describe the impact of Ch25h in the regulation of bioactive lipids
secretion by CNS endothelial cells and their effect on the regulation of myeloid-derived
suppressor cells (MDSCs). The role of these cells in MS is described in the manuscript
“Resolution of inflammation during multiple sclerosis”.

We propose that Ch25h expression by the endothelium restrains the expansion of
MDSCs, which contributes to exacerbate EAE. Additionally, this mechanism might
also be relevant in glioblastoma, where we identified a reduced expression of CH25H
in tumor endothelial cells compared with peripheral healthy CNS tissue and a negative
correlation between CH25H mRNA expression and MDSC infiltration. As first authors
of this paper, | was involved in all the aspects of this study, including conceptualization,

data acquisition, analysis, and manuscript writing.



Endothelial-derived oxysterols regulate myeloid-derived

suppressor cells at the blood-brain barrier

Ruiz Florianl, Vigne Solennel, Peter Benj aminl, Rebeaud J essical, Wyss Tania*? , Yersin
Yannickl, Bressoud Valentinel, Roumain Martin*, Kowalski Camille’ , Boivin Gaelé, Roth
Leonard’, Schwaninger Markusg, Muccioli Giulio G.4, Hugues Stephanies, Petrova Tatiana V. 2,
Pot Caroline'

Authors affiliations:

! Laboratories of Neuroimmunology, Service of neurology and Neuroscience research center,
Department of Clinical Neurosciences, Lausanne University Hospital and University of
Lausanne, Lausanne 1066, Switzerland

* Department of Oncology, University of Lausanne and Ludwig Institute for Cancer Research,
Lausanne 1066, Switzerland

3 SIB Swiss Institute of Bioinformatics, Lausanne 1015, Switzerland.

* Bioanalysis and Pharmacology of Bioactive Lipids Research Group, Louvain Drug Research
Institute, UCL Louvain, Université catholique de Louvain, Brussels 1200, Belgium.

> Immunology and pathology department, Geneva University Hospital, Geneva 1211, Switzerland
6 Radio-Oncology Laboratory, Department of Oncology, Lausanne University Hospital and
University of Lausanne, Lausanne 1066, Switzerland

7 Department of Epidemiology and Health Systems, University Center for Primary Care and
Public Health (Unisanté), Lausanne 1066, Switzerland

*Institute for Experimental and Clinical Pharmacology and Toxicology, University of Liibeck,
Luebeck, Germany.

Correspondence to: Caroline Pot

Full address: Laboratories of Neuroimmunology, Department of Clinical Neurosciences,
Lausanne University Hospital and University of Lausanne, Chemin des Boveresses 155, 1066

Epalinges, Switzerland E-mail: Caroline.Pot-Kreis@chuv.ch

Running title: endothelial lipids regulate inflammation
Keywords: Endothelial cells; Oxysterols; Experimental autoimmune encephalomyelitis;

Polymorphonuclear myeloid-derived suppressor cells; Glioblastoma,



Abstract

The vasculature is a key regulator of leukocyte trafficking into the central nervous system (CNS)
during inflammatory diseases including multiple sclerosis. However, the impact of endothelial-
derived factors on other aspects of CNS immune responses remains unknown. Bioactive lipids, in
particular  oxysterols = downstream  Cholesterol-25-hydroxylase =~ (Ch25h)  promote
neuroinflammation but their functions in the CNS remain unclear. Using a floxed-reporter Ch25h
knock-in mice, we traced Ch25h expression to CNS endothelial cells (ECs) and demonstrated
that Ch25h-specific ablation in ECs attenuates experimental autoimmune encephalomyelitis.
Mechanistically, inflamed Ch25h-deficient CNS ECs displayed altered lipid metabolism favoring
polymorphonuclear myeloid-derived suppressor cells (PMN-MDSC) expansion that suppress
encephalitogenic T lymphocytes. Additionally absence of Ch25h in ECs induced a transcriptomic
profile remisniscent of human glioblastoma ECs. Accordingly, in human glioblastoma, we
observed a reduced CH25H expression in ECs and an inverse correlation between CH25H
expression and MDSCs. Finally, endothelial Ch25h-deficiency combined with mobilization of
immature neutrophils into circulation resulted in nearly complete EAE protection. Our findings
reveal a central role for endothelial-derived Ch25h in promoting neuroinflammation by regulating

CNS expansion of immunosuppressive myeloid cell populations.



Introduction

Central nervous system endothelial cells (CNS ECs) are critically involved in multiple sclerosis
(MS) pathogenesis through their capacity to regulate leukocyte infiltration within the CNS
parenchyma. Moreover, recent evidences suggest that brain microvascular endothelial cells
dysfunction might be at the forefront of MS pathophysiology'. However, the molecular
mechanisms throughout which CNS ECs promote MS are incompletely understood.

We and others have previously shown that cholesterol metabolites promote neuroinflammation
>3 Immunomodulatory cholesterol metabolites include the family of oxidized cholesterol
derivatives oxysterols. Cholesterol 25-hydroxylase (Ch25h) is the rate-limiting enzyme for the
synthesis of 25-hydroxycholesterol (25-OHC) and 7a,25-hydroxycholesterol (7¢.,25-diOHC) *
that is the strongest ligand of the chemotactic receptor EBI2 (G-protein coupled receptor Epstein-
Barr virus induced gene-2) °. Multiple sclerosis (MS) and its animal model, the experimental
autoimmune encephalomyelitis (EAE), are characterized by inflammatory cell infiltrates and
demyelination of CNS°®. The development of MS is under the control of both genetic and
environmental factors, among which viral infections, in particular exposure to Epstein-Barr virus
(EBV) and adolescent obesity ’. In this line, oxysterols downstream Ch25h have been proposed
to favor EAE and possibly MS by driving pro-inflammatory lymphocyte trafficking in particular
Th17 cells expressing the oxysterol receptor EBI2 ***.

We previously demonstrated that Ch25h-deficient mice display an attenuated EAE disease course
*. Since then, independent works reported that Ch25h expression, together with 25-OHC and
70,25-diOHC levels, were increased in the CNS during EAE %19 However, the most critical
cellular source of Ch25h-derived oxysterols during neuroinflammation remains debated so as the
function of 25-OHC, which is a weak agonist of EBI2 and thus unlikely to drive Th17 cell
chemotaxis °. Ch25h is pleiotropically expressed along the hematopoietic lineage, including
macrophages and monocyte-derived dendritic cells (moDC), known to infiltrate the CNS early
during EAE *. Others have proposed that microglial cells could be the source of Ch25h-derived
oxysterols °. In addition, several studies using different disease mouse models and organs indicate
that Ch25h is expressed by non-hematopoietic cells, such as fibroblastic reticular cells, blood

endothelial cells (BECs) and lymphatic endothelial cells (LECs) L2 Recently, the Ch25h gene
was identified in the blood-brain barrier (BBB) dysfunction module ', a subset of 136 genes



upregulated in CNS endothelial cells of various mouse disease models associated with a BBB
dysfunction.

Despite those results, the importance of ECs as source of Ch25h-derived oxysterols and the
consequences of endothelial Ch25h inactivation during CNS inflammation have not been
explored. Additionally, the function of Ch25h during EAE was mostly assessed in the context of
immune cell trafficking *°. In line with this, studies aiming at defining the implication of CNS
ECs in neuroinflammation focus on their function in the regulation of leukocyte diapedesis.
Much less is known about the impact of endothelial-secreted factors, in particular lipids and
oxysterols, in the regulation of other aspects of leukocyte activity, such as their expansion or
polarization.

Polymorphonuclear myeloid-derived suppressive cells (PMN-MDSC) are pathologically
activated immunosuppressive neutrophils primarily studied in cancer '* that have been shown to
promote EAE recovery . In cancer, the current model proposes that their emergence is
controlled by two partially-overlapping phases: the first step takes place within the bone marrow
and spleen and is induced by growth-factors derived from tumors while the second step is favored
by pro-inflammatory signals primarily secreted by the tumor stroma '®. However, little is known
about the signals driving their expansion during neuroinflammation and the role of BBB ECs in
their generation is virtually unexplored.

In this study, we generated a floxed-reporter Ch25h knock-in mice and demonstrated that
endothelial-specific Ch25h deletion dampens EAE development. We further showed that Ch25h
deficiency induces a remodeling of endothelial-secreted lipids favoring the expansion of PMN-
MDSC. Accordingly, Ch25h endothelial-deficient mice display an increased infiltration of PMN-
MDSC in the CNS during EAE. On the other hand, human glioblastoma (GBM) ECs displayed a
reduced expression of human CH25H that is negatively correlated with MDSC expansion.
Finally, the combination of Ch25h endothelial-deficiency with mature neutrophil depletion
resulted in an almost complete protection from EAE and favored CNS PMN-MDSC
accumulation. Altogether, our results reveal a novel function of both Ch25h and ECs in the

regulation of PMN-MDSC expansion during neuroinflammation.



Results

Increased expression of Ch25h in blood endothelial cells promotes EAE

To identify the cellular source of the increased expression of Ch25h during EAE, we generated a
floxed reporter-Ch25h knock-in mouse, where eGFP is used as a reporter for Ch25h (Ch25h™"
mice) (Fig. 1A). We first characterized the eGFP reporter signal in the CNS at baseline and
during EAE. Ch25h-eGFP expression in CD45 Ter119°CD13'CD31" ECs from the CNS was low
in non-immunized (NI) Ch25h™" mice (Fig. 1B, top panel and Ic, gating strategy shown in Fig.
S1A). Strikingly, 16 days after EAE induction, which corresponds to the peak of the disease
severity, we noticed a 20-fold increase in Ch25h-eGFP signal in CNS ECs (Fig. 1B top panel and
1C). Ch25h-eGFP was not detected in other CNS resident cells (CD45 TER119°CD13°CD31"
cells, Fig. S1B). Furthermore, CD45 TER119" cells, representing cells from the hematopoietic
lineage and microglial cells, displayed low Ch25h-eGFP expression at baseline that was not
significantly altered during EAE (Fig. S1C and S1D). Hence, our results suggest that enhanced
expression Ch25h during EAE is restricted to the EC compartment.

To further study the role of Ch25h in ECs, we crossed the Ch25h™"" mice with VE-cadherin-
CreERT2 mice that express the tamoxifen-inducible Cre recombinase in endothelial cells
(Ch25h"*%7  We induced EAE two weeks after tamoxifen-induced Ch25h deletion and
validated the robustness of the deletion in CNS ECs (Fig. 1B lower panel and 1C). We previously
showed that Ch25h germline knockout mice develop a less severe disease compared with their
wild-type counterparts . Here, using the Ch25h*“*© mice, we found that Ch25h deletion in ECs
was sufficient to delay the disease onset and to reduce its incidence, while the mean maximal
score was similar between the two groups (Fig. 1D and Table 1). This phenotype is reminiscent
of the one observed in germline Ch25h knockout mice .

VE-cadherin-CreERT2 mice express the Cre recombinase in both lymphatic endothelial cells
(LECs) and blood endothelial cells (BECs) and both cell types have been shown to express
Ch25h '!2, In order to distinguish the role of Ch25h in these endothelial subtypes, we generated
mouse strains with specific deletion of Ch25h in BECs and LECs by crossing Ch25h™™ mice with
Pdgfb-iCreERT ' and Prox1-CreERT2 ' lines respectively. We then compared the EAE
phenotype of Ch25h™™:Pdgfb-iCRE*® ™" mice (Ch25h®**?), Ch2sh"™;Prox1-CRE®™™* mice
(Ch25h"*“¥©) and Cre negative control littermates injected with tamoxifen. Ch25h**“*°® mice

displayed a partial protection, similar to Ch25h*“*® mice (Fig. 1E and Table 1), whereas



inactivation of Ch25h in LECs had no effect on EAE phenotype (Fig. 1F and Table 1).
Altogether, our results show that Ch25h expressed by BECs plays a central role in promoting
EAE.

Ch25h deletion in CNS ECs upregulates genes related to polyunsaturated fatty acid
biosynthesis and metabolism

To gain mechanistic insights into the function of endothelial Ch25h in inflammation, we isolated
and cultured primary mouse brain microvascular endothelial cells (pMBMECs) from tamoxifen-
injected Ch25h"*“*° and Ch25h™ control mice. Confluent pMBMECs were stimulated or not
with the pro-inflammatory cytokine IL-1p, since IL-1 signaling in ECs of the BBB plays a crucial
role in driving EAE . Ch25h mRNA expression was significantly upregulated by IL-1pB
stimulation (Fig. 2A). Additionally, Ch25h transcripts were reduced in brain ECs isolated from
Ch25h"“° mice as compared with Ch25h™ ECs in accordance with the results obtained in-vivo
during EAE. We next analyzed the transcriptome of pMBMECs at baseline conditions or upon
IL-1B stimulation by RNA sequencing (RNAseq). Using FDR < 0.05 as cutoff and comparing
Ch25h"“%° pMBMECs to Ch25h™" ECs either at baseline or upon IL-1B stimulation, we
identified 1338 differentially expressed genes, 740 of which were upregulated in Ch25h"*°
pMBMECs, while 598 were downregulated. More than 1/5 of these genes were altered both at
baseline and upon IL-18 stimulation (Fig. 2B and Tables S1-S4). To identify the pathways altered
in the absence of Ch25h, we performed a gene set enrichment analysis (GSEA). One of the most
striking finding was that Ch25h deletion enhanced cell division-related gene expression
independently from IL-1p stimulation (Fig. 2C). This is consistent with recent findings showing
that Ch25h has angiostatic effects *'. Interestingly, IL-1B stimulation enhanced the expression of
genes related to extracellular matrix organization and response to wounding, which were further
increased in Ch25h*®© compared with Ch25h™" pMBMECs (Fig. 2C). We also identified an
enrichment in genes related to carboxylic acid biosynthetic process, which was only significantly
increased when IL-1p-stimulated Ch25h"“%® pMBMECs were compared with Ch25h""
pMBMEC:s, suggesting that this pathway is regulated by Ch25h specifically under inflammatory
conditions (Fig. 2C). Ch25h and 25-OHC can regulate cholesterol metabolism **. However, this
pathway was not significantly impacted by IL-1p stimulation nor Ch25h deletion. Downregulated
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pathways in Ch25 pMBMECs compared with control cells included, among others, innate

immune response, response to virus, positive regulation of catabolic process, vasculogenesis and



type I interferon signaling pathway (Fig. 2C). As the carboxylic acid biosynthesis pathway was
only enriched in IL-1B-stimulated Ch25hE%° compared with Ch25h"" pMBMECs, we focused
our attention on genes from this gene set. Carboxylic acids include unsaturated fatty acids, which
are regulators of the immune response. We thus specifically tested the enrichment of genes
associated with unsaturated fatty acid biosynthesis and found that they were increased in IL-1p-
stimulated Ch25hE%° compared with Ch25h™" pMBMECs (Fig. 2D). Intriguingly, this latter
gene set included prostaglandin I, synthase (PTGIS), an enzyme that catalyzes the biosynthesis
and metabolism of eicosanoids, in particular the isomerization of prostaglandin H; to
prostaglandin I, (PGI,). PGI; can be secreted by vascular endothelial cells and has been shown to
promote neuronal remodeling in a localized model of EAE **. We also observed an increase in
fatty acid desaturase 2 (FADS2) expression, which promotes the production of anti-inflammatory
lipids **. The elongase ELOVL4 and fatty acid desaturase 3 (FADS3) were also upregulated in
Ch25h“*°® pMBMECs. We further generated a heatmap of genes implicated in the biosynthesis
of unsaturated fatty acids and observed that among the above-mentioned genes, FADS2 and
FADS3 were upregulated by IL-1p and increased in absence of Ch25h (Fig. 2E, Tables S1- S3).
Next, we confirmed by RT-qPCR that FADS2, PTGIS and ELOVL4 were significantly
upregulated in Ch25h**° versus Ch25h™" pMBMECs under IL-1B stimulation (Fig. 2F). We
then compared our RNAseq to genes differentially expressed in CNS ECs in response to EAE ",
searching for matching genes after Ch25h deletion, IL-1p stimulation or during EAE. We found
that FADS2 and PTGIS were upregulated in CNS ECs during EAE '*. To confirm these results,
we FACS-sorted CNS ECs from Ch25h*“¥© and Ch25h™" EAE mice and evaluated mRNA levels
of FADS2 and PTGIS. We confirmed in-vivo that FADS2 mRNA transcripts were significantly
higher in CNS ECs of Ch25h*“*© mice (Fig. 2G). Overall, during inflammation, loss of Ch25h in
ECs alters lipid biosynthetic pathways, among which the upregulation of FADS2 that was
confirmed both in-vitro and in-vivo in the CNS during EAE.

Ch25h deletion in pMBMECS during inflammation alters lipid secretion

Ch25h is the rate-limiting enzyme for the synthesis of 25-OHC, and is also implicated in the
production of 70,25-diOHC and 7-keto-25-OHC *. Moreover, FADS2 is a key enzyme for the
synthesis of a vast number of eicosanoids **. We thus reasoned that Ch25h deletion in ECs could
have a broad impact on endothelial-secreted lipids. We evaluated lipid production by CNS ECs
by first measuring 10 oxysterols in the supernatant of control Ch25h™" or Ch25h*“*° pMBMECs



at baseline and upon IL-1p stimulation. Using principal component analysis (PCA), we found
that IL-1pB stimulation altered oxysterol production in Ch25h™" but less in Ch25h*“*° pMBMECs
(Fig. 3A). To identify which oxysterols were responsible for the observed differences, we
generated a loading plot to visualize the relative contributions of each oxysterols to PC1 and PC2
(Fig. 3B). With this approach, we found that 25-OHC and 7-keto-25-OHC were the only two
oxysterols that were increased (Fig. 3B). Further analysis revealed that IL-1f stimulation
increased the production of 25-OHC and 7-keto-250HC in Ch25h™" pMBMECs while their
production was reduced in Ch25h"*“° cells compared with Ch25h™ cells (Fig. 3C). 24(S)-OHC
levels increased by 1.5-fold in absence of Ch25h only in the IL-1 stimulated condition (Figure
S2A). 27-OHC (Figure S2B) and 7a-hydroxycholestenone (7a-OHCnone) (Figure S2C) were
reduced under inflammatory condition and Ch25h deletion increased their production by 1.5-fold
while 70-OHC levels remained unchanged (Figure S2D). Oxysterols can be generated by
enzymatic pathways and by cholesterol auto-oxidation. 7-ketocholesterol, a marker of cholesterol
auto-oxidation levels, remained unchanged (Fig. 3C), indicating that Ch25h enzymatic activity is
responsible for the observed changes.

To extend our lipidomic analysis to FADS2 downstream metabolites, we measured a panel of 100
eicosanoids in the supernatant of IL-1p treated or control pMBMECs (see material and methods
for the full list). We retained 49 eicosanoids for further analysis as they were above detection
threshold and detected in all the samples. PCA was performed to evaluate differences in
eicosanoids production among conditions (Fig. 3D, left panel). PC1 alone explained 38 % of the
total variance of eicosanoids and was retained to compare experimental groups. Comparison of
PC1 scores for each sample in the different conditions revealed that IL-1B strongly altered
eicosanoids production in pMBMECs (Fig. 3D left and right panel) and that Ch25h deletion
altered the secretion of several lipids only in pMBMECs stimulated with IL-1p (Fig. 3D right
panel). Using the same approach as for oxysterols, we identified a group of eicosanoids
contributing to PC1 (Fig. 3E, top panel). Most of these variables belong to the prostaglandin
family and the sum of their relative contribution to PC1 reached 40% (Fig. 3E, bottom panel).
Specifically, prostaglandin E, (PGE,) was a strong contributor (Fig. 3E, top panel). Comparison
of the concentration of prostaglandins in pMBMECsSs supernatants revealed that IL-1f increased
the secretion of PGE, and of the stable metabolite of PGI, (6-keto-PGF ) (Fig. 3F). These were
the two prostaglandins detected at the highest level in IL-1B-stimulated pMBMECs supernatant



(Fig. 3F). Most importantly, Ch25h deletion significantly increased the secretion of these two
metabolites (Fig. 3F).

FADS?2 is the rate limiting enzyme for the desaturation of linoleic acid into y-linoleic acid which
itself is a precursor of prostaglandins®®. In accordance with this, y-linolenic acid levels were
significantly increased by IL-1p stimulation and further enhanced by Ch25h deletion (Figure
S2E). We observed a similar pattern in prostaglandin F,, (PGF,,) and 15-hydroxyeicosatetranoic
acid (15-HETE) (Fig. S2F and S2G). 14-hydroxy docosahexaenoic acid (14-HDoHE) was only
increased in Ch25h deficient endothelial cells stimulated by IL-1p (Fig. S2H) while

docosahexaenoic acid levels were reduced by IL-1f only in Ch25h™"

samples but maintained in
absence of Ch25h (Fig. S2I). Other eicosanoids such as eicosapentaenoic acid, arachidonic acid
or linoleic acid were not affected by Ch25h deletion nor IL-1f stimulation (Fig. S2J-L).
Prostaglandin-endoperoxide synthase 2 (PTGS2 or COX2) or prostaglandin E synthase
expressions were not affected by Ch25h deletion (Table S3) in inflammatory conditions. In
conclusion, Ch25h inactivation and IL-1B stimulation in pMBMECs alters oxysterols and
eicosanoids secretion. Specifically, eicosanoid and prostaglandin precursor y-linolenic acid
produced by FADS2 and multiple eicosanoids were increased in Ch25h-deficient endothelial
cells under inflammatory conditions. Thus, we propose that FADS2 upregulation induced by
Ch25h deletion could be at the origin of the differences in eicosanoid levels described above and
that Ch25h is an upstream regulator of this enzyme.

Increased infiltration of PMN-MDSC in the CNS of Ch25h*“*° mice during EAE

We observed that PGE, production in response to IL-1 was potentiated in the absence of Ch25h
in cultured ECs. Mechanistically, PGE, signaling through EP4 expands MDSC *’, and PMN-
MDSC are protective during EAE '°. We thus hypothesized that pMBMEC-secreted lipids
induced by IL-1p, in particular PGE, and 25-OHC, affect MDSC expansion. Using bone marrow-
derived cells (BMDCs) cultivated under MDSC polarizing conditions **
addition of PGE, increased the population of CD11b'Ly6C'Ly6G" cells, representing PMN-
MDSC (Fig. 4A and 4B upper panel) but decreased the population of CD11b"Ly6C"¢"Ly6G™

cells, representing monocytic-MDSC (M-MDSC) (Fig. 4A and 4B, lower panel) after 4 days of

, we observed that

culture. Addition of 25-OHC reduced the percentage of M-MDSC to a similar extent than PGE,
(Fig. 4A and 4B). Strikingly, 25-OHC almost completely abrogated PMN-MDSC expansion in
vitro (Fig. 4A and 4B). Hence, we propose that 1) PGE; and 25-OHC exert opposed effects on



PMN-MDSC expansion and that 2) alteration of the secreted lipid profile induced by Ch25h
deletion in ECs under inflammatory conditions favors the expansion of PMN-MDSC.

Given the importance of CD4" T cells for EAE physiopathology and the lack of specific markers
for PMN-MDSC, we first asked whether CD11b'Ly6C Ly6G" cells isolated from the CNS of
mice during EAE suppress CD4" T cell proliferation. We sorted this population from the CNS of
EAE WT mice at the peak of the disease (Fig. S3) and co-cultured them with CFSE-labelled
CD4" T cells isolated from the spleen and stimulated with anti-CD3/CD28 beads.
CD11b'Ly6C Ly6G" cells potently suppressed CD4" T cell proliferation even when they were
cultivated at the ratio of 1:8 (Fig. 4C). Moreover, we observed that the abundance of this
population was negatively correlated with proliferating Ki67 CD4'CD44" cells in the CNS
during EAE (Fig. 4D). These results indicate that CNS infiltrating CD11b'Ly6C Ly6G" cells at
the peak of EAE can suppress CD4" T cells proliferation and hence can be functionally
characterized as PMN-MDSC. As Ch25h deletion in cultured CNS ECs under inflammatory
conditions induced a lipid remodeling favoring PMN-MDSC expansion, we assessed if
Ch25h"“*° mice display an increased infiltration of PMN-MDSC in the CNS during EAE by
FACS. In accordance with our in-vitro results, we observed that Ch25h deletion in ECs resulted
in an increased infiltration of PMN-MDSC in the CNS (Fig. 4E and 4F) together with a reduction
of CD4'CD44'Ki67'T cells (Fig. 4F). Finally, to confirm that our observation were specific to
the CNS, we crossed our Ch25h™™ mice with the tamoxifen-inducible BBB-EC-specific Scolcl-
CreERT2 mice®, allowing for CNS-specific deletion of Ch25h in ECs, hereafter termed
Ch25hPBB%° mice. EAE was induced in Ch25h®®®%° and control mice and we observed that the
sole deletion of Ch25h in CNS ECs was sufficient to reproduce the phenotype observed in the
Ch25hE%? and Ch25hBE“*° mice (Fig. 4G). In conclusion, we found that Ch25h deletion in ECs
promotes PMN-MDSC accumulation in the CNS and that the attenuation of EAE mediated
Ch25h deletion is specific to the CNS.

CH25H is downregulated in ECs of human glioblastoma and its expression is negatively
correlated with MDSC inflitration

The transcriptomic alterations, combined with PGE2 increased production and PMN-MDSC
infiltration observed in absence of Ch25h in ECs prompted us to speculate that Ch25h deletion
induces a “cancer stroma-like” profile in CNS ECs that dampen neuroinflammation by inducing

an immunosuppressive environment. To interrogate the function of CH25H in a human disease
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setting, we thus focused our attention on cancer. Indeed, ECs are difficult to characterize in MS
samples with standard approaches as they are depleted from CNS samples analyzed by single-cell
RNAseq ** *'*2. In addition, PGE, is increased in multiple cancers, can be produced by the tumor

3 and MDSC expansion *’. Thus, we first compared our

stroma, favors immune escape
pMBMECs with ECs from human glioblastoma (GBM) ** a CNS tumor whose progression is
partially driven by PMN-MDSC *°. Genes upregulated in GBM ECs were particularly highly
expressed only in IL-1p stimulated Ch25h*“*® pMBMECs compared with the other conditions
(Fig. 5A left panel). Genes downregulated in GBM ECs were also lowly expressed in IL-18
stimulated Ch25h"*“*° pMBMECs (Fig. 5A right panel), indicating transcriptomic similarities of
Ch25h*“*° pMBMECs and GBM ECs. We next asked whether CH25H expression was altered in
ECs from human GBM and took advantage of a recent single-cell RNAseq dataset on human
GBM samples enriched for CD31" cells (thus enriched for ECs) *. In this study, samples were
collected from the tumors and the peripheral healthy tissues in the CNS of 4 patients. Within this
dataset, we identified 20 different clusters (Fig. 5B) and ECs were identified using the venous,
arterial and capillary gene signatures established by Yang et al. in one of the largest single-cell
RNAseq dataset on human vascular cells *°(Fig. 5B, see methods). Cluster 16 consistently
showed a high proportion of cells displaying an enrichment of endothelial scores and was further
here defined as ECs (Fig. 5B). We performed differential gene expression analysis between
tumor ECs and ECs from the periphery of the tumor (namely healthy ECs) within all clusters and
found that, within cluster 16, CH25H expression was significantly downregulatedin the tumor
ECs compared to healthy ECs located at the periphery of the tumors (Fig. 5C, Table SS5). To
further asses if CH25H downregulation in tumors affects MDSCs infiltration, we further used an
algorithm that quantifies immune cell infiltration in cancers from bulk RNAseq data of the cancer
genomic atlas *’. We found that CH25H expression was negatively correlated with MDSCs in the
majority of cancers including GBM (Fig. 5D and S3). Of note, FADS2 expression displayed an
opposite pattern (Fig. S4). Those results show in a human disease setting that CH25H is
expressed by ECs and further negatively correlated with MDSCs expansion.

Mature neutrophil depletion promotes CNS PMN-MDSC accumulation and protects
Ch25h*“X° during EAE

To further confirm the impact of the immunosuppressive environment promoted by ch25h

deletion in ECs during neuroinflammation, we here propose that PMN-MDSC expansion dampen
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EAE disease. To further assess the function of PMN-MDSC in EAE, we targeted surface Ly6G
high cells by combining anti-Ly6G antibody injections with a mouse anti-rat IgG2a (so called

38

”) ¥ a strategy aiming at depleting neutrophils and enhancing their turnover .

“Combo treatment
EAE was induced in Ch25h*®° and Ch25h"" mice and each group was then divided in two arms
receiving either the isotype or the Combo treatment during the symptomatic phase of EAE. First,
we confirmed that the Combo treatment was effective in depleting neutrophils during EAE, as
their prevalence in the blood was strongly reduced in the Combo treated Ch25h"" and Ch25h=*©
mice after 1.5 days of treatment (Fig. S5A for gating strategy and S5B). Moreover, the
percentage of blood CD45"'CD11b"Ly6C Ly6G intracellular” cells was similar between Ch25h™"
and Ch25h"“*° mice treated with the isotype, suggesting that PMN-MDSC expansion in the
absence of Ch25h is restricted to the CNS. Then, assessing EAE disease course in the four groups

ECKO
h

described above, we first observed a significantly reduced severity in Ch25| compared to the

Ch25h™ mice in the isotype group, indicating that the treatment with the isotype control did not

hECKO

impact the phenotype previously observed in Ch25 mice (Fig. 6A). Strikingly, the Combo

hFO mice while it did not

treatment resulted in an almost complete EAE protection in Ch25
significantly alter the course of EAE in Ch25h™" mice (Fig.6A). Remarkably, the incidence of
EAE was reduced in the Ch25h"*“®° combo-treated group (Fig. 6B). Moreover, we observed an
increased accumulation of CD45°CD11b'Ly6C Ly6G intracellular” granulocytes in the CNS of
Ch25h"® Combo treated mice compared to Ch25h*“*° and Ch25h™" isotype treated mice (Fig.
6C and D).

In addition to reducing the prevalence of circulating neutrophils in the blood, the Combo
treatment altered their phenotype, as they displayed a reduced expression of CD101 and Ly6G,
consistent with an immature phenotype (Fig. S5b). The reduced expression of CD101 in blood
neutrophils persisted 10 days after Combo protocol initiation (Fig. 6E). Furthermore, compared to
blood, most CNS infiltrating neutrophils were immature as they were negative for CD101 (Fig.
6E).

We next asked how EAE and the Combo treatment were affecting mature and immature
neutrophil circulation. We found that 6 days after immunization, the blood prevalence of both
immature and mature neutrophils was increased (Fig. 6F). Circulating mature neutrophils further
increased at day 16 after immunization (Fig. 6F, left panel), while immature neutrophils

decreased at this time point compared to day 6 but remained above the baseline level (Fig. 6F,
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right panel). The combo treatment was initiated on day 14 after EAE induction and prevented the
expansion of the circulating mature neutrophil pool but did not impact the blood prevalence of
immature neutrophils (Fig. 6F). Those results show that the Combo protocol efficiently depletes
mature neutrophils while immature neutrophils preferentially infiltrating the CNS are not strongly
impacted. Neutrophil progenitors can be polarized in PMN-MDSC '* that can further proliferate
and acquire their suppressive phenotype directly in the CNS '°. We thus propose that reducing the
mature to immature neutrophil ratio favors the accumulation and conversion of immature
neutrophils in PMN-MDSC in the CNS. Furthermore, Ch25h expression in endothelial cells
negatively regulates the protective effect of PMN-MDSC accumulation in EAE.

Discussion

In this study, we demonstrated that Ch25h expression is increased in CNS endothelial cells
during EAE and that 25-OHC, the Ch25h-downstream metabolite promotes neuroinflammation
by reducing the expansion of PMN-MDSC. Mechanistically, we propose that 25-OHC and PGE,
are secreted by inflamed CNS endothelial cells and exert opposed effects on PMN-MDSC.
Hence, reduced levels of 25-OHC and increased levels of PGE; resulting from Ch25h deletion in
endothelial cells act together to favor PMN-MDSC expansion. Our data suggest that Ch25h
expression by human GBM endothelial cells also regulate MDSC accumulation in this tumor and
possibly other cancers. Depleting mature neutrophils by using a double antibody-based strategy
during EAE promotes CNS PMN-MDSC accumulation in absence of endothelial Ch25h. Taken
together, our results reveal a novel function for both Ch25h and ECs in the regulation of PMN-
MDSC during neuroinflammation.

We observed that the sole deletion of Ch25h in endothelial cells was sufficient to reduce 25-OHC
levels, suggesting that Ch25h is the main enzyme involved in 25-OHC secretion in this cell type.
Indeed, Ch25h loss can be potentialy compensated in other cell types such as hepatocytes by
other enzymes displaying 25-hydroxylase activity (e.g., Cyp3a4, Cyp27al and Cyp46al) *.
However they were not produced by pMBMECS neither at baseline nor under IL-1[ stimulation.
Additionally, we previously showed that 25-OHC levels were reduced in Ch25h KO Type 1
Regulatory T-cells **. Hence, for these two cell types, Ch25h is the main 25-OHC synthetizing-

enzyme.
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Our in-vitro data indicate that inactivation of Ch25h affects local concentrations of 25-OHC and
related oxysterol including 7-keto-25-OHC. Moreover, Ch25h was strongly upregulated in CNS
ECs during EAE and Ch25h-deficient brain endothelial cells displayed alterations in eicosanoids
and oxysterols secretion (other than 25-OHC and 7-keto-25-OHC) only under inflammatory
condition. Finally, 25-OHC primarily acts as a paracrine or autocrine mediator and its levels are
increased in inflammatory conditions. On the basis of these data, our results suggest that locally,
in the CNS, during EAE, deletion of Ch25h in ECs results in: i) a reduction of the autocrine
signaling of 25-OHC, favoring PGE, secretion and ii) a reduction of 25-OHC paracrine signaling.
Ch25h expression by ECs regulates the PGE; to 25-OHC ratio that might be an important
determinant of PMN-MDSC expansion in the inflamed CNS.

We observed that EC-derived Ch25h and 25-OHC promote inflammation during EAE. The role
of Ch25h during inflammation is controversial, with reports suggesting both pro and anti-
inflammatory functions >*'"*'*". Those discrepancies could result from the different disease
models used in these studies that investigated Ch25h function in various cell compartments and
organs (e.g colitis, lungs, and CNS inflammation). As for neuroinflammation, we have shown
that Ch25h-deficient mice depict an attenuated EAE disease > while others have reported an
exacerbation of the same EAE model ** but using different Ch25h deficient-mouse strains and
different controls. Indeed, in the later study, Ch25h heterozygous mice have been used as controls
for Ch25h-deficient mice. Thus, we cannot exclude that partial deletion of Ch25h also results in a
phenotype per se. Furthermore, environmental factors such as gut microbiota *, diet *, month of
birth ** and genetic background *' can have a broad impact on EAE development and could
contribute to the differences observed across different laboratories. However, our current study
further supports a pro-inflammatory role for Ch25h during EAE.

We additionally found that the sole deletion of Ch25h in ECs was sufficient to dampen EAE. The
cellular source of Ch25h is disputed during EAE as both moDCs * and microglial cells ° have
been proposed to express Ch25h. ECs express Ch25h at high levels in lymph nodes and play a
role in B cell positioning during a humoral response 2. In addition, Ch25h expression by ECs
contributes to atherosclerosis development *>. However, while Ch25h expression has been
observed in ECs, and reported as upregulated in various murine models associated with a BBB
dysfunction, its expression at the protein level and function during EAE had never been explored

so far. Our data show that Ch25h expression in ECs plays a crucial role during EAE.
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We here observed an increase in fatty acid desaturase 2 (FADS2) expression in the absence of
Ch25h in ECs. FADS2 promotes the production of anti-inflammatory lipids **. These data
prompted us to speculate that FADS2 increased activity contributes to the attenuated EAE
phenotype observed in the absence of Ch25h in ECs. Mechanistically, 25-OHC restrains
cholesterol synthesis through inhibition of Sterol Regulatory Element Binding Transcription
Factor 2 (SREBP2) ** and FADS2 has been described as a target of SREBP2 **. We hence
propose that the reduction of 25-OHC in ECs induced by Ch25h deletion increases FADS2
expression through the release of SREBP2 inhibition. Interestingly, two Single Nucleotide
Polymorphisms (SNPs) within the FADS2 gene locus have been associated with a reduced risk of
Multiple Sclerosis *°. However, the impact of these SNPs on FADS2 activity remains unknown.
Additionally, the role of FADS2 in EAE and ECs is virtually unexplored. We here establish that
IL-1p signaling in ECs upregulates FADS2 expression and that Ch25h is an upstream regulator of
this enzyme. Moreover, our results suggest that the increased activity of FADS2 in ECs favors
PMN-MDSC expansion through PGE, secretion and could be a protective mechanism in EAE. In
line with this, PGE, is increased in the CNS of mice during EAE °® and injections of a stable
form of PGE; or an agonist of its receptor E-type Prostanoid receptor 4 (EP4) protects mice from
EAE *’. Diet supplementation with a plant containing high levels of y-linoleic acid have been
shown to attenuate EAE and increase PGE, production by splenocytes in SJL mice **. As
mentioned earlier, FADS?2 is the rate limiting enzyme for the synthesis of y-linoleic acid which is
a precursor of prostaglandins *°. Additional studies will be necessary to further clarify the role of
FADS2 during neuroinflammation.

We discovered that Ch25h deletion in ECs resulted in an expansion of PMN-MDSC in the CNS
during EAE. In mice, CD11b'Ly6C'Ly6G" population can be defined both as bona fide
neutrophils and PMN-MDSC *. Hence, the expression of these markers is not sufficient to
ensure the suppressive phenotype of these cells. Ly6G" cells isolated from the CNS during the
recovery phase of the EAE suppress B cell proliferation '°. We here show that
CD11b'Ly6C Ly6G" isolated from the CNS at the peak of the disease can also suppress CD4" T
cell proliferation, suggesting that this population at this time point of EAE corresponds to PMN-
MDSCs. However, it cannot be excluded that CD11b Ly6C Ly6G" cells are heterogeneous and
contain both bona fide neutrophils and PMN-MDSC, and that the suppressive capacity of this

population is dependent on the relative proportion of these two subsets. In line with this, single-
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cell RNAseq analysis of Ly6G" cells isolated from the CNS in a mouse model of optic nerve
injury identified three different cell clusters *°, suggesting that CNS-infiltrating neutrophils is a
heterogeneous population. Interestingly, the expression of arginase 1, a key enzyme in PMN-
MDSC-mediated lymphocyte suppression was restricted to a cluster displaying a transcriptomic
signature consistent with immature neutrophils ®. These cells were CD101", as the vast majority
(up to 92%) of CD11b'Ly6C'Ly6G" cells infiltrating the CNS at the plateau/recovery phase of
EAE in our study. Moreover, Ly6G" cells isolated from the CNS at the onset and the recovery
phase of EAE have distinct transcriptomic profile and the PMN-MDSC transcriptomic signature
seems restricted to Ly6G ™ cells from EAE recovery phase °. In other words, the maturation status
of CNS-infiltrating neutrophils could determine if they will acquire a suppressive phenotype.
When we depleted neutrophils using the “Combo protocol” at the time of the first EAE

hEKO mice while we did not

symptoms, we observed an almost complete EAE protection in Ch25
observe a significant protection in the control group. We also observed a paradoxical
accumulation of CD11b"'Ly6C Ly6G" in the CNS. We propose that the increased circulation of
immature neutrophils relative to mature neutrophils observed in the Combo treated group favors
the accumulation of PMN-MDSC precursors in the CNS. However, we do not exclude that
neutrophil depletion earlier in the disease course could explain this protection. Indeed, we
previously showed that Ch25h KO mice display a delayed infiltration of Th17 cells in the CNS *
and others have shown that Th17 cells can promote EAE by favoring neutrophil infiltration ®.
Hence, the protection could also be explained by a synergistic effect of a delayed Th17 cell
infiltration in Ch25h"“*® mice and neutrophil depletion mediated by the Combo protocol.
However, the striking infiltration of CD11b"Ly6C Ly6G" cells in Ch25h*“*° Combo treated
mice that did not display any symptoms does not support this hypothesis.

We discovered that Ch25h deletion in pMBMECs combined with IL-1f stimulation results in the
acquisition of transcriptomic profile reminiscent of GBM ECs and that CH25H expression was
reduced in the tumor endothelium of GBM. Moreover, it was shown that Ch25h is angiostatic in
primary tumors?' while microvascular proliferation and and loss of chromosome 10 are
hallmarks of GBM®. Interestingly, the CH25H locus is located in chromosome 10q * and loss of
CH25H has described in GBM . Therefore, we propose that CH25H deletion participate in
GBM pathophysiology by promoting vascular proliferation and PMN-MDSC infiltration.
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Overall, our results demonstrate a novel function of Ch25h and ECs in the regulation of PMN-
MDSC expansion during neuroinflammation. The fact that IL-1B can upregulate Ch25h in
pMBMECs and that Ch25h has been described to be upregulated in CNS ECs in other disease
models suggests that the same mechanisms may be relevant in other pathologies. We thus
propose that targeting ECs and the Ch25h pathway could be promising approaches to target

inflammatory diseases.

Materials and methods

Mice
Ch25h-eGFP "™ mice (Fig. 1A) : These mice were generated by Cyagen as follow: A constitutive

Knock-In (KI) with conditional knockout (KO), using a floxed reporter-ch25h knock-in, with
eGFP is used as a reporter protein fused to the 3’ end of Ch25h. Furthermore, the entire gene was
flanked with LoxP sites, taking care to avoid promoter disruption. Linker-eGFP reporter has been
inserted in the targeting cassette and is thus not expressed as a fusion protein before cre-
recombination.

Cdh5-CreERT2, Pdgfb-iCreERT2 mice, Prox1-CreERT2 and Slcolcl-CreERT2 mice were
reported previously (PMID: 19144989, doi.org/10.1002/dvg.20367, doi:10.1172/JCI58050)*°.
Wild-type mice were obtained from Charles-River Laboratories. All mouse strains were on pure
C57BL/6 background. 8-12 weeks mice were used for all experiments. Animals were kept in a
specific pathogen-free facility at the Lausanne University. All experiments were carried out in
respect with guidelines from the Cantonal Veterinary Service of the state of Vaud.

EAE, tamoxifen injections and Combo protocol

For induction of EAE mice were immunized with 100 pg myelin oligodendrocyte glycoprotein
peptide 35-55 (MOGss-ss, (Anawa) in complete Freund’s adjuvant supplemented with
5 mg/ml Mycobacterium tuberculosis H37Ra (BD Difco). 200 ul of emulsion was
subcutaneously injected into four sites on the flanks of mice. At days 0 and 2 after initial MOGss.
ss injections, mice received intravenous injection of 100ng pertussis toxin (Sigma Aldrich). Mice
were weighed and scored daily using the following system: 0: no symptom, 1: tail paralysis, 2:
hind limb paresis, 2.5: partial hind limb paralysis, 3: Complete hind limb paralysis, 4: forelimb

paresis and complete hind paralysis, 5: moribund or dead.
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For tamoxifen injections, mice between 8-10 weeks were injected intraperitoneally with
tamoxifen in Koliphor (Sigma Aldrich) twice a day with a total of 2mg/mice/day for 4
consecutive days. Two weeks of washout period were performed before EAE induction.

The combo protocol was performed as described by G. Boivin et al®’. Briefly, 25ug of Anti-
Ly6G (clone 1A8, Bio X cell) antibody or isotype control (Rat IgG2a, Bio X cell) were injected
intraperitoneally every day for 10 consecutive days, starting from the first symptoms of EAE.
Every other day, mice were injected intraperitoneally with 50ug of anti-rat Kappa
immunoglobulin (Clone MAR 18.5 Bio X cell) or Isotype control.

Isolation of leukocytes and ECs from the CNS

For CNS preparation, mice were perfused through the left ventricle with cold PBS (Bichsel).
Brains were dissected and spinal cords extruded by flushing the vertebral canal with cold PBS.
CNS tissue was cut into pieces and digested for 45 min, in a DMEM containing collagenase D
(2.5 mg/ml Sigma) and Dnase 1 (1 mg/ml Sigma) to give a single-cell suspension. For ECs,
meninges were removed before brain enzymatic digestion with Collagenase/Dispase (2mg/ml),
DNAse I (10pg/ml) and Noa-Tosyl-L-Lysin-chlormethyl keton hydrochlorid (TLCK,
0.147pg/ml). Mononuclear and ECs were isolated by passage of the tissue through a cell strainer
(70 um), followed by Percoll gradient centrifugation (70%/37% for CNS leukocytes and 37% for
ECs). Leukocytes were removed from the interphase and for ECs the entire 37% Percoll
suspension was collected, washed and resuspended in culture medium for further analysis.

Flow cytometry, cell sorting and suppression assay

Single-cells were suspended in PBS and then stained with LIVE/DEAD fixable Red stain kit
(Invitrogen) according to manufacturer instructions. For extracellular staining cells were
incubated with anti-CD16/32 (Invitrogen) in PBS+ 1% BSA and then stained with anti-mouse
fluorochrome-conjugated antibodies: CD45 (30-F11), CD3 (45-2C11), CD44 (IM7), CD11b
(M1/70), Ly6G (1A8), Ly6C (HK 1.4), purchased from Biolegend, CD13 (123-242), CD4 (RM4-
5), purchased from BD Bioscience, CD31 (390), CD101 (Moushl/101), purchased from
Invitrogen, at 4°C for 30 minutes. For intracellular staining, after surface staining, cells were
fixed and permeabilized using Foxp3/transcription factor staining kit (Invitrogen) according to
manufacturer protocol and then incubated with anti-mouse fluorochrome-conjugated antibodies:
Ki67 (SolA15, Invitrogen), Ly6G (1A8) for 30 minutes. Samples were all acquired on a LSR-II
cytometer (BD Bioscience). For PMN-MDSC suppression assay, PMN-MDSC were isolated
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from the CNS by FACS sorting using specific fluorochrome-conjugated antibodies. Isolated
PMN-MDSC were then co-cultured at different ratios as indicated in the figure with purified
CD4" T (CD4+T cell isolation Kit, Miltenyi Biotech, 1.10* cells/well) previously labeled with
S5uM carboxyfluorescein succinimidyl ester (CFSE, Invitrogen). Co-culture were stimulated with
plate-bound anti-CD3 /anti-CD28 antibodies (1ug/ml, BioXcell) for 72h. The proliferative levels
of CFSE-CD4" T cells were evaluated by the rates and intensity of CFSE dilution measured with
flow cytometry.

Isolation and culture of primary brain microvascular cells

Isolation and culture of primary mouse brain microvascular endothelial cells (p)MBMECs) from
7—12-week-old mice were performed as previously described . Briefly, mice were euthanized
by cervical dislocation, brains were dissected, and meninges, olfactory bulb, brainstem and
thalami were removed. A minimum of 6 brains per genotype were pooled, homogenized, and
resuspended in a 30 % dextran (Sigma) solution to obtain a final concentration of 15 % dextran.
Samples were centrifuged, the vascular pellet was collected and then digested by incubation with
Collagenase/Dispase (2mg/ml), DNAse I (10pg/ml) and Na-Tosyl-L-Lysin-chlormethyl keton
hydrochlorid (TLCK, 0.147pug/ml) for 30 minutes at 37°C in a shaker incubator. Digested vessel
fragments were then plated in Matrigel (Corning) coated 96 well Nunclon Delta Surface (Thermo
Scientific) plates. Once confluent, cells were treated with either mouse recombinant IL-1p (R&D
systems, 10ng/ml) or vehicle for 24 hours.

RT-qPCR

Total RNA was extracted using the RNeasy Mini Kit (Qiagen) according to the manufacturer’s
protocol). cDNA was produced from RNA without amplification using the Superscript II RT
(Invitrogen). PCR products were amplified with the PowerUp SYBR Green Master Mix (Applied
Biosystem). Samples were analyzed on the StepOne Real-Time PCR System. GAPDH was used
as reference gene and the comparative CT method was employed to evaluate relative mRNA
expression. Primers were purchased from Microsynth AG (Balgach, Switzerland).

RNA sequencing

Ch25h™ and Ch25h"*®© mice were injected with tamoxifen. Nine brains per genotype were
pooled and primary brain microvascular endothelial cells (p)MBMEC) were isolated and plated in
a 96-well plate (2 wells/brain). Confluent pMBMEC were left unstimulated or stimulated IL-103
for 24 hours. RNA of 3 wells was pooled to obtain 1 replicate for RNA sequencing. The
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Lausanne Genomic Technologies Facility performed the RNA seq. RNA quality was assessed on
a Fragment Analyzer (Agilent Technologies) and all RNAs had a RQN between 8.7 and 10.
RNAseq libraries were prepared from 500 ng of total RNA with the Illumina TruSeq Stranded
mRNA reagents (Illumina) using a unique dual indexing strategy, and following the official
protocol automated on a Sciclone liquid handling robot (PerkinElmer). Libraries were quantified
by a fluorometric method (QubIT, Life Technologies) and their quality assessed on a Fragment
Analyzer (Agilent Technologies).

Cluster generation was performed with 2 nM of an equimolar pool from the resulting libraries
using the Illumina HiSeq 3000/4000 SR Cluster Kit reagents and sequenced on the Illumina
HiSeq 4000 using HiSeq 3000/4000 SBS Kit reagents for 150 cycles (single end). Sequencing
data were demultiplexed using the bcl2fastq2 Conversion Software (version 2.20, Illumina).
Oxysterol measurements

Oxysterols were analyzed using a validated HPLC-MS method . Briefly, cell supernatants were
placed in glass vials containing deuterated internal standards as well as dichloromethane,
methanol (containing 10 pg of butylated hydroxytoluene) and bidistilled water (containing 20 ng
ethylenediaminetetraacetic acid) (8:4:2 v/v/v). After mixing and sonication, samples were
centrifuged and the organic phase was recovered and dried under a nitrogen stream. The organic
residue was resuspended and pre-purified by solid phase extraction over silica. The eluate
containing oxysterols was analyzed by HPLC-MS using an LTQ-Orbitrap XL MS (Thermo
Fisher Scientific) coupled to an Accela HPLC system (Thermo Fisher Scientific).
Chromatographic separation was performed using an Ascentis Express C-18 column (2.7 pum,
150 x 4.6 mm, Sigma), kept at 15 °C. Mobile phase was a gradient of methanol and water
containing acetic acid. MS analyses were performed using an atmospheric pressure chemical
ionization source in the positive mode. Data are expressed as a ratio between the signal (AUC) of
the oxysterol of interest and the signal of the corresponding deuterated internal standard.
Eicosanoids measurements

Supernatants (150 pL) from brain endothelial cells (cultured in IL-1f stimulated and non-
stimulated conditions) were mixed with 150 pL of extraction buffer (citric acid/NayHPOs,
pH=5.6) and 10 pL of internal standard solution and extracted by solid phase extraction using an
OASIS HLB LP 96-well plate 60 um (60 mg). Wells were conditioned and equilibrated with 1

mL of methanol and 1 mL of water, respectively. Loaded samples were washed with
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water/methanol (90:10 v/v) and eicosanoids were eluted with 750 pL of methanol. Then solvent
was evaporated to dryness under N2 gas (TurboVap, Biotage) and final extracts were
reconstituted with 75 pL of methanol/water (6:1, v/v).

Extracted samples were analyzed by Reversed Phase Liquid Chromatography coupled to tandem
mass spectrometry (RPLC - MS/MS)® in negative ionization modes using a 6495 triple
quadrupole system (QqQ) interfaced with 1290 UHPLC system (Agilent Technologies). The
chromatographic separation was carried out in an Acquity BEH C18, 1.7 um, 150 mm X 2.1 mm
[.D. column (Waters, Massachusetts, US). Mobile phase was composed of A = water with 0.1 %
acetic acid and B = acetonitrile/isopropanol 90:10 v/v at a flow rate of 500 pL/min, column
temperature 60 °C and sample injection volume 2pl. Gradient elution was performed with 80% of
A as the starting condition, linearly decreased to 65% at 2.5 min, to 60% at 4.5 min, to 58% at 6
min, to 50% at 8 min, to 35% at 14 min, to 27.5% at 15.5 min, and to 0% at 16.6 min. The
column was then washed with solvent B for 0.9 min and equilibrated to initial conditions. ESI
source conditions were set as follows: dry gas temperature 290 °C, nebulizer 25 psi and flow 12
L/min, sheath gas temperature 400 °C and flow 12 L/min, nozzle voltage 2000 V, and capillary
voltage 3000 V. Dynamic Multiple Reaction Monitoring (DMRM) was used as acquisition mode
with a total cycle time of 250 ms. Optimized collision energies for each metabolite were
applied®’.

Raw LC-MS/MS data was processed using the Agilent Quantitative analysis software (version
B.07.00, MassHunter Agilent technologies). Peak area integration was manually curated and
corrected when necessary. Concentrations were calculated using the calibration curves and the
ratio of MS response between the analyte and the stable isotope-labeled internal standard (IS), to
correct for matrix effects.

The following metabolites were measured: 13-HODE, 9-HODE, 12(13)-EpOME, 12,13-
DiHOME, 12-HETE, 15-HETE, 5-HETE, 9(10)-EpOME, 9,10,13-TriHOME, 9,10-DiHOME,
9,12,13-TriHOME, 9-HETE, 13-KODE, 9-KODE, 12-HEPE, 15-HEPE, 14-HDoHE, 17-
HDoHE, 14,15-DiHETE, EKODE, Arachidonic acid, Linoleic Acid, Docosahexaenoic Acid,
Eicosapentaenoic Acid, TXB2, 11B-PGF2a, 15-deoxy-PGJ2, 19,20-DiHDPA, 8-HETE, 11-
HEPE, PGB2, PGDI1, 12-KETE, 9-HEPE, 20-HETE, 8-HEPE, 11-HETE, 8-HETrE, 15(S)-
HETrE, 20-COOH-LTB4, 5,6-DiHETrE, 15-KETE, 5-HEPE, 8-iso-PGE2, LTB3, LTB4,
PGE1,6-keto-PGFla, PGD2, PGD3, PGE2, 10,17-DiHDoHE, 11-HDoHE,512-PGJ2, 17(R)-
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Resolvin-D1, 11(12)-EpETrE, PGF2a,11,12 -DiHET<YE, 14,15-DiHETrE, PGE3, PGJ2, Resolvin
DI, Resolvin D2, 12(13)-EpODE, 12(S)-HHTTE,
LTE4, 5-HETrE, 14(15)-EpETE, 14(15)-EpETrE, 6-trans-LTB4, 8,9-DiHETrE, 16(17)-EpDPE,
17(18)-EpETE, 17,18-DiHETE, 19(20)-EpDPE, 5(6)-EpETrE, 5,15-DiHETE, 5,6-DiHETE, 5-
KETE, 8(9)-EpETrE, 9-HOTTE, 8-HDoHE, 9-KOT<rE, 20-OH-LTB4, 13-HOTTYE, 8,15-DiHETE,
LTC4, 14,15-LTC4, LTD4, LXA4, LXAS, LXB4, 18-HEPE, 7,17-hydroxy DPA, 7-Maresin-1,
tetranor-PGDM, 13,14-dihydro-15-keto PGE2, tetranor-PGEM, iPF2a-1V, 5-iPF2a-VI, 8-iso-
PGF2a, 8-is0-PGF3a, 11-dehydro TXB2, TXB3, 11-dehydro TXB3, 4-HDoHE, 11-HEDE, 15-
HEDE, 13-HOTrE(y), 15-epi Lipoxin A4, TXB1, FOG9, 19-HETE, 15-OxoEDE, 14,15-LTEA4.
Bone marrow derived cell culture and MDSC polarization

Tibias and femurs from WT C57BL/6 were dissected, bone marrow was flushed and Red Blood
Cells (RBC) lysed with RBC lysis buffer (Invitrogen) according to manufacturer protocol.
100’000 cells per well were plated in 24 wells plates and were cultivated during 4 days with
mouse recombinant GM-CSF (Immunotools, 40ng/ml) mouse recombinant IL-6
(Peprotech,40ng/ml) and with either ethanol control, Prostaglandin E2 (Sigma-Aldrich,20nM) or
25-Hydroxycholesterol (Sigma-Aldrich,1uM). At the end of the experiment, adherent and non-
adherent cells were collected and processed for flow cytometry as explained above.

Statistical analysis

Data analyses and graphs were performed using GraphPad Prism software for Windows
(GraphPad Software Inc., San Diego, CA, USA). A p-value < 0.05 was considered as significant.
P-values of cell frequency, mRNA levels and oxysterols or prostaglandins concentrations were
determined by either unpaired Student t-test or two-way ANOVAwith Sidak’s post hoc test as
specified in the legends. Comparison of EAE clinical scores were assessed with two-way
ANOVA with Sidak’s post hoc test, EAE incidence with log-rank (Mantel-cox) test, Area Under
Curve (AUC) was calculated with the AUC function of Graphpad Prism and p-values determined
by unpaired Student t-test. Principal component Analysis (PCA) and its associated loading plot
were determined using the PCA function of GraphPad Prism.

Preprocessing and statistical analysis of the RNA sequencing were performed by The Lausanne
Genomic Technologies Facility with R (R version 3.6.1). For data processing, purity-filtered
reads were adapter- and quality-trimmed with Cutadapt (v. 1.8, °®). Reads matching to ribosomal

RNA sequences were removed with fastq screen (v. 0.11.1). Remaining reads were further
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filtered for low complexity with reaper (v. 15-065, ®). Reads were aligned against the Mus
musculus GRCm38.98 genome using STAR (v. 2.5.3a, ’°). The number of read counts per gene
locus was summarized with htseq-count (v. 0.9.1, ') using the Mus musculus GRCm38.92 gene
annotation. Quality of the RNAseq data alignment was assessed using RSeQC (v. 2.3.7, ).
Genes with low counts were filtered out according to the rule of 1 count(s) per million (cpm) in at
least 1 sample. Library sizes were scaled using TMM normalization. Subsequently, the
normalized counts were transformed to cpm values, and a log, transformation was applied, by
means of the function cpm with the parameter setting prior.counts = 1 (edgeR v 3.28.0; ™). After
data normalization, a quality control analysis was performed through sample density distribution
plots, hierarchical clustering and sample PCA. Differential expression was computed with the R
Bioconductor package limma (v. 3.42) by fitting data to a linear model. The approach limma-
trend was used. Fold changes were computed and a moderated t-test was applied for pairwise
comparison of selected conditions and for the interaction between the IL-1p treatment effect and
the genotype (Ch25h**° vs Ch25h™™) effect. P-values were adjusted globally on all resulting
gene lists together, using the Benjamini-Hochberg (BH) method, which controls for the false
discovery rate (FDR). Gene set enrichment analysis (GSEA) was conducted according to the
method described in Subramanian etal. ™ against gene sets of the Gene Ontology (GO) ">
Biological Processes. Gene set enrichment analysis was performed using the clusterProfiler
(v.4.0.5) 7 and the org.Mm.eg.db (v.3.13.0) packages within R (v.4.1.0). For each pairwise
condition comparison, genes were sorted according to decreasing t-statistic, and provided to the
“gseaGO” function, using parameters eps=1e-60, minGSSize=25, seed=T, and a seed set to 1234.
The list of gene sets with adjusted p-value < 0.05 was manually parsed and representative GO
terms were selected to create a dotplot of normalized enrichment scores using ggplot2 (v.3.3.5).
Enrichment of genes altered in glioblastoma (GBM)-derived endothelial cells ** was assessed
using the GSVA package (v.1.40.1) ®. A gene set variation analysis was performed for each
individual sample with the “gsva” function, using either genes upregulated in GBM ECs (1233
genes) or downregulated in GBM ECs (540 genes) compared to normal brain ECs. Differences in
single sample enrichment scores among conditions were assessed using an analysis of variance
followed by Tukey Honest Significant Difference computations.

Gene set enrichment analysis (GSEA) was also performed with pre-ranked gene list function of

74,79

the GSEA software from the Broad Institute using the t statistic for ranking the input gene
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lists. Unsaturated fatty acid biosynthetic process was assessed using the Gene Ontology
biological process (GO: BP) collection.

To determine whether CH25H was differentially expressed between human tumor cells derived
from GBM and normal brain cells from the periphery, we downloaded the matrices of raw counts
per gene per single cell from NCBI’s Gene Expression Omnibus (Accession number
GSE162631°%). The single cells came from 4 GBM samples and 4 periphery samples. We
imported the matrices into R (v.4.1.0) and analyzed them with the Seurat package (v.4.1.0)*". We
removed cells that expressed less than 500 genes and more than 10% mitochondrial gene
expression, and we removed genes that were expressed in less than 10 cells, retaining a total of
92,820 cells. To remove batch effects linked to patient ID, we performed integration using the
“FindIntegrationAnchors” and “IntegrateData” functions of Seurat: The 2000 most variable genes
were selected for the cells from each sample individually, followed by identification of anchors
and integration using default parameters (i.e. using 30 dimensions). The integrated counts were
next scaled, and a UMAP was calculated using the first 20 principal components. For clustering,
a shared nearest neighbor graph was constructed on 20 principal components, followed by
clustering with the “FindClusters” function, with resolution=0.5, yielding 20 clusters. The
“FindMarkers” function, implementing a Wilcoxon test, was used to determine whether CH25H
and FADS2 were among the genes differentially expressed between periphery cells and tumor
cells within each cluster.

Cluster annotation to cell types was performed using marker genes defined in Supplementary
Table 6 of Yang et al 2022°°. A score for the marker genes of each cell type was calculated using
the “addModuleScore” of the Seurat package. The cluster with a high proportion of cells showing
high scores for Artery, Capillary and Venous marker genes was identified as containing ECs

(cluster 16).
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The Paper Explained
Problem

Multiple sclerosis remains an uncurable disease and understanding its physiopathology is crucial

to unravel new therapeutic targets. Endothelial cells are key regulators of leukocyte trafficking
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into the central nervous system and therefore play a crucial role in driving multiple sclerosis
disease activity. However, in the central nervous system, the inflamed endothelium produces
immunomodulatory signals whose function goes beyond the regulation of immune cell migration

and thus, could drive neuroinflammation by other mecanisms that are largely unexplored.
Results

Our findings reveal that inflamed endothelial cells produces bioactive lipids that can contribute to
the emergence of a “cancer-like” immunuosuppresive environment. Notably, we identified that
alterations of lipid metabolism in endothelial cells regulate polymorphonuclear myeloid-derived
suppressor cell expansion (PMN-MDSC) during experimental autoimmune encephalomyelitis
(EAE), a murine model of multiple sclerosis. Those cells are known to suppress the anti-tumor
activity of lymphocytes and we identified that they suppres encephalitogenic CD4 T cell
proliferation during EAE . Our findings reveal a central role for endothelial-derived bioactive

lipids in driving CNS inflammation.
Impact

This study reveal a novel function of endothelial cells as a source of bioactive lipids that have the
ability to regulate neuroinflammation through mechanism beyond immune cell trafficking. We

here identified potential new targets for MS treatment.
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Figures legends

Figure 1 Ch25h expression in blood endothelial cells promotes EAE. (A) Construct of Ch25h-
eGFP"" mice. (B) Flow cytometry analysis of Ch25h-eGFP reporter expression in CNS
endothelial cells (CNS ECs: Live cells CD45 Terl 19°CD13°CD31"). Wild-type mice were used
as negative controls for eGFP signal. CNS ECs from Ch25h-eGFP (Ch25h™") mice and Ch25h-
eGFP "_Ve-CadherinCreERT2 mice (Ch25h"“%°) mice where the Cre recombinase is expressed
in the endothelial cells are compared. Non-immunized mice (NI) are compared with mice at the
peak of EAE (day 16 after immunization). (C) Percentage of eGFP™ CNS ECs in the same
condition as in (B). Symbols indicate individual mice and bars indicate mean + SD. Ch25h™" NI
n = 4, Ch25h"" EAE: n = 5, Ch25h"*®° NI: n = 4, Ch25h*X° EAE, n = 4. (D). EAE disease
course in Ch25h"“° and Cre negative littermates (Ch25h™™). Top panel: EAE clinical score.
Bars indicate mean + SEM. Bottom panel: Survival analysis of EAE, depicting disease incidence.
(E) As in (D) except that Ch25h "~ Pdgfb-iCreERT2 mice that express Cre recombinase in blood
endothelial cells (Ch25h®*“%©) are shown. (F) As in D) except that Ch25h ™™ Prox1Cre mice that
express Cre recombinase in lymphatic endothelial cells (Ch25h“*“%©) are shown. (D-F)
Representative results of 2 experiments with a minimum of n = 5/group.

ns = non-significant, * P < 0.05, *** P < 0.0005, **** P < (0.00005. p values were determined
by two-way ANOVA with Sidak’s post hoc test (C and top panels D,E,F) and log-rank (mantel-
cox) test (bottom panels d,e,f).

Figure 2 Transcriptomic alterations in Ch25h*“K% CNS endothelial cells. (A) RT-qPCR
analysis of Ch25h expression in primary mouse brain microvascular endothelial cells
(pMBMECs) isolated from Ch25h™™ and Ch25h"“*° mice. Cells were left unstimulated (NS) or
stimulated with IL-1.

n = 5 biological replicates/group. (B) Venn diagram of differentially expressed genes (DEG)
between Ch25h"*© and Ch25h™" pMBMECs assessed by RNA sequencing comparing non-
stimulated (NS) and IL-1p stimulated cells. n = 3/group. (C) Dot plot of gene set enrichment
analysis (GSEA) showing selected pathways. NES = normalized enrichment score. (D) GSEA
comparing enrichment of genes related to unsaturated fatty acid biosynthesis in Ch25h"“*© vs
Ch2sh™ IL-1p stimulated pMBMECs. NES = normalized enrichment score, FDR= false

discovery rate q-value. (E) Heatmap showing normalized expression (z-scores) of gene counts
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from the RNAseq analysis related to the unsaturated fatty-acid biosynthetic pathway. (F) RT-
qPCR of pMBMECs isolated from Ch25h"“*° and Ch25h™" mice and stimulated with IL-1f. n
= 4 biological replicates/group. G) RT-qPCR of CNS endothelial cells sorted from Ch25hF*©
and Ch25h™ mice during EAE (day 10 after immunization). Ch25h*“*° n =3, Ch25h"" n=4.

Bars indicate mean + SD. ns= non-significant, *P < 0.05. P values were determined by unpaired

t-test.

Figure 3 Ch25h deletion in CNS endothelial cells induces a remodeling of secreted lipid. (A)
Principal component analysis of 10 oxysterols measured by HPLC-MS in the supernatant of
PMBMECs isolated from Ch25h™™ mice and Ch25h*“¥° mice. Cells were left unstimulated (NS)
or stimulated by IL-1p. (B) Loading plot showing the contribution of oxysterols to PC1 and PC2.
(C) 25-OHC, 7-k-25-OHC and 7-ketocholesterol concentration in the same conditions as in (D).
Bars represent mean = SD. n = 6 biological replicates/group except for Ch25™" IL-1B were n= 5.
(E) Left panel: Principal component analysis of 49 eicosanoids measured by HPLC-MS/MS in
the supernatant of pMBMEC:s in the same conditions as in (A). n = 5 biological replicates/group.
Right panel: Comparison of PCI scores between the different conditions. (E) Upper panel:
loading plot showing the contribution of each detected eicosanoids to PC1 and PC2. Lower panel:
Relative contribution of prostaglandins to PC1. (F) Prostaglandin concentration (nM) in the
supernatant of pMBMECs comparing conditions mentioned in (A).

Bars represent mean + SD. ns= non-significant, * P < 0.05, ** P < 0.005, **** P < 0.00005. P
values were determined by two-tailed unpaired t-test (D) or by two-way ANOVA with Sidak’s
post hoc test (C and F).

Figure 4 Ch25h deletion in endothelial cells favors PMN-MDSC expansion in the CNS
during EAE. (A) Flow cytometry analysis of bone marrow-derived cells cultured in MDSC
polarizing conditions treated with vehicle control (EtOH), PGE2 and 25-OHC. M-MDSC = Live
cells CD11b" Ly6C"e" Ly6G,, PMN-MDSC = Live cells CD11b" Ly6C" Ly6G'. (B) Same
conditions as in (A) except that bar graphs are shown. Symbols depict mean percentage of PMN-
MDSC (upper panel) and M-MDSC (lower panel) in live cells. n = 5/group. (C) Impact of PMN-
MDSC on CD4 T cell proliferation (anti CD3/CD28) assessed by CFSE dilution using flow
cytometry. PMN-MDSC were FACS-sorted from the CNS of WT mice at the peak of EAE. NS=
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non stimulated. n = 4/group. (D) Correlation of the percentage of PMN-MDSC in live cells with
the percentage CD4'CD44'Ki67" cells in live cells in the CNS at the peak of EAE assessed by
flow cytometry. n= 17 individual mice. (E) Flow cytometry analysis of PMN-MDSC in the CNS
at the peak of EAE in Ch25h™" and Ch25h*“*° mice. (F) Percentage of PMN-MDSC (left) and
CD4'CD44'Ki67" cells (right) in live cells of the CNS at the peak of the disease of Ch25h™" (n =
9) and Ch25h*“*° mice (n = 8). Symbols depict individual mice and bars indicate mean + SD.

BBBKO __-
h mice

Combined results of two independent experiments (G) EAE disease course in Ch25
(n = 11) where the cre-recombinase is expressed endothelial cells of the CNS and Cre negative
littermates (Ch25h™™ n = 7 and Ch25h"™ : n = 2). Bars indicate mean + SEM. Representative
results of two independent experiments.

ns= non-significant, * P < 0.05, ** P < 0.005, **** P < 0.00005. P values were determined by
two-tailed unpaired t-test (B,C and F), Spearman correlation (D) and by two-way

ANOVA with Sidak’s post hoc test (G).

Figure 5 Ch25h expression is reduced in ECs of human glioblastoma (GBM). (A) Dot plot
showing enrichment of differentially expressed in GBM ECs, in Ch25h"“*® and Ch25h™"
pMBMECs non stimulated (NS) or stimulated with IL-1p assessed by RNAseq (n=3). ssGSEA=
single sample gene set enrichment analysis. (B) Top left panel: UMAP (uniform manifold
approximation and projection) showing the 20 clusters identified in the single-cell RNAseq
dataset of GBM and peri-tumoral tissue enriched in CD31" cells from GSE162631. Top right and
bottom panels: UMAP showing the score of each single-cell for the gene signatures of Arterial,
Capillary and Venous blood ECs as defined by Yang et al. (C) Natural-log transformed
normalized counts of CH25H mRNA transcripts in single cells from cluster 16, comparing ECs in
GBM and ECs in the periphery. (D) Correlation between gene expression and MDSC infiltration
in GBM assessed with the TIMER2.0 database.

ns= non-significant, * P < 0.05, ** P < 0.005, **** P <(0.00005. See methods for the statisical

analysis.

Figure 6 CD101" neutrophils depletion protects Ch25h*“*© mice from EAE and favors CNS
PMN-MDSC accumulation. (A) EAE disease course in Ch25h"" mice and Ch25h"® mice

treated with isotype control antibody or Combo protocol (Ly6Ghigh cells depletion). Treatment
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was initiated on the day of first symptoms occurrence (day 12 post-immunization). Symbols
depict mean clinical score and bars mean + SEM. Ch25h™" isotype: n = 7, Ch25h"“¥° isotype: n
= 8, Ch25h™" combo: n = 8, Ch25h*“*° combo: n = 9. (B) Survival analysis in the same
conditions as in (A). (C) Representative contour plots of PMN-MDSC in the CNS at day 22 of
EAE assessed by flow cytometry in the same conditions as in (A). (D) As in (C) except that
statistical analysis and percentage of PMN-MDSC in live cells is shown. Symbols depict
individual mice and bars mean + SD. Ch25h™ Isotype n= 4, Ch25h*X° isotype n=4, Ch25h™"
Combo, n =3, Ch25h"*° Combo n=4. (E) CD101 expression in blood and CNS neutrophils at
day 22 of EAE in isotype and combo treated mice assessed by flow cytometry. Isotype n=8,
combo n=7. Symbols depict individual mice, bars mean + SD. (F) CD101 blood neutrophils (left
panel) and CD101™ neutrophils (right panel) kinetic during EAE in isotype, and Combo treated
mice assessed by flow cytometry. Treatment was initiated at the first symptoms of EAE (day 14
after immunization). n=11/group.

ns= non-significant, *P < 0.05, ** P < 0.005,*** P < (0.0005 **** P < (0.00005. P values were
determined by two-way ANOV A with Sidak’s post hoc test (A,E,F) spearman correlation (B) and
two-tailed unpaired t-test (D).
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Tables

Table 1. Comparison of EAE disease course in Ch25hﬂ/ﬂ, Ch25hECKO, Ch25hBECKO and

Ch25h"ECKO mice.

Group Disease Mean maximum | Mean day of | AUC (SEM)
incidence score (SD) onset (SD)
Ch2sh™™ 80% 3.5+0.93 12.25+ 0.89 19.55+2.78
Ch25hFko 45.5% * 2.7+0.67 14.4 +1.95 7318 £2.55 *
(p=0.05)

Ch25h™™ 90% 204+15 14.07 £ 1.91 23.56 +3.98

Ch25hBECRO 55.5% * 3+0 144+ 1.34 1229 +2.67
(p=0.08)

Ch2sh™™ 71.40% 28+045 14.4+0.89 146+2.7

Ch25htECkO 80% 275+0.5 145+1.78 17.25+2.73

Table 1. Related to Figure 1. Ch25h deletion in blood ECs is protective during EAE.

AUC = Area under the curve. Mean = SD or SEM for AUC are indicated. P values were
determined by unpaired student t-test or log-rank (mantel-cox) test for diseases incidence. * :
p<0.05. Representative results of two independent experiments per genotype with a minimum of

n=>5/group.

Supplemenatry tables legends

Table S1. Related to Fig. 2. Differentially expressed genes (DEG) in Ch25h*“*° non
stimulated vs IL-1B stimulated primary brain microvascular ECs assessed by RNA
sequencing. RNA sequencing was performed on primary brain microvascular ECs (pMBMEC)
isolated form tamoxifen injected Ch25h™" and Ch25h*“*° mice. Confluent cells were left

unstimulated (NS) or stimulated with IL-1B. RNA seq was then performed. n=3/group.
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Table S2. Related to Fig. 2. Differentially expressed genes (DEG) in Ch25h™" non
stimulated vs IL-1p stimulated primary brain microvascular ECs assessed by RNA

sequencing.

Table S3. Related to Fig. 2. Differentially expressed genes (DEG) in Ch25h*“¥© ys Ch25h""

IL-1p stimulated primary brain microvascular ECs assessed by RNA sequencing.

Table S4. Related to Fig. 2. Differentially expressed genes (DEG) in Ch25h*“¥? vs Ch25h™"

non-stimulated primary brain microvascular ECs assessed by RNA sequencing.

Table S5. Related to Fig. 5.List of DEG in periphery (N) vs tumor (T) within cluster 16
from GSE16263 (output of the FindMarkers function from the Seurat package).
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Fig. S1. Related to Figure 1. Analysis of Ch25h-eGFP expression in the CNS. a) Gating
strategy for flow cytometry analysis of Ch25h-eGFP expression in cells of the CNS. Total
cells were selected based on Forward Scatter (FSC-A) and side scatter plot (SSC-A).
Doublet and dead cells were excluded. For endothelial cells and CNS resident cells
(excluding Microglial cells), CD45TER119- cells were selected. CD13* cells were
excluded to avoid pericyte contamination. Endothelial cells were defined by CD31
expression and other CNS resident cells by the absence of CD31. Cells from the
hematopoietic lineage and Microglial cells were defined by CD45 and TER119 expression.
b) Ch25h-eGFP expression in CD45- TER119-CD13-CD31- cells. Wild type mice (WT) are
compared with Ch25h-eGFP mice either non-immunized (NI) at day 16 of EAE (EAE). ¢)
Histogram showing Ch25h-eGFP expression in CD45+*TER119+* cells in the same
conditions as in b). d) Flow cytometry analysis of Ch25h-eGFP expression in
CD45*TER119+ cells of the CNS isolated from Ch25hf/f and Ch25h fifl-\e-
CadherinCreERT2 mice (Ch25hECKO) injected with tamoxifen. Non-immunized mice (NI)
are compared with mice at the peak of EAE (EAE day 16). Symbols depicts individual
mice and bars indicates mean + SD .

ns= non significant, p values were determined by two-way ANOVA with Sidak’s post hoc
test.
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Fig. S2. Related to figure 3. Oxysterol and eicosanoids levels in the supernatant of primary
brain microvascular endothelial cells. Primary mouse brain microvascular endothelial cells
(PMBMEC) were isolated from Ch25hf/fl and Ch25h f/fl-\e-CadherinCreERT2 mice (Ch25hECKO)
injected with tamoxifen. Cells were left unstimulated (NS) or stimulated with IL-1 (10ng/mL)
during 24 hours. Supernatant was then collected. Oxysterols were measured by HPLC-MS. a) 24(S)-
Hydroxycholesterol (24(S)-OHC) levels. b) 27-Hydorxycholesterol (27-OHC) levels. ¢) 7a-
hydroxycholestenone (7a-OHCnone) levels. d) 7a-hydroxycholesterol (7a-OHC) levels. n=6/group
except for Ch25hf/fl IL-1B n=5. e-l, Same conditions as in a-d, except that eicosanoids were
measured by Liquid Chromatography-Mass Spectrometry. e) gamma-linolenic acid levels.f)
Prostaglandin F2a levels (PGF2a). g) 15-Hydroxyeicosatetraenoic acid levels (15-HETE). h)14-
hydroxy-47,72,10Z,12E,16Z,19Z-docosahexaenoic acid (14-HDoHE) levels. i) Docohexanoic acid
levels. j) Eicosapentanoic acid levels. k) Arachidonic acid levels. I) Linoleic acid levels.

Bars indicates mean = SD. N=5/group. ns= non significant, * : p<0.05, ***= p < 0.0005 ,**** =p <
0.00005. p values were determined by two-way ANOVA with Sidak’s post hoc test.
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Fig. S3. Related to figure 4. Gating strategy for CNS infiltrating leukocytes. Total cells are
selected based on Forward Scatter (FSC-A) and side scatter plot (SSC-A). Doublet and dead cells
are excluded. CD45* cells are selected. Total CD11b* are selected. PMN-MDSC are defined as
Ly6Cint | y6G* Cells. CD4 T cells are selected based on CD4 and CD3 positivity. Memory CD4 T
cells (CD44+) are further selected. Ki67+ Cells are further selected.
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Fig. S4. Related to figure 5. Correlation of CH25H and FADS2 expression level with Myeloid-
derived suppressor cells infiltration in 40 cancers assessed with TIMER 2.0 database. ACC:
Adrenocortical Carcinoma, BLCA: Bladder Urothelial Carcinoma, CESC: Cervical and
Endocervical Cancer, CHOL: Cholangiocarcinoma, COAD: Colon Adenocarcinoma, DLBC: Diffuse
Large-B-cell Lymphoma, ESCA: Esophageal Carcinoma, GBM : Glioblastoma Multiforme, HNSC:
Head and Neck Cancer, KICH: Kidney Chromophobe, KIRC: Kidney Renal Clear cell Carcinoma,
KIRP: Kidney Renal Papillary Cell Carcinoma, LAML: Acute Myeloid Leukemia, LGG: Lowe
Grade Glioma, LIHC: Liver Hepatocellular Carcinoma, LUAD: Lung Adenocarcinoma, LUSC:
Lung Squamous Cell Carcinoma, MESO: Mesothelioma, OV; Ovarian Serous Cystadenocarcinoma,
PADD: Pancreatic Adenocarcinoma, PCPG: Pheochromocytoma and Paraganglioma, PRAD:
Prostate Adenocarcinoma, READ: Rectum Adenocarcinoma, SARC: Sarcoma, SKCM: Skin
Cutaneous Melanoma, STAD: Stomach Adenocarcinoma, TGCT: Testicular Germ Cell Tumors,
THCA: Thyroid Carcinoma, THYM: Thymoma, UCEC: Uterine Corpus Endometrial Carcinoma,
UCS: Uterine Carsinosarcoma, UVM: Uveal Melanoma.
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Fig. S5. Related to figure 6. Effect of Combo treatment on circulating neutrophils. a) Gating strategy
for analysis of blood neutrophils. Total Cells are selected based on Forward Scatter (FSC-A) and side
scatter plot (SSC-A). Doublet and dead cells are excluded. CD11b* cells are selected. Ly6Cint, Ly6G
intracellular+ cells are further selected. CD101* cells are defined base on a Fluorescence minus one
(FMO). b) EAE was performed in Ch25h f/fl mice and Ch25hECKO mice previously injected with
tamoxifen. Mice were treated with Isotype control antibody or Combo protocol after the beginning of the
first symptoms of EAE. Blood was harvested 1.5 day after treatment initiation. Neutrophils were
analyzed by flow cytometry using the gating strategy defined in a). Left panel: % of neutrophils in live
cells, Middle panel: % of CD101* neutrophils in neutrophils, right panel: Geometric mean fluorescence
intensity of Ly6G in neutrophils. Symbols represents individual mice. Bars depicts mean + SD.

ns= non significant, ,**** =p < 0.00005. p values were determined by two-way ANOVA with Sidak’s
post hoc test.



7. Discussion and perspectives

In my thesis, | studied the role of the Ch25h pathway in two inflammatory diseases,
IBD and the murine model of MS (EAE). | evaluated the molecular mechanisms
involved to promote those two diseases. | first discovered a narrow association
between GPR183 and CCR6 in IBD and then a novel function of Ch25h-derived
oxysterols in the CNS that dampens the immune response. | will now discuss the

perspectives that | propose for both projects.

Part 1: GPR183 and CCR6 a detrimental collaboration?

A potential role for inflammatory imbalance and Th1l7-fate commitment

One of the key findings of the first part of my thesis on PBMCs obtained from IBD
patients and healthy volunteers is the association of GPR183 expression with CCR6
in CD4 memory T cells. We demonstrated that CCL20 acts in an additive manner with
70,25-OHC to promote CD4 memory T cell migration, suggesting that the
GPR183/CCR6 co-expression is functionally relevant. We also confirmed, that
memory CD4 T cells*®: 78 in particular Th17 cells, display the highest expression of
GPR183. Of note, CCR6 is a well-known Th17 cell marker3® and is also expressed
by regulatory T cells. In addition, when CCR6 KO CD4 T cells are adoptively
transferred in a colitis model, the recipient mice display an exacerbated intestinal
inflammation®®. Thus, CCR6 is not necessarily pro-pathogenic. Previous studies
indicate thatin CD4 T cells, CCR6 is induced by TGF-[3, which is an important cytokine
for both Th17 and regulatory T cell development3®’. IL-23 is a key signal for the

maintenance of Th17 cells but does not impact CCR6 expression3®’. In contrast, IL-23



induces GPR183 expression in CD4 T cells*®, suggesting that the Thi7-fate
commitment is associated with GPR183 induction. In addition, Foxp3* regulatory T
cells have lower GPR183 expression than Foxp3- cells*®- Moreover, a recent study
indicates that IL-23 signaling in Th17 cells promotes their pathogenic activity during
EAE®®, Finally, CCL20 and 7a,25-OHC are both increased in gut inflammation*’: 237
389 Thus, these findings might have the following consequences: while CCL20 induced
during inflammation could be a chemotactic signal for both regulatory T cells and Th17
cells, a combination of 7 a,25-OHC and CCL20 might favor pro-pathogenic Th17 cell
infiltration over regulatory T cell migration, therefore participating in the emergence of
the inflammatory imbalance seen in IBD and MS. In line with this, treatment of MS
patients with Natalizumab results in sequestration of GPR183 expressing CD4
memory T cells and Th17 cells in the peripheral blood suggesting that these cells are
attracted in the inflamed CNS’% 3%, Moreover, Natalizumab also prevents the entry of
CDA4 T cells into the intestine®%!, MS patients display increased infiltration of Th17 cells
in the gut®®? and we have shown blocking the entry of Th17 cells in the intestine delays
EAE3®3, Therefore, this sequestration of GPR183 expressing cells observed in MS
could also be due to the effect of Natalizumab on Th17 cell trafficking in the intestine.
Additionally, in a similar way that CCR7 and GPR183 collaborate to enable activated
B cell positioning at the T-B boundary in lymph nodes (see section 1.4.2), co-
expression of CCR6 and GPR183 might induce a differential spatial distribution of
Th17 and regulatory T cells within inflamed tissues. Therefore, they might be exposed
to different microenvironments and different subsets of APCs, which could further
dictate if they undergo additional activation and proliferation, if they maintain or switch

to a regulatory or a pro-inflammatory phenotype or if they undergo anergy.



A role in tertiary lymphoid organs formation

Lymphoid tissues can arise before and after birth®’. In particular, tertiary lymphoid
organs (TLOs) are ectopic lymphoid tissues that arise postnatally in chronically
inflamed organs3®4. Their role in the pathogenesis of inflammatory diseases remains
debated but some data indicate that they are associated with a poor prognosis3°®,

It is interesting to note that CCR6 and GPR183 are co-expressed in cells displaying a
lymphoid tissue-inducing potential such as ILC3s and Th17 cells# 46. 76, 103, 238, 396
However, the function of these chemotactic receptors in lymphoid tissue development
is not completely redundant.

GPR183 promote the formation of intestinal lymphoid tissues arising after birth at
steady state and TLOs developing in inflamed tissues 4% 43 47, 103,104 " importantly,
besides positioning alterations of B cells and CD4 T cells, the number, structure, and
overall development of secondary lymphoid organs that emerge in-utero do not seem
to be dependent on GPR1834% 47, 86,195,103,

CCR6 KO mice display underdeveloped Peyer’'s patches®%’, which are secondary
lymphoid organs developing prenatally®’ but these structures develop normally in
GPR183 KO mice*. In contrast, induced bronchus-associated lymphoid tissues
(iBALT) are not impacted by a defect in CCR63% but are reduced GPR183 KO mice*?
although not in the same models. Therefore, GPR183 could be more particularly
implicated in lymphoid tissue formation at mucosal sites arising postnatally.

The mucosal microbiota composition drastically changes after birth and it favors the
development of lymphoid tissues®?® and of TLOs that exacerbate inflammation in the

gut*®, This suggests that postnatal lymphoid tissue development is microbiota



dependent. Therefore, the cross-talk between GPR183* lymphoid tissue-inducing
cells and mucosal microbiota might be a driving mechanism for TLOs formation or in

general for the development of lymphoid tissues after birth.

Perspectives

All of the above-mentioned results suggest that CCR6 and GPR183 collaborate to
promote lymphoid organ development and inflammation.

Future studies, combining CCR6 KO, GPR183 KO, and GPR183 and CCR6 double
KO mice might enable to refine the respective role of these chemotactic receptors in
inflammation and emergence of post and prenatal lymphoid tissues. By using CCR6
and GPR183 reporter mice, we could evaluate the spatial distribution and the
phenotype of immune cells expressing these receptors at steady state and during gut
and CNS inflammation in experimental models where TLOs are observed400: 401,402 or
in inflamed tissues. These tools combined with our Ch25h-floxed-reporter mice could
enable us to refine the identity of the cellular sources of 7a,25-OHC in lymphoid organs
and inflamed tissues as current data are mostly based on mRNA expression of
Ch25h*.: 8  Finally, the putative differential spatial location of GPR183* CCRS,
GPR183  CCR6" and GPR183* CCR6" cells and Ch25h expressing cells in inflamed
tissues and lymphoid organs might inform about the different cell subsets interacting
with each other. This is particularly interesting as Th17 and regulatory T cells are highly
plastic® and as mentioned above GPR183 and CCR6 might be differentially
expressed between these two subsets. Therefore, the identification of the cell subsets
with which they interact could allow us to decipher the molecular cues governing the

transition from a regulatory to pro-pathogenic phenotype and conversely.



Part 2: The detrimental function of Ch25h in endothelial cells

In the main project of my thesis, we demonstrated that Ch25h expression by
endothelial cells regulates PMN-MDSC expansion during EAE.

Interestingly, Lu et al demonstrated that Ch25h expression by endothelial cells is
angiostatic in cancer?®3, The uptake of tumor-derived extracellular vesicles (TEV) by
ECs increases in absence of Ch25h. This increased TEVs uptake induces the
expression of angiopoietin-2 (ANGPT-2) which favors angiogenesis 493,

In our RNAseq of ECs, when Ch25h expression was reduced, we did not identify
alterations of ANGPT-2 expression, but we observed a robust activation of genes
related to cell cycle and cell proliferation, even at steady state. This increase in TEVS
uptake and activation of angiogenesis combined with our in-vitro data suggest that
suppression of Ch25h expression in ECs could unleash their proliferative potential
without the presence of tumor microenvironment. Thus, it would be important to study
the effect of Ch25h deletion in ECs in another experimental paradigm than
malignancies.

Lu et al observed a reduced expression of CH25H in colorectal cancer stroma
compared with adjacent healthy tissue*®® and we were able to demonstrate that
endothelial cells from glioblastoma (GBM) display a reduced expression of CH25H.
Moreover, our results suggest that Ch25h inactivation and IL-1f stimulation in brain
endothelial cells induce a transcriptomic profile reminiscent of ECs found in GBM. Of
note, some common findings between GMB ECs and Ch25h-deleted ECs included
increased expression genes related to extracellular matrix organization#%4 405 which

might indicate the acquisition of a mesenchymal phenotype. It is therefore tempting to



speculate that Ch25h in ECs functions as a checkpoint that promotes endothelial cell
guiescence, restrains their proliferation, and maintains their identity.

Finally, Ch25h expression in CNS ECs is increased in stroke, epilepsy, traumatic
brain injury, and EAE 3%, but its function in these experimental models was unknown.
We demonstrated that its expression by CNS ECs is detrimental during EAE through
restriction of PMN-MDSC expansion while Lu et al have shown that it restrains tumor
growth by limiting angiogenesis*®3. This opens the possibility that angiogenesis and

PMN-MDSC expansion are concomitantly induced by Ch25h deletion.

Perspectives

The role of angiogenesis in EAE and MS pathophysiology is not clear, but it could be
a detrimental process3?® 330. 331 therefore the beneficial effect of Ch25h deletion that
we observed in our model could be more easily explained by PMN-MDSC expansion.
In addition, we have not addressed the angiostatic effect of Ch25h in the context of
neuroinflammation.

However, as mentioned, it is not excluded that Ch25h ablation favors endothelial cell
proliferation in another context than malignancies. These notions, combined with its
negative effect on PMN-MDSC expansion and TEVs uptake suggest that it might be
an attractive target in pathological paradigms where extracellular vesicle, PMN-
MDSC, and angiogenesis act in concert to favor tissues healing.

For these reasons, the impact of Ch25h ablation on stroke should be evaluated. There
is a substantial amount of evidence indicating that Ch25h expression is increased in
the CNS during experimental models of ischemic stroke*%® 407 and specifically in

endothelial cells33% 498 Of note neutrophils infiltrating the CNS during ischemic stroke



are heterogeneous*®® and reports indicate that a subset of PMN, the so-called “N2”
neutrophils might reduce the infarct volume??> 499, A recent study also describes a
subset of neutrophils displaying neuro-regenerative capacities in a model of optic
nerve injury that could be consistent with “N2” neutrophils#'°. A detrimental role of
neutrophils is also described during stroke*!! but given their heterogeneous nature,
some subsets might be beneficial, and others detrimental. Some authors have
proposed that “N2 neutrophils” was just another appellation of PMN-MDSC*'? and
therefore, these cells might be affected by 25-OHC and PGE2. Angiogenesis could
also be beneficial for stroke by favoring CNS tissue regeneration after ischemia®'3,
Finally, pre-clinical models indicate that extracellular vesicles derived from
mesenchymal stem cells can enhance recovery during CNS ischemic events#4 415
416_

Therefore, Ch25h deletion might enhance CNS tissue healing after an injury by
favoring PMN-MDSC expansion and angiogenesis. In addition, Ch25h inhibition could
be used as an adjuvant therapy with extracellular vesicle derived from mesenchymal

stem cells as it might enhance their uptake and thus their therapeutic potential.

Conclusion

During this thesis, we reinforced the degree of evidence implicating Ch25h in IBD and
EAE and further refined the molecular mechanism through which this pathway
promotes these two diseases. We discovered a narrow association between GPR183
and CCR6 and a novel function of Ch25h-derived oxysterols and CNS endothelial cells

in PMN-MDSC regulation. Future studies are necessary to confirm the therapeutic



potential of Ch25h inhibitors and to clarify the underlying mechanisms of its pro-

pathogenic or beneficial effects.
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