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ZUSAMMENFASSUNG

Tul7-Zellen spielen eine grofe Rolle bei Entziindungen wund sind in einigen
Autoimmunerkrankungen involviert. Die Entziindungsreaktion im Gewebe ist eine protektive
Antwort des Organismus auf Infektionen, kann allerdings, wenn sie fehlreguliert ist, auch zur
Autoimmunitat fuhren. Wahrend einer Immunantwort ist der Austausch zwischen dem
entziindlichen Gewebe und dem Immunsystem der Schlissel, um die Gewebeintegritat zu
erhalten und physiologische Prozesse aufrechtzuerhalten. Wie das inflammatorische Gewebe
das Ausmald der Immunreaktion durch die Kontrolle von proinflammatorischen T-Zellen reguliert,
ist nicht genau charakterisiert. Zusatzlich sind einige Antigen-prasentierende Zellen (APCs)
bekannt, die zum Rickgang einer Gewebeentziindung und zur Wiederherstellung der
Homoostase durch deren Expression von antiinflammatorischen Mediatoren fiihren, und
schlieBlich das Schicksal der T-Zellen beeinflussen. Hier konnten wir zeigen, dass intestinale
Epithelzellen (IEC) die groRte Quelle fur das Alarmin Interleukin-33 (IL-33) nach einer T-Zell-
abhangigen Inflammation ist und dass Tul7-Zellen den IL-33-Rezeptor (ST2) in vivo
exprimieren. Daneben konnten wir zeigen, dass Monozyten, die die Lamina propria (LP)
wahrend des Riickgangs der Entzindung neu besiedeln, die Hauptquelle fir Oncostatin (OSM)
sind und dass Tyl7-Zellen den OSM-Rezeptor (OSMRP) exprimieren. IL-33 und OSM
reduzieren beide die Expression von proinflammatorischen Genen (Tbx21, Ifng und Csf2) und
induzieren die Expression des antiinflammatorischen Gens 1110 in der Maus und in humanen
Tul17-Zellen. In vivo-Experimente, die in St2”-Mausen durchgefiihrt wurden, zeigten, dass IL-33-
Signale die proinflammatorischen Kapazitdten von Tyl7-Zellen im Dinndarm nach akuter
Entzindung limitieren, und somit den klinischen Verlauf positiv beeinflussen. Passend dazu
zeigten in vivo-Experimente in Mausen, in denen experimentelle autoimmune Enzephalomyelitis
(EAE) induziert wurde, dass OSM auch die Tyl7-Pathogenitdt eindammt, und folglich die
Schwere der Erkrankung reduziert. Schlief3lich zeigen wir, dass sich wahrend der Antwort auf IL-
33 und OSM proinflammatorische Tyl7-Zellen entwickeln, die einen regulatorischen Phanotyp
mit immunsuppressiven Eigenschaften aufweisen. Unsere Ergebnisse liefern neue Einblicke in
den Mechanismus, wie IEC UUber die IL-33/ST-Achse und wie Monozyten Uuber die
OSM/OSMRp-Achse proinflammatorische Ty17-Zellen im Dinndarm kontrollieren kénnten, um

die Homoostase aufrechtzuerhalten.



Abstract

Tul7 cells are major drivers of inflammation and are involved in several autoimmune diseases.
Tissue inflammation is a beneficial host response to infection but, when deregulated, can also
contribute to autoimmunity. The crosstalk between the inflamed tissue and the immune system
during an inflammatory response is the key for preserving tissue integrity and to maintain
physiological processes. However, how the inflamed tissue is able to regulate the magnitude of
an immune response by controlling pro-inflammatory T cells is not well characterized. In
addition, during the resolution of tissue inflammation several antigen presenting cells (APCs)
with tolerogenic properties are known to further push the system back to homeostasis through
the expression of anti-inflammatory mediators that ultimately influence T cell fate. Here, we show
that intestinal epithelial cells (IEC) are the main source of the alarmin interleukin-33 (IL-33) upon
T cell dependent intestinal inflammation and that T17 cells express the IL-33 receptor (ST2) in
vivo. Also, we show that monocytes repopulating the lamina propria (LP) during the resolution of
inflammation are the main source of Oncostatin (OSM) and that Ty17 cells express the OSM
receptor (OSMR). Both IL-33 and OSM promote a reduced expression of pro-inflammatory
genes (Thx21, Ifng and Csf2) and induce the expression of the anti-inflammatory gene 1110 in
mouse and human Ty17 cells. In vivo experiments performed with St2” mice demonstrate that
IL-33 signaling limits the pro-inflammatory capacity of Ty17 cells in the small intestine (SI) upon
acute inflammation, thereby ameliorating the clinical course. Similarly, in vivo experiments
performed with Experimental Autoimmune Encephalomyelitis (EAE)-induced mice demonstrate
that OSM also restrains Tyl7 pathogenicity, thereby attenuating disease severity. Finally, we
show that pro-inflammatory T, 17 cells acquire a regulatory phenotype with immune-suppressive
properties in response to both IL-33 and OSM. Our results provide new insights into the
mechanisms by which IEC, via IL-33/ST2 axis, and monocytes, via OSM/OSMRB axis, may

control pro-inflammatory Tyl7 cells in the small intestine in order to sustain homeostasis.



1 Introduction

1.1. Tul7 cells

1.1.1 Introduction

The adaptive immune system successfully fights against the distinct classes of existing
pathogens by facilitating the differentiation of naive CD4" T cells into distinct types of effector
cells with particular immune functions(1). Naive T cells recirculate through secondary lymphoid
organs (SLOs) such as peripheral lymph nodes, spleen, and gut-associated lymphoid tissues in
a strategy that maximizes their opportunity for antigen detection. However, upon activation,
effector T cells couple differentiation with migration cues towards non-lymphoid tissues
(preferential sites of infection for most pathogens) in order to coordinate function and localization
and so contributing to infection control (2). The migration of effector T cells from the circulation to
specific tissue sites to exert their biological function relies on lymphocyte-endothelial recognition
through adhesion molecules, as well as on different chemokine/chemokine receptor axis.
Combinatorial association of chemokine and adhesion receptors allows for diversity of tissue

and microenvironment-specific targeting (3)

Each effector T cell lineage is characterized by the expression of a specific master regulator,
different surface markers and the production of a set of cytokines that confer them specific
immune activities to protect the host. Following infection, innate immune cells that have
encountered an antigen produce particular combinations of cytokines that, together with the
triggering of the T cell receptor (TCR), promote the differentiation of naive CD4" T cells (4).
Historically, naive T cells were known to give rise to Tyl cells to fight against intracellular
bacteria and viruses or to Ty2 cells to fight against helminthes. While the first were characterized
by the expression of the master regulator Tbx21 and the production of IFN-y as a hallmark
cytokine, the latter express GATA3 and produce IL-4, IL-5 and IL-13 (5-7). Commitment to one
of these lineages provides positive feedback to increase further differentiation of naive cells to
that lineage while inhibiting alternative commitment: Tbx21 and IFN-y enforce their own
expression (Ty1l development) at the same time that prevent T2 differentiation, and vice versa
(8, 9). However, each subset of Ty cells has not only been linked to protection against specific
invading pathogens, but also to the development of different immune-related diseases. Ty1 cells
are known to participate in organ-specific autoimmune disorders and chronic inflammatory
pathologies, such as Crohn’s disease, sarcoidosis and atherosclerosis and T,2 cells are

involved in several allergic reactions (10).



In an antagonistic way, suppression of immune responses and maintenance of peripheral
tolerance was found to be provided by regulatory T cells (Tregs), characterized by the
expression of the transcription factor Foxp3 (11). Tregs are abundantly found in the periphery,
particularly in the intestine (12), where they exert suppressor functions. For that, Tregs require
not only Foxp3 expression, but also cell-cell contact and secretion of I1L-10 (13), a potent anti-
inflammatory cytokine with non-redundant roles in intestinal homeostasis. Treg differentiation
from naive precursors depends on high concentrations of TGF@, while Treg expansion depends
on IL-2. Although Tregs play an important role in maintaining peripheral tolerance to self-
antigens and in counteracting the inflammatory activity of effector T helper subsets, an
excessive Treg suppression may facilitate tumorigenesis and can be used by pathogens to

escape immune surveillance, thereby compromising the health of the host (14).

1.1.2 Characteristics and functions of Ty17 cells

It was not until 2005 that the T417 lineage was described as a distinct subset of T helper cells
(15-17). Ty17 cells were characterized by the expression of the transcription factors ROR-yt and
ROR-a and the production of IL-17A, IL-17F and IL-22, cytokines involved in neutrophilia, tissue
remodeling and repair, and production of antimicrobial peptides (18-20). As part of their
differentiation program and linked to the expression of ROR-yt, Tyl7 cells express the
chemokine receptor CCR6 (21). Its natural ligand is CCL20, a chemokine produced by inflamed

tissues, thereby promoting attraction and recruitment of T17 cells to the inflammatory site (22).

Tul7 cells are abundant at mucosal interfaces, where they contain infection with extracellular
bacteria and fungi (1, 23) and confer coverage of some microbes that are not targeted in Tyl or
Tu2 responses, including Mycobacterium tuberculosis, Bacterioides fragilis and Klebsiella
pneumoniae (24). In the small intestinal lamina propria, Ty17 responses are particularly enriched
and amplified by a specific priming microenvironment, composed of intestinal microbiota (a
crucial component of which is Segmented Filamentous Bacteria (25)) and innate immune cells
that guide the cytokine requirements for Ty17 development (26-28). IL-6 was found to be
essential for Ty17 differentiation, whereas IL-1B and IL-21 help to increase the efficiency of this
process and IL-23, to further sustain Ty17-mediated effector functions and survival (29-31). It is
also remarkable that the role of TFGP in Ty17 differentiation is dose-dependent: high doses of
TGFB suppress ROR-yt function through increasing Foxp3 and, thus, facilitating Treg
development, while low doses of TGF( cooperate with IL-6 to overcome Foxp3-mediated
repression of ROR-yt in favor of Tyl7 differentiation (21, 32). Through their reciprocal

development, Tyl7 and Treg cells regulate the differentiation of one another to maintain
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equilibrium, providing a mechanism to combine immune homeostasis and pathogen clearance at
the intestinal mucosa, where the body has a permanent interplay with intestinal microbiota and
potentially harmful pathogens (1, 22). Moreover, the production of IFN-y by Tyl, IL-4 by T42
cells and the Treg-expanding cytokine IL-2 has also been reported to restrain Tyl7 cell

commitment (15).

Dendritic cell

Naive CD4*
T 17
T cell -*-] H
N~ --'_Z_"'" IL-6 + TGF§ s R =L
> (IL-23 JL-21 and IL-1§) ‘i WS ILATF
@ @} J b and B / RORyt : st
: Y1 Tcr - \@;
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molecule

Mucosal protection against
extracellular bacteria & fungi

Schema 1. Characteristics and functions of Ty17 cells. Ty17 cells arise from naive lymphocytes that
undergo functional differentiation upon encountering their cognate antigen displayed by activated APCs.
Tnl7 cells are characterized by the expression of ROR-yt as a master transcription factor, the chemokine
receptor CCR6 that will guide their migration capacity and the production of IL-17A, IL-17F and IL-22,
cytokines mediating granulopoiesis, neutrophil chemotaxis and production of anti-microbial peptides.
Therefore, the role of Ty17 cells is the clearance of extracellular bacterial and fungal infections at mucosal
barriers.

Similar to Tyl and Ty2 subsets and despite the role of the Ty17 lineage in mucosal protection,
these cells were also found to be highly pathogenic and essential for the establishment of tissue-
specific inflammation (17), becoming key drivers of several autoimmune disorders like multiple
sclerosis (MS) (33), rheumatoid arthritis (RA) (34), psoriasis (35) and inflammatory bowel
disease (IBD) (36). Therefore, diverse clinical trials are currently focusing on targeting the T,17

pro-inflammatory cell program and its signature genes (37).

1.1.3 Ty17 cell plasticity

+

It was generally accepted that mature effector T cells showed a stable phenotype: once a CD4
T cell has committed to either the Tyl or the Ty2 lineages, conversion to the other lineage
doesn’t occur (22). This concept of a fixed phenotype and function was also initially applied to
Tul7 cells, but it has been proven to be no longer valid. Recent studies provide strong evidence
of a rather flexible and dynamic phenotype of the Ty17 subset, showing a high degree of
functional plasticity that would allow these cells to shift to Ty1, T42 or Treg, depending on the
prevailing environmental cues. In fact, an increasing body of data suggests that all CD4" T cell

subsets may display remarkable plasticity (13, 38, 39). This characteristic is thought to be
7



required to maintain immuno-competence after thymic involution in adulthood (40) and it would

allow individuals to respond to environmental stimuli in a context-dependent manner (13).

The existence of Ty17 cells capable of producing both IL-17A and IFN-y (also expressing both
ROR-yt and Tbx21 and named, therefore, T41/Tyl7 cells) has been reported in patients with
Crohn’s disease (a form of IBD) (41), type | diabetes mellitus(42) and arthritis (43), where these
IL-17A*IFN-y* double producing cells were shown to be highly pathogenic and to drive
autoimmunity. IL-23 has been shown to induce this shift towards a Ty1/Ty17 phenotype (44, 45).
Moreover, in an inflammatory environment, they can further polarize to Tyl cells through loss of
ROR-yt and IL-17A expression and become main producers of IFN-y together with the pro-
inflammatory cytokine GM-CSF (46). These pathogenic cells, also known as Ty1l/exTy17 cells,
play an important role in the mouse model for MS, named experimental autoimmune
encephalomyelitis (EAE) (45), where they are also main producers of the pro-inflammatory
cytokine TNF-a.

Pathogenic
Thi17 25k Th17
y - Very low or no TGF-§ yi e P IL-17A
L T s
: || RORyt || IFN-y
) ) (\ y
P

,}O g/ GM-CSF
T\ ‘wﬁ TNF-o

CCRo

Tissue-specific autoimmunity

Schema 2. Ty17 cells shift to Ty1l/Tyl7 cells becoming highly pro-inflammatory and mediating
autoimmune diseases. IL-17A"IFN-y* double producing cells may represent an intermediate state during
Tyl development from Tyl7 precursors, in which Thx21 and ROR-yt are co-expressed. Ty1/Ty17 cells
have been associated with enhanced reactivity and pathological potential, promoting several autoimmune
disorders.

On the other hand, Ty17 cells can go along a different path and switch into regulatory T cells
that express the anti-inflammatory cytokine IL-10 independently of Foxp3, acquiring therefore
regulatory functions both in vitro and in vivo (47, 48). IL-10 itself, as part of a positive feedback
loop, and TGFB are two environmental cues known to induce this shift (48, 49). IL-10" regulatory
T cells generated from Ty17 cells are named regulatory Ty17 cells (rTy17) in this study, as they
express the master regulator ROR-yt in the absence of Foxp3 expression and still produce IL-
17A. Interestingly, despite their differing functional properties, Tyl7 cells and Tregs share
common features. As previously mentioned, both populations are abundantly found in the
intestine and share essential developmental cues, as both subsets are generated from naive T
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cells under the influence of TGFB and express high levels of aryl hydrocarbon receptor (Ahr),
which integrates environmental stimuli consisting of both dietary and bacteria-produced ligands
and promotes the induction of one or the other cell type in a ligand-specific fashion (50). In fact,
Tul7 and Tregs are not only present in a homeostatic balance, but they are even derived from a
common precursor, since Foxp3'ROR-yt" double expressing cells exist during early T,17 cell
development (13) and have been found both in mice and humans (51, 52). It is hypothesized
that plasticity between Treg and T417 cells likely occurs in the context of dynamic changes in the
intestinal inflammatory milieu: pro-inflammatory stimuli may promote conversion of immune-
suppressive Tregs into pro-inflammatory Ty17 cells, while resolution of inflammation may trigger
the alternate shift from pathogenic Ty17 to regulatory T cells (53).

Given that Ty17 cells have emerged as a representative example of heterogeneous and flexible
T lymphocytes, highlighting how cell plasticity plays a central role in keeping the balance
between pathogenicity and tolerance (54), it is of crucial importance to understand how the

diverse functions of this T cell subset are regulated.

Extrinsic

Intrinsic IFNy

Foxp3 IL-2 L. .
eieE L-4 Intrinsic Extrinsic
STATS IL-25 RORyt  IL-23
50Cs3 IL-27 RORa IL-1B
NR2F6

PPARy

Ets-1 Pathogenic Regulatory
ﬁ- %
50C51

Stat3 TGFp ? IL-10/TGFB

o ?

S I Intrinsic :
RORa IL-21 Extrinsic
IRF4 IL-23

BATF IL-1B

Intrinsic Extrinsic

Schema 3. Factors controlling Tyl7 cell plasticity. In the past few years, a lot of factors have been
shown to positively or negatively regulate Tyl7 cell development. Research has mainly focused on
intrinsic and extrinsic signals controlling the development of pathogenic Ty17 cells, since these cells are
key drivers of autoimmunity in several tissues. Cytokines that induce alternative T cell subsets, like IFN-y,
IL-2 and IL-4, as well as several transcription factors (Foxp3, STAT5, SOCS3, etc) effectively inhibit T417
development. On the contrary, cytokines like IL-18 and IL-23, and transcription factors like SOCS1 and
ROR-yt, among others, are known to induce pathogenic Ty17 cells. However, very little is known about
signals inducing the conversion from pathogenic to regulatory Ty17 cells.



1.1.4 Control of T4l7 cells occurs in the small intestine

Tyl7 cells are particularly prevalent in the intestinal lamina propria. The gastrointestinal tract
represents the largest surface area of the body that comes into direct contact with the external
environment. Also, the intestine comprises the major single epithelial interface in the body,
populated by the greatest number and diversity of resident microbes (22) that aids in digestion
and markedly influences the development and function of the mucosal immune system (55). The
intestinal immune system, therefore, encounters more antigens than any other part of the body
and it must discriminate between invasive pathogens and harmless antigens derived from food
or commensal bacteria (56). Thus, a fine-tuned regulation of the immune response is essential

to protect the tissue from harmful cues, while keeping homeostasis to harmless antigens.

Key to the coexistence of commensal microbial communities and mucosal immune cells is the
capacity to maintain the segregation between host and microorganism. The intestinal epithelium
accomplishes this by forming a physical and biochemical barrier to commensal and pathogenic
microorganisms. Furthermore, intestinal epithelial cells (IECs) can sense and respond to
microbial stimuli to reinforce their barrier function and, more importantly, to participate in the
coordination of appropriate immune responses, ranging from tolerance to inflammation (55).
Hence, IECs are considered immuno-competent cells that stablish a continuous dialogue with
intestinal APCs and influence adaptive immune responses. At steady state conditions, IECs-
derived TGF[B and retinoic acid, produced in response to commensal bacteria-derived signals,
promote the development of DCs and macrophages with tolerogenic properties (55). In that
respect, CD11¢"CD103" DCs (57) and monocyte-derived CX;CR1" macrophages (58) have
risen special interest. The first act as migratory APCs that also imprint intestinal-homing
properties on T cells in SLOs (55). The latter are sessile, intestine-resident macrophages that
have been shown to promote tolerance in the intestinal LP through the production of IL-10 and
through the promotion of survival and local expansion of previously primed regulatory T cells
(55, 59).

Following priming by intestine-derived APCs in SLOs, T cells are recruited to the intestine,
where they settle in the LP and become subject to the direct influence of IECs and resident
APCs (55). Depending on the signals received, LP T cells exert their regulatory or inflammatory
effect on the local environment. Specialized T cells known as intraepithelial lymphocytes (IELs)
also exist in close contact with the IEC layer and bidirectional interactions exist between the two
in order to maintain intestinal barrier functions (60). Because IELs contain granzyme granules

with cytolytic activities, they are often described as cytotoxic cells (61, 62).
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In 2011 Esplugues et al. showed how pathogenic Ty17 cells are controlled in the small intestine
(SI) in order to avoid exacerbated immune responses (Schema 4). By using a model of systemic
tolerance induced by injections of CD3-specific antibody, they showed that the subsequent
increase of IL-6 and TGFB production by peripheral APCs led to the differentiation and
proliferation of Tyl7 cells in the periphery. These newly generated peripheral Tyl7 cells
expressed IL-17A, together with pro-inflammatory cytokines, such as TNF-a. The combination of
IL-6 and TGF-B is indeed a well-known cytokine cocktail for the generation of Ty17 cells (see
section 1.1.2) and the concentration of both cytokines occurred to be increased in the periphery
upon anti-CD3 treatment. The secretion of IL-17A by newly generated Ty17 cells induced the
expression of the chemokine CCL20 in IECs, facilitating therefore the migration of Ty17 cells
specifically to the Sl via the CCR6/CCL20 axis. As described in section 1.1.2, Ty17 cells express
the chemokine receptor CCR6, which natural ligand is CCL20 and in line with that, CCR6-
deficient mice failed to recruit Ty17 cells in the Sl upon anti-CD3 treatment. Esplugues et al also
demonstrated that once in the SI, Ty17 cells are controlled by two different mechanisms: they
are eliminated via the intestinal lumen and, simultaneously, Ty17 cells remaining in the lamina
propria acquire a regulatory phenotype, linked to their ability to produce IL-10. Interestingly, LP
rTyl7 cells were shown to actively proliferate in the Sl and were able to effectively suppress the
proliferation of naive T cells in vitro and ameliorate the clinical course of EAE in adoptive transfer
experiments, demonstrating their stable regulatory functions in vivo (47—49). The acquisition of a
suppressive phenotype by Ty17 cells is dependent on their recruitment to the Sl, since splenic
Tul7 cells of CCR6-deficient mice after anti-CD3 treatment, which are unable to migrate to the
Sl, showed a rather pro-inflammatory phenotype both in vitro and in vivo. The accumulation of
Tyl7 cells in the SI and the local acquisition of regulatory properties also occurred after
influenza A viral infection (H1N1) and after intravenous (i.v.) injection of Staphylococcus aureus
(used as a sepsis model). Hence, it was hypothesized to be a general mechanism to counteract
most strong immune responses that result in Ty17 differentiation and Ty17-driven inflammation,

which is beneficial in clearing infection, but immuno-pathogenic in excess.
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Schema 4. Control of Tyl7 cells occurs in the SI. Upon strong and policlonal TCR activation that
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apoptotic cells and start a massive but transient cytokine release, mainly composed of TGF and IL-6, a
cytokine milieu that promote the generation of Ty17 cells. Because they secrete high amounts of IL-17A
and other pro-inflammatory cytokines, they are described as pathogenic Ty17 cells. Via CCR6/CCL20
axis, Tyl7 cells are recruited to the Sl, where part of them are eliminated via feces while the ones that
remain in the LP shift their phenotype: they down-regulate pro-inflammatory genes and express high
amounts of IL-10, a potent-anti-inflammatory cytokine that confers these cells immune-suppressive
functions (adapted from (63)).

Recently, it has also been reported that after respiratory influenza virus infection, IFN-y
producing, lung-derived CD4" T cells are recruited to the SI, where the number of pro-
inflammatory Ty17 cells rapidly increases, inducing intestinal immune injury (64). This study
proofed why an infectious respiratory disease is often accompanied by gastroenteritis-like
symptoms and, together with the work of Esplugues et al. and others, identified the S| as a
major regulatory organ not only for local, but also for systemic immune function. It is the specific
micro-environment found in the Sl together with the expression of co-stimulatory molecules,
which influence T cell plasticity and determine the outcome of T cell differentiation, the fine-

tuned phenotype and the transcription and cytokine profile of intestinal CD4" T cells (65, 66).
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1.1.5 Anti-CD3 treatment as an in vivo model of tolerance that expands
regulatory Tyl7 cells in the SI.

The results from Esplugues et al mentioned above were obtained by the use of an antibody
specific for mouse CD3, named 145-2C11, which was also used in many other experimental
settings. The first mouse monoclonal antibody specific for human CD3, known as OKT3 (Ortho
Biotech), was the first Food and Drug Administration approved monoclonal antibody for
treatment in acute transplant rejection after kidney, heart or liver transplantation, back in the
early 1980s (67). It was engineered as a biological agent that efficiently promotes immune
tolerance by targeting the functionally relevant receptor complex TCR-CD3 expressed by T cells,

becoming the first successful tolerogenic therapy in humans.

Anti-CD3 treatment leads to two distinct phases in the subsequent immune response. The first
phase covers the period of antibody administration (short-term effect or phase) in which reactive
T cells disappear from the periphery. The second phase evolves after the end of the treatment
(long-term effect or phase), leading to active immunological tolerance mediated by regulatory T
cells. The short-term effect is due to the action of CD3-specific antibodies on T cells through
three distinct non-mutually exclusive mechanisms: (1) antigenic modulation of the TCR-CD3
complex, followed by its internalization or shedding from the cell surface, (2) induction of
apoptosis via activation-induced cell death that preferentially affects activated or auto-reactive T
cells and/or (3) induction of anergy in T cells (68). Preferential depletion of activated or auto-
reactive T-cell in the periphery is thought to leave behind “space” for the homeostatic
reconstitution that favors selective induction, survival and expansion of regulatory T cells, which
establishes long-term tolerance (68, 69) (see Schema 4). Based on this, the anti-CD3 treatment
appeared as a promising tool for the treatment of autoimmunity.

However, both OKT3 and 145-2C11 antibodies have unaltered Fc portions that can interact with
Fc-receptors present on phagocytes and natural Killer cells. This interaction occurs during the
short-term phase of the anti-CD3 treatment and leads to a large-scale release of cytokines,
mainly IL-6, IL-18 and TGF( that causes strong side-effects and stems from the mitogenic
capacity of CD3-specific antibodies (67). The above-mentioned side-effects are known as the
“flu-like” syndrome, which is characterized by fever, nausea, vomiting and diarrhea. These
symptoms are linked to acute intestinal inflammation (70-73) and T-cell dependent small
intestinal injury (74). Esplugues et al also demonstrated that the acute intestinal inflammation
observed upon anti-CD3 treatment was in fact dependent on the recruitment of Ty17 cells from
the periphery to the duodenum via CCR6/CCL20 axis, as CCR6” mice not only failed to recruit

Tul7 cells but did also not show signs of intestinal inflammation. Nevertheless, the cytokine
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release is only transient and the syndrome, therefore, self-limiting. It resolves with the complete
restoration of the tissue and systemic homeostasis (75) by the fifth day of treatment (76),

corresponding to the long-term phase.

Recently, new strategies meant to prevent or minimize unwanted side-effects, led to the design
of humanized CD3-specific antibodies that were engineered to prevent binding to Fc-receptors,
while retaining their full therapeutic activity. Anti-CD3 treatment based on non-FcR-binding
antibodies is currently under clinical studies for treatment of autoimmune diseases such as type |
diabetes (Otelixizumab and Teplizumab, in phase Il clinical trials), ulcerative colitis and Crohn’s

disease (both Visilizumab).

Although non-FcR-binding antibodies have less severe side-effects, the antibody 145-2C11 is
still being used as a treatment in mouse models for tissue-specific autoimmune diseases, such
as type 1 diabetes (77), rheumatoid arthritis (78) and lupus nephritis (79). This antibody also has
protective effects when administered during the course of EAE, since MOG-specific Ty17 cells
are then recruited to the duodenum of the CD3-specific treated animals, preventing therefore the
accumulation of these pro-inflammatory cells in the CNS (47). In the present study, the 145-
2C11 antibody was used according to Esplugues et al. as an in vivo model to induce systemic
immune tolerance at the expense of an acute, transient and local Sl inflammation that resolves

together with the expansion of rTy17 cells (Schema 5).

TOLERIZATION PHASE /
RESOLUTION OF INFLAMMATION
I

clone 145-2C11 =

ACUTE INFLAMMATION PHASE

wamcn] | (o)
7o . P
- T _ ?_ l __ ?_I_‘ ?_
Day 0 Day 1 Day 3 | Day 5 Day 7

Sl inflammation ) S| homeostasis

dependent on linked to

Tw17 recruitment T,17 conversion
(IL-10 expression)

Schema 5. Anti-CD3 treatment as an in vivo model of tolerance that expands regulatory Ty17 cells
in the Sl. The administration regime of the anti-CD3 treatment is based on three injections of 20ug of
CD3-specific monoclonal antibody (clone 145-2C11) every 48 hours. 4 hours after the first injection (day
1), pathogenic Tyl7 cells start to accumulate in the LP and first signs of intestinal inflammation are
observed. On day 5 the system goes back to homeostasis, tissue is completely restored and Ty17 cells
gain the ability to produce IL-10, which confers these cells regulatory properties and suppressive functions
both in vitro and in vivo.

14



Esplugues et al. showed how the Sl controls overwhelming Ty17 responses. However, specific
Sl cell types and signals governing the conversion of pathogenic Ty17 cells towards a regulatory
phenotype have not yet been fully understood. The fact that rTy17 cells have only been found in
the duodenum upon strong TCR activation, such as after anti-CD3 treatment, indicates that
cellular and molecular changes occurring locally, in a tissue-specific manner, are in control of
Tul7 pathogenicity. Hence, preliminary studies performed in the laboratory aimed to assess the
differential gene expression profile of several immuno-competent cells in the Sl and spleen
(used as SLO), comparing both tissues upon anti-CD3 treatment and in homeostatic conditions.
Among others, in this analysis two genes popped-up that drew our attention and that are subject
of the present study: Interleukin-33 (IL-33) and Oncostatin (OSM).

1.2. IL-33

IL-33 is a member of the IL-1 cytokine family (80), mainly expressed in the nuclei of endothelial
and epithelial cells at mucosal interfaces (81-83). It has dual roles, acting as a transcription
factor in control of gene expression (intracellular IL-33) and acting as a cytokine when it is
released (extracellular 1L-33). Generally, IL-1 family members are considered as pro-
inflammatory cytokines that locally orchestrate acute inflammatory processes. They have
pleiotropic functions in innate responses and participate in shaping adaptive immunity by
skewing the differentiation of naive T lymphocytes and by directly affecting the effector functions
of different subsets (84).

IL-33 is also known to function as an alarmin, a molecule indicating tissue damage upon injury or
infection (85, 86). Although it has been linked to various inflammatory and allergic processes
and autoimmune diseases (80, 87—-89), recent studies have described the role of IL-33 in the
regulation of tissue homeostasis, injury and repair, especially in the intestine (90). The emerging
picture is that IL-33 patrticipates in maintaining barrier function by inhibiting gene expression in
endothelial and epithelial cells in steady state. In parallel, nuclear 1L-33 functions as a stored
alarmin that is released when barriers are breached to coordinate immune defense and repair
mechanisms, while initiating differentiation of Ty cells as the adaptive immune response is
triggered (84).

IL-33 signals through a receptor complex that consists of the subunit IL-1R4 (also hamed ST2)
and the accessory protein IL-1R3 (also known as IL-1RACP). In this study, IL-33 receptor will be
referred as ST2. ST2 was found to be abundantly and constitutively expressed by mast cells and
Tw2 cells under the control of GATAS; thereby contributing to the conception of IL-33 as cytokine

that favors immune responses with a Ty2 bias. Accordingly, early studies stablished the role of
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IL-33 in Ty2 development and diseases associated with type 2 responses, such as allergic
asthma (91). However, ST2 is also known to be expressed by multiple non-hematopoietic and
hematopoietic cells, including epithelial and endothelial cells, fibroblasts, dendritic cells, innate
lymphoid cells type 2, Tyl cells and Tregs, among others. Interestingly, ST2 is not normally
expressed in some of these cell types (this is the case for Tyl cells), but reports exist showing
that after stimulation a transient up-regulation of ST2 occurs and has important cellular
functional implications (87). Similarly, surface expression of ST2 is known to be subject to down-

regulation rapidly upon IL-33 binding (92).

The wide distribution of ST2 and the interplay between basal and induced expression of 1L-33
and also of its receptor point to a key role of the IL-33/ST2 axis in both inflammation and
homeostasis. A deeper knowledge of the tissue- and cell- specific mechanisms by which the IL-

33/ST2 axis governs both processes in the intestine remains an important area for further

exploration.
Tissue damage
Viral infection,
allergens, inflammation
Epithelial cell l

Transcription IL-33 —

factor

Wound healing T,2 and Treg promoter

Tolerance inductor

Schema 6. IL-33 in mucosal immunology. Origin and diverse functions of IL-33 in mucosal
barriers, such us the lungs and the intestine. Adapted from (84, 91, 93)
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1.3. OSM
OSM is a cytokine that belongs to the IL-6 (or gp130) family. It has pleiotropic functions in

differentiation, cell proliferation, hematopoiesis and inflammation. Primary sources of OSM are
activated monocytes and macrophages, although OSM production by DCs, neutrophils and T
cells has also been described (94). Generally, OSM systemic levels are low in chronic
inflammatory conditions and levels at local sites of inflammation are more indicative of potential
functions in chronic disease (95). Although some studies argue for a pro-inflammatory role of
OSM in autoimmune diseases such as psoriasis (96) and RA (97), a greater body of evidence
suggest that OSM is rather an anti-inflammatory meditator with potent effects on cytokine
regulation. It has a range of anti-inflammatory properties in vitro that include the down-regulation
of pro-inflammatory cytokines like GM-CSF, TNF-a and IL-8, the up-regulation of anti-
inflammatory mediators and the decrease in the production of proteases, which directly
contribute to tissue destruction (98). OSM has also been shown to reduce inflammation in
mouse models of RA, EAE (99) and colitis (a form of IBD) (100), to promote intestinal barrier
functions (101) and to attenuate acute inflammatory reactions in vivo (102). Moreover, OSM has
raised special interest among neuro-immunology researchers in the past few years and several
neuroprotective roles have been attributed to this cytokine (103-105). Thus, OSM has become
nowadays a promising therapeutic candidate to limit CNS damage in MS, but not only that, a
collective picture of OSM is emerging that suggests a natural role for the cytokine in the
attenuation of the inflammatory response and in the wound healing process. However, little is
known about the effects of this cytokine on T cells mediating tissue-specific inflammatory

conditions.
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1.4. Aims of this work

Esplugues et al. and others showed that after administration of the CD3-specific antibody 145-
2C11, pathogenic or auto-reactive Ty17 cells from the periphery were recruited to the Sl, where
they were converted to IL-10-secreting, rTy17 cells with in vitro and in vivo immune-suppressive
functions (47-49). However, cell types, signals and molecular mechanisms governing this
conversion have not yet been fully elucidated. Because neither peripheral T417 nor SI Ty17 cells
in steady state mice produce IL-10 or exert suppressive functions, it is hypothesized here that
the specific micro-environment found in the SI during anti-CD3 treatment controls Ty17 cell
plasticity in favor of a regulatory phenotype. The local tissue response upon injury and the
tissue-specific accumulation of Ty17 cells makes of the anti-CD3 treatment a good model to
study the interactions between an inflamed tissue and the subsequent modulation of the ongoing

T-cell response.

In consideration of the evidence pointing to the intestine as a crucial immune organ, where
tolerance is strictly and efficiently maintained to avoid unwanted immune responses to self-,
dietary or flora antigens (54, 106-108), it is of great interest to comprehend the tissue-specific
mechanisms by which the Sl is capable of inducing tolerance in Ty17 cells. Deciphering these
mechanisms may help to develop new therapeutic strategies to control pathogenic Ty17 cells

and, thus, help fighting prevalent autoimmune diseases, such us MS, RA, psoriasis and I1BD.

Therefore, the aims of this study are:

1- To identify tissue-specific signals and molecular mechanisms involved in the

conversion from pathogenic Ty17 cells towards r Ty17 cells, occurring in the Sl.

2- To identify the Sl cellular sources of the above mentioned signals in control of
Twl7 cells
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2 Materials and Methods

2.1 Buffers, media and reagents

Name Ingredients Source
PBS pH 7.2 137 mM NacCl Merck
(phosphate buffered saline) 2.7 mM KCI Merck
10 mM Na2HPO4 Merck
2 mM KH2PO4 Merck
PBS/BSA pH 7.2 PBS
(bovine serum albumin) 0.5% (w/v) BSA PAA Laboratories
PBS/BSA/EDTA pH 7.2 PBS
(ethylenediaminetetraacetic 0.5% (w/v) BSA PAA Laboratories
acid) 2 mM EDTA Sigma-Aldrich
Erythrocyte lysis buffer pH H,0
7.3 0.83% (w/v) NH,CI Sigma-Aldrich
0.1 mM EDTA Sigma-Aldrich
10 mM NaHCO;, Sigma-Aldrich
Digestion mix for preparation RPMI 1640 Medium Life Technologies
of intestinal single cell Collagenase type IV (100 U/ml) Sigma-Aldrich

suspension

RPMI 1640 medium, serum-
free

Life Technologies

RPMI 1640 medium with RPMI 1640 Medium Life Technologies
serum (preparation medium)  10% FCS (fetal calf serum) Sigma-Aldrich
Fixation/permeabilization Fixation/permeabilization diluent eBioscience
buffer 25% (v/v) Fixation/permeabilization ~ eBioscience
(Foxp3 staining buffer kit) concentrate

Washing buffer H,O

(Foxp3 staining buffer kit) 10% (v/v) permeabilization buffer eBioscience

1% formaldehyde solution

PBS

5% (v/v) of 20% formaldehyde
solution

Science Services

Saccharose solution

PBS

Roth

10%, 20% or 30% (w/v) saccharose

Roth

Washing and staining PBS

solution (histology) 1% (w/v) BSA PAA Laboratories
0.1% (v/v) Tween Sigma-Aldrich
(v/v) Triton-X 100 Sigma-Aldrich
(optional, for nuclear stains)

Blocking buffer (histology) PBS
10% (v/v) rat serum Sigma-Aldrich
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Prolong Gold antifade Invitrogen
reagent Invitrogen
OCT Medium Sakura
LP lymphocytes isolation Hanks’ balanced salt solution Gibco
buffer (HBSS) without calcium and

magnesium

5% (v/iv) EDTA Sigma-Aldrich
Anesthetics solution 0.9% sterile NaCl solution B. Braun

Ketamine (50 mg/ml)

Inresa Arzneimittel
GmbH Freiburg

Xylazin (Rompun, 20 mg/ml)

Bayer Healthcare

0.9% sterile NaCl solution

B. Braun

Rat serum Sigma-Aldrich
Goat serum Sigma-Aldrich
Rabbit serum Sigma-Aldrich
Mouse serum Sigma-Aldrich
Fetal calf serum (FCS) Sigma-Aldrich
Ethanol (96%) Roth

2-Methylbutan Roth

Trizol reagent

Life Technologies

Percoll

GE Healthcare

Anti-Biotin MicroBeads

Miltenyi Biotec

CD4 (L3T4) MicroBeads

Miltenyi Biotec

Table 1. Buffers, media and reagents

CD3 145-2C11 - DRFZ
CDh44 IM7 APC eBioscience
CD62L MEL-14 FITC eBioscience
CD25 PC61.5 PE eBioscience
CD8a 53-6.7 biotin Miltenyi Biotech
CD25 7D4 biotin Miltenyi Biotech
CD28 37.51 Miltenyi Biotech
CD3 145.2C Miltenyi Biotech
CD4 RM4-5 APC-eFluor 780 eBioscience
PE-Cy7
CD4 GK1.5 PE BioLegend
CD3 145-2C11 Alexa Fluor 647, Digoxigenin DRFZ
CD3 17A2 FITC, BioLegend
BV 650
TCRB H57-597 PE-Cy7 BioLegend
CD11c N418 Alexa Fluor 647, Digoxigenin DRFZ
CD11c N418 BV 650 BioLegend
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CD11b M1/70 Pacific Blue BioLegend
MHCII M5/114.15.2 PE DRFZ
MHCII M5/114.15.2 PE-Cy7 eBioscience
Ly6C HK1.4 PE-Cy7 eBioscience
CD45.2 104 BV 785 BioLegend
APC eBioscience
CD45.1 A20 PE eBioscience
CD45 30-F11 V450 BD Biosciences
EpCAM G8.8 Alexa Fluor 488 BioLegend
EpCAM G8.8 PerCP-eFluor 710 eBioscience
PECAM-1 MEC13.3 Alexa Fluor 647 BioLegend
Ror-yt B2D PerCP-eFluor 710 eBioscience
Ror-yt 104 PE BD Biosciences
T-bet 4B10 Pacific Blue Biolegend
Foxp3 FJK-16s FITC eBioscience
IL-17A TC11-18H10.1 FITC Biolegend
IFN-y XMG1.2 Pacific Blue EBioscience
DRFZ
TNFa MP6-XT22 PerCP Biolegend
CCR6 11A9 PE BD Biosciences
CCR4 1G1 PE BD Biosciences
CXCR3 1C6/CXCR3 APC BD Biosciences
CD45RA HI1100 FITC BD Biosciences
CD25 B1.49.9 FITC Immunotech
CD8 B9.11 PC5 Immunotech
IL-33 polyclonal Alexa Fluor 594 R&D Systems,
labeled with APEX-
Kit (Invitrogen)
GFP polyclonal Alexa Fluor 488 Rockland, labeled
at DRFZ
FcgRII/II 2.4G2 - DRFZ
IL-4 11B11 DRFZ

Table 2. Primary antibodies

Digoxigenin polyclonal Sheep,Fab- Alexa Fluor 647,  DRFZ
fragments Alexa Fluor 594
hamster IgG  polyclonal goat, 1gG - BioLegend

Table 3. Secondary antibodies
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Reagent Source

Fixable viability dye eFluor 780 eBioscience
CFSE eBioscience
DAPI DRFZ

Hoechst eBioscience

Table 4. Viability dyes and other fluorescent dyes

Name Source
IL-6 R&D Systems
IL-2 R&D Systems
TGF-B1 R&D Systems
OSM R&D Systems
IL-33 R&D Systems

Table 5. Cytokines

2.2 Mice

Wild-type C57BL/6 and congenic B6.SJL-Cd45.1 mice were purchased from Charles River. St2”
mice (109) and IL17A-eGFPxFoxp3-mRFP reporter mice (47) on a C57BL/6 background were
bred and housed under specific pathogen-free conditions in the animal facility of the Charité with
a 12 h light-dark cycle. Mice were age and sex-matched and 8-12 weeks old when used in
experiments. The mice had free access to food and water. Protocols for animal experiments
were approved in accordance with institutional, state and federal guidelines (Landesamt Fur
Gesundheit und Soziales, Berlin, Germany).

2.3 Induction of EAE

IL17A-eGFPxFoxp3-mRFP reporter female mice, aged 8-10 weeks, were immunized
subcutaneously in the base of the tail with 250 yg MOG3s 55 peptide in CFA and 400 ng pertussis
toxin in PBS was administered i.p. on day 0 and day 2. The mice were randomized in two
groups: the OSM-treated group received 10 ug of OSM in PBS / day at days 7 to 12 and the
control group received vehicle alone for the same period of time. The mice were weighed daily
and scored for clinical signs of EAE until they were euthanized (day 21 post-immunization).

Clinical disease was scored in a blinded fashion as follows:
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Score Description

0 No signs of impairment
1 Complete tail paralysis
15 Complete tail paralysis
Righting reflex impaired
2 Complete tail paralysis

Righting reflex impaired
Weak paralysis hint legs

3 Complete tail paralysis
Righting reflex impaired
Complete paralysis hint legs

4 Complete tail paralysis
Righting reflex impaired
Complete paralysis hint legs
Complete paralysis front legs

5 Moribund

Table 6. Clinical scores for EAE

2.4 Invivo T cell stimulation and intestinal lymphocyte isolation

Mice were injected with anti-CD3 antibodies (20 pg) i.p. 1-3 times at an interval of 2 days
between injections and sacrificed 4 hours (or 24 hours, where indicated) after the final injection.
For the controls, isotype control or PBS was injected. LP intestinal lymphocytes were isolated as
described in (47) with minor modifications. In brief, small intestines were removed, opened
longitudinally and then cut into strips 1 cm in length. Tissues were washed twice in PBS and
incubated with Hank’s Buffered Saline (5% FCS) in the presence of 2 mM of EDTA at 37°C for
30 min on a shaker to release intraepithelial lymphocytes. The remaining tissues were further
digested with complete RPMI medium supplemented with 100 U/ml of collagenase type IV at
37°C for 30-40 min on a shaker. The LP cells were then layered on a Percoll gradient and the
lymphocyte enriched population was recovered after centrifugation (400 g, 20 min) at the
40/75% interface.

2.5 Cell counts

To determine absolute numbers of intestinal or CNS T cells for an individual mouse, viable
CD45" cells were counted in a defined volume of the respective sample using the MACSQuant
analyzer cytometer and the resulting cell counts were then used to calculate absolute numbers
for the total volume of the sample. Also, the frequency of the subset of interest amongst viable
CD45" cells was measured by flow cytometry and this frequency was then used to calculate the

absolute cell number of this subset from total viable CD45" cells.
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2.6 Intracellular cytokine staining

In order to stain T cells from spleen and small intestine of IL17A-EGFPxFoxp3-RFP reporter
mice before and after CD3-specific antibody treatment, Sl cell suspension were obtained as
described above and smashed and filtered splenocytes were incubated with erythrocyte lysis
buffer (ACK). Single cell suspensions were then incubated with an FC-blocking antibody to
prevent non-specific binding and stained with anti-CD45-Pacific Blue, anti-CD4-BV785, anti-
TCRB-PECy7 anti-CCR6-BV605, Live-dead-eF780 and anti-ST2 conjugated to digoxigenin. A
second incubation with anti-DIG-PE, followed by two rounds of Faser kit-PE according to
manufacturers’ protocol was performed. For cytokine detection, cells were re-stimulated with
PMA (5 ng/ml) and lonomycin (500 ng/ml) for 5 h with addition of Brefeldin A and Monensin (5
pg/ml) at 30 min, followed by fixation in 2% formaldehyde. Intracellular staining was performed in
PBS/0.2% BSA containing 0.05% saponin with anti-IL-17A-FITC anti- IFN-y-Pacific Blue and
anti-TNFa-PerCP T-bet, Roryt, c-maf and Foxp3 protein amounts were analyzed using the
Foxp3 staining buffer set according to the manufacturer’s instructions. Briefly, cells were stained
with antibodies against CD4 and CD45.2 and then fixed with Fixation/Permeabilization buffer,
followed by intracellular staining with Pacific Blue-conjugated anti—T-bet, PE—conjugated anti—
Roryt and FITC-conjugated anti-FoxP3 in permeabilization buffer. The following antibodies were
used for FACS sorting of human PBMC: anti-CCR6-PE or biotinylated anti-CCR6 followed by
streptavidin-Pacific blue, anti-CCR4-PE, anti-CXCR3-APC, anti-CD45RA-FITC, anti-CD25-FITC,
anti-CD8-PC5.

2.7 Flow cytometry and FACS sorting

Mouse peripheral T cells were obtained from spleen and lymph nodes of 8- to 12-week old mice
and CD4'CD62L"CD25CD44 T cells (naive T cells) were sorted by FACSAria Il (BD). Human
CCR6'CCR4'CXCR3 CD45RACD25°CD8™ Ty17 cells were sorted according to (110). Single
cell suspensions were analyzed on a Becton Dickinson Fortessa or LSRIlI and data analyzed

with FlowJo software (Tree Star).

2.8 Histopathology

Small intestines were removed and fixed immediately in 10% neutral-buffered formalin in PBS
for >24 h, embedded in paraffin and cut into 5-7um sections. The sections were deparaffinized
and stained with hematoxylin and eosin (H&E) to determine histological changes. Tissues were

graded semi-quantitatively from 0 to 5 in a blinded fashion as described (111):
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Score  Description

0 " No changes observed

1 minimal scattered mucosal inflammatory cell infiltrates

2 mild scattered to diffuse inflammatory cell infiltrates, sometimes extending into the
submucosa and associated with erosions

3 moderate inflammatory cell infiltrates that were sometimes transmural, often
associated with ulceration, with moderate epithelial hyperplasia and mucin depletion

4 marked inflammatory cell infiltrates that were often transmural and associated with
ulceration, with marked epithelial hyperplasia and mucin depletion

5 marked transmural inflammation with severe ulceration and loss of intestinal glands

Table 7. Clinical scores for intestinal inflammation

2.9 Immunofluorescence microscopy

Small intestines and spleen were removed from wild type or IL17A-EGFPxFoxp3-RFP reporter
mice before and after CD3-specific antibody treatment in vivo. Tissues were fixed in 1%
paraformaldehyde (PFA) at 4°C over night. Subsequently PFA was replaced with 30% sucrose
solution and incubated at 4°C for 6-8 hours. After that, samples were washed and placed in oct
filled cryomolds. For freezing, the cryomolds were placed in chamber filled with 2-methylbutane,
which was subsequently placed in dry ice submerged with ethanol. After freezing, the samples
were stored at -80°C. Cryosections were cut at 7 mm on a Leica CM1850 freezing microtome,
transferred onto Superfrost Plus Gold slides (Fisher Scientific) and air dried. For
immunohistological staining, sections were surrounded with a PAP pen (Zymed Laboratories)
and submerged with PBS for 20 min. After that, sections were blocked for 20 min at room
temperature with 10% rat serum in PBS. For immunofluorescent staining, antibodies were
diluted in staining buffer and incubated at room temperature for 60 min. The following antibodies
were used for staining: anti-CD11c-Alexa Fluor 64), anti-PECAM-Alexa Fluor 647, anti-1L-33-
Alexa Fluor 59), anti-EpCAM-Alexa-48), Hoechst 33342 or DAPI (as indicated) and anti-GFP-
Alexa-48). Nuclear stains were added after washing once with PBS for 5 min and incubated for
10 minutes at room temperature. After staining, samples were washed 3 times by immersing in
PBS for 5 minutes and mounted with ProLong gold mounting medium. Sections were analyzed
by confocal microscopy using a Zeiss LSM 710 microscope with 20x/0.5 NA (air) objective at

room temperature.

2.10 Ty17 differentiation in vitro

Splenocytes from wild-type C57BL/6 mice were incubated with CD4-microbeads and then
positively selected through LS columns (Miltenyi Biotec). After enrichment, naive cells

(CD4'CD25'CD62L"CD44"°") were FACS-sorted as mentioned above. CD4" naive T cells were
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cultured for 5 days at 10° cells/ml with plate bound anti-CD3 (3 ug/ml) and soluble anti-CD28 (2
pg/ml) in RPMI Media 1640 supplemented with 10% Fetal Calf Serum, 2 mM L-glutamine, 100
U/ml penicillin, 100ug/ml streptomycin, 5 mM 2-B-mercaptoethanol under Ty17 conditions: TGF-
B (2 ng/ml) and IL-6 (25 ng/ml). Neutralizing anti-IFN-y and anti-IL-4 were each used at 5 pyg/ml.
Where indicated, IL-33 (20ng/ml) was added to the culture.

For the human cultures, healthy leukapheresis blood and buffy coats were randomly obtained
from the Charité Blood Bank and Deutsches Rotes Kreuz (DRK). Ethics approval was obtained
from the Institutional Review Board of the Charité-Universitdtsmedizin Berlin, Germany
(EAL1/221/11, EA1/293/12). All work was carried out in accordance with the Declaration of
Helsinki for experiments involving humans. Human peripheral blood mononuclear cells (PBMC)
were isolated using Ficoll-Paque Plus (GE Healthcare) and T cells were isolated with CD4

microbeads (Miltenyi Biotech), followed by the above mentioned sorting strategy.

2.11 Suppression assay

CFSE (5ug/ml) labeled CD4'CD25 T cells (responder cells) were cultured in 96-well round
bottom plates at 2x10* or 1x10%cells/well with 8x10° irradiated APCs (splenocytes MACS
depleted for CD4", CD8" and CD25" T cells) as feeder cells in the presence of 2x10* cells/well of
FACS sorted CD4'IL-17AFoxp3* (Tregs) or CD4'IL-17A'Foxp3” T cells (Ty17), previously
cultured for 4 days in the presence or absence of I1L-33 (20ng/ml). Cell cultures were stimulated
with 0,1 pg/ml of anti-CD3 antibody. After 4 days, cells were harvested, stained and the CFSE

signal was analyzed by flow cytometry.

2.12 RT-PCR

Mouse tissues were withdrawn immediately after sacrifice and washed in ice-cold Hank's
balanced solution prior to the addition of 1ml of Trizol. Samples were flash-frozen in liquid
nitrogen and stored at -80°C. RNA was extracted according to the manufacturers’ protocol
(Rneasy, Qiagen) and its concentration and integrity were measured using NanoDrop 2000
(Thermo Scientific). Complementary DNA was synthesized from 1ug RNA using Tagman RT
reagents (Applied Biosystems), following the manufacturers protocol. Quantitative real-time PCR
was performed in triplicate using TagMan Gene Expression Assays (Applied Biosystems) for the
respective genes on StepOnePlus Real-Time PCR System (Applied Biosystems). mRNA levels
were normalized to HPRT as a housekeeping gene for mouse samples and to GAPDH for

human samples and differences were calculated using the 2°°* method.
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2.13 Gene expression analysis
Total RNA extracted (100 ng; RNeasy, Qiagen) from intestinal CD45" cells from CD3-specific

antibody-treated or untreated animals and total RNA extracted from splenic and intestinal
CD11b" cells from CD3-specific antibody-treated mice were used to perform a genome-wide
transcriptional profiling assay (GeneChip Mouse 2.0 ST Array, Affymetrix). Data was analysed

with GeneSpring GX 11 (Agilent Technologies).

2.14 Statistical analysis

Where appropriate, Student’s t-test was used. For the comparison of more than two groups a
one-way ANOVA followed by Bonferroni multiple comparison test was performed. All statistical
analysis was calculated in Prism (GraphPad). Differences were considered to be statistically

significant when P < 0.05.

27



3 Results

3.1 IL-33in control of Ty17 cells

3.1.1 Epithelial cells in the proximal part of the S| are the major source
of the alarmin IL-33 upon anti-CD3 treatment

As previously mentioned in section 1.1.5 and in order to identify tissue-derived signals
involved in the control of pathogenic Ty17 cells occurring in the Sl upon anti-CD3 treatment,
we performed a gene expression analysis of non-hematopoietic cells. Briefly, we compared
the SI CD45" fraction (non-hematopoietic cells) of mice injected with CD3 specific antibody
against the SI CD45 population of untreated mice (steady state). The results of the
microarray showed a significant up-regulation of 1133, among others, in CD45" cells from the
inflamed SI of anti-CD3 treated mice compared to the S| of steady state animals (Fig. 1A).
Because IL-33 is an alarmin reported to play a crucial role in mucosal immunity and
intestinal homeostasis (112-114) it was considered as a candidate for further analysis. To
confirm the transcriptome data, MRNA levels of 1133 were analyzed by RT-PCR. The results
also showed a significant up-regulation of 1133 in the CD45 -cell fraction isolated from CD3-
specific antibody treated animals compared to non-immunocompetent cells from untreated
mice (Fig. 1B).
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Figure 1. 1133 is highly expressed in non-hematopoietic cells from the S| of anti-CD3 treated
mice. C57BL/6 mice were injected i.p. with 20ug anti-CD3. (A) Gene expression analysis comparing
non-hematopoietic cells (CD45™) isolated from the S| of CD3-specific antibody treated and control
mice. (B) 1133 mRNA expression after anti-CD3 treatment (mean * S.E.M..; n=4).. Data are
representative of at least two independent experiments.
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Once we determined that 1133 was induced by anti-CD3 treatment in SI nhon-hematopoietic
cells, we wanted to investigate the specific cellular source of the alarmin. It has been
previously described that epithelial and endothelial cells at mucosal barriers are the main
producers of IL-33 (115, 116). To confirm these sources in our experimental model,
immunofluorescence staining of tissue sections from steady state mice and from anti-CD3
treated animals was performed in collaboration with Dr. Bayat Sarmadi from our group (Fig.
2A). The tissues under study were the duodenum, as the proximal part of the Sl, and the
spleen and mesenteric lymph nodes (MLN), as peripheral lymphoid tissues. IL-33 expression
in the duodenum of steady state mice was only detected in some isolated; rare cells, positive
for the endothelial marker PECAM-1. IL-33"PECAM-1" cells were located in the LP;
specifically in the basis of the villi, around the crypt. Although upon CD3-specific antibody
injection, a weak IL-33 staining could still be observed in some isolated PECAM-1"
endothelial cells in the same region, a bright IL-33 staining was also extensively detected in
cells positive for the epithelial cell marker EpCAM, in the apical part of the villi. Histological
analysis in peripheral lymphoid tissues (Fig. 2B) revealed lower levels of IL-33, especially in
the spleen, where IL-33 staining was very weak, almost non-detectable. In both tissues, IL-
33 was found in or attached to CD45*, PECAM-1" or fibronectin® structures, indicating that
IL-33 in this tissues may come from a quite heterogeneous population, including
lymphocytes, endothelial cells and stromal cells. But more importantly, in both spleen and
MLN, no significant differences on IL-33 expression were found upon treatment, neither in

signal intensity nor in specific cellular localization.
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Figure 2. IL-33 production is drastically increased in IECs upon anti-CD3 injection. C57BL/6
mice were injected i.p. with 20ug anti-CD3 and after four hours, the duodenum and the spleen and
mesenteric lymph nodes (control tissues) were isolated. (A) Histological analysis of IL-33 (green),
EpCAM (red) and PECAM (blue) in the duodenum is shown at steady state and after injection of anti-
CD3 antibody. (B) Histological analysis of IL-33 (green), Fibronectin (blue), PECAM (red) and CD45
(white) in the spleen and mesenteric lymph nodes is shown in steady state mice and upon anti-CD3
injection. Scale bar = 50um. In collaboration with Dr. Bayat Sarmadi.

These results suggest that IL-33 is a local, tissue-specific signal induced in the Sl upon anti-
CD3 treatment and show that endothelial cells represent the basal source of IL-33 in
homeostatic conditions, while IECs represent the major source of the alarmin IL-33 upon T-

cell dependent inflammation.

To further analyze the spatial and temporal distribution of IL-33 expression in the distinct
parts of the intestine (duodenum, jejunum, ileum and colon), IL17A-eGFPxFoxp3-mRFP
double reporter mice were injected intraperitoneally (i.p.) with CD3-specific antibody on days
1, 3 and 5 and the tissues were analyzed 4h after each injection and compared to steady
state conditions. The time-course analysis of the 1133 transcript (Fig. 3A) showed that 1133
expression levels were 450-fold up-regulated right after the first injection with CD3-specific

antibody (day 1), decreasing rapidly afterwards. 133 expression was mainly restricted to the
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duodenum and, to a lesser extent, to the jejunum. By immunofluorescence microscopy
performed in collaboration with Dr. Bayat-Sarmadi, the spatial distribution of IL-33" IECs
along the intestine of anti-CD3 treated mice was visualized and the results of the gene
expression analysis were confirmed (Fig 3.B). IL-33 was strongly induced in IECs in the
proximal part of the SI upon anti-CD3 treatment, decreasing towards the distal parts in a

gradient-like fashion. Few IL-33" IECs were found in the ileum and non in the colon.
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Figure 3. IL-33 expression is mainly restricted to the duodenum and decreases in a gradient-
like fashion towards the distal parts of the SI. C57BL/6 mice were injected i.p. with 20ug anti-CD3
at day 1, 3 and 5. Four hours after each injection, the different parts of the intestine were isolated, as
well as the spleen (control tissue). (A) Quantitative PCR analysis (qPCR) of 1133 mRNA was
performed for each tissue at every time-point. Red arrows indicate anti-CD3 injections. Data are
presented as mean + S.E.M. and normalized to the values in steady state. (B) Immunohistochemistry
(IHC) analysis of IL-33 (green), EpCAM (red) and PECAM (blue) localization in the different parts of
the Sl in steady state and during anti-CD3 treatment. Data are representative of 2 3 independent
experiments (n=4animals/group). Scale bar = 50um. Immunohistochemistry performed in
collaboration with Dr. Bayat-Sarmadi.

Next, we wanted to explore in depth the kinetics of 1133 specifically in the duodenum, where
its highest levels were observed. Thus, the tissue was analyzed at 4h and 24h after each
injection (days 1-7). Indeed, the peak of 1133 was again observed 4 hours after the first

injection (day 1), after which the levels decreased to a value six-fold less (Fig. 4A). However,
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the 1133 transcript was up-regulated within 4h after every additional injection (day 3 and 5),
but only reaching a two-fold value. The acute and time-limited expression of 1133 in the
inflamed Sl supported and emphasized its role as alarmin. The kinetics of IL-33 was also
confirmed by immunofluorescence staining of duodenal sections (Fig. 4B), in which IL-33
expression was highly induced in IECs 4h after each CD3-specific antibody injection (days 1,
3 and 5). The histological analysis of the duodenum also showed that, upon anti-CD3
treatment, IECs-derived IL-33 expression was concurrent to the recruitment of Ty17 cells in
the LP (Fig. 4B) and these observations were determinant to further investigate whether IL-

33 could have an effect on the T17 cells accumulating there.
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Figure 4. IL-33 peak occurs 4h after the first injection of anti-CD3 specific antibody. IL17A-
eGFPxFoxp3-mRFP reporter mice were injected i.p. with 20ug anti-CD3 at day 1, 3 and 5. (A)
Duodenal 1133 mRNA was measured by qPCR 4 hours and 24 hours after each injection. Data are
presented as mean + S.E.M. and normalized to the values in steady state. (B) IHC of the duodenum
at the indicated time-points, showing the localization of IL-33 (green), IL-17A (red, GFP), CD11c
(Blue) and Hoechst (white, nuclear counterstaining). Red arrows indicate anti-CD3 injections. Data
are representative of = 3 independent experiments (n=4 animals/group). Scale bar = 50um. IHC
performed in collaboration with Dr. Bayat Sarmadi.
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3.1.2 Tyl7 cells express ST2 upon anti-CD3 treatment

IL-33 mediates its function via ST2, a plasma membrane receptor that has been described to
be expressed in various T-cell subsets including Ty2 (117), Tyl (87) and Treg cells (118).
However, it was not known whether Tyl7 cells express ST2 and could subsequently
respond to IL-33. Because the anti-CD3 treatment model promoted not only IL-33 induction
in IECs, but also T417 cell accumulation in the proximal parts of the SI (47), this model was
suitable to address this question. Therefore, CD3-specific antibodies were injected at day 1,
3 and 5 in IL17A-eGFPxFoxp3-mRFP double reporter mice. Lymphocytes were analyzed by
flow cytometry and identified by their forward scatter (FSC) and side scatter (SSC)
properties, doublet exclusion and further gating on live and CD45°CD4" T cells (Fig. 5A).
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Figure 5. . Identification of lymphocytes by flow cytometry in IL17A-eGFPxFoxp3-mRFP
double reporter mice for further analysis. ldentification of lymphocytes from single cell
suspensions by their scatter properties, exclusion of doublets and dead cells and gating on
CD45'CD4" T cells. Dot plots show the gating strategy to identify splenic and S| lymphocytes at
steady state conditions. The analysis of T cell populations at the different time-points upon anti-
CD3 treatment depicted in the next figure is based on this same gating strategy.

As shown in Fig. 6A and similar to previous reports (47), the anti-CD3 treatment resulted in a
specific increase in the frequency of Ty17 cells in the S, a 14-fold increase at day 5, while
the frequency of Tregs decreased 2,6-fold in the same tissue and time-frame. The absolute
numbers of Ty17 cells were also significantly increased in the Sl after anti-CD3 treatment
when compared to Tregs, while the number of Ty17 cells did not significantly change in the

spleen. Absolute numbers of Tregs in the same organ were even diminished (Fig. 6A).

ST2 expression was determined in IL-17A-eGFP*Foxp3-mRFP™ population (Ty17) and in IL-
17A-eGFP Foxp3-mRFP* population (Tregs). The latter, known to be ST2" in the colon
(118), served as a positive control. Ty17 cells isolated from the spleen and Sl of untreated
mice did not express ST2, while a significant proportion of Foxp3* cells expressed ST2 in

both organs (Fig. 6B). After anti-CD3 treatment, only a small fraction of Ty17 cells (~4%)
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was found to express ST2 in the SI. However, around 30% of splenic Ty17 cells expressed
ST2 at day 5, thus representing a frequency three times higher than the frequency observed
in splenic Tregs (Fig. 6B). Splenic Ty17 cells express CCR6, a chemokine receptor known to
re-direct T417 cells towards the SI, where high amounts of CCL20, the CCR6 natural ligand,
are released by IECs during anti-CD3 treatment (47). Indeed, around 90% of splenic Ty17
cells expressed CCR6 after treatment and, interestingly, ST2 expression in this subset was
largely restricted (89%) to CCR6-expressing cells. On the contrary, ST2 expression in Tregs
was mainly restricted (84%) to the CCR6™ population (Fig. 6B). Together, these data show
that ST2 expression is strongly and specifically induced in splenic CCR6" T417 cells, a
population that has previously been shown to migrate to the Sl via the CCR6/CCL20 axis
(47).
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Figure 6. Flow cytometric analysis of T417 and Treg cell populations in the Sl during anti-CD3
treatment. IL17A-eGFPxFoxp3-mRFP double reporter mice were injected i.p. with anti-CD3 antibody
at days 1,3 and 5. Frequencies and absolute numbers of IL-17A-GFP” cells (T,17 cells) and Foxp3-
RFP" cells (Tregs) gated as in Fig. 5 are shown in (A): Frequencies of ST2" and CCR6" cells in the
Tyl7 and the Treg cell compartment (B) were determined at steady state and at day 3 and 5 of anti-
CD3 treatment. Data are shown as a representative dot plot for each tissue and time point and the
mean = S.E.M.. Data are representative of two independent experiments with n=5 animals/time-point.
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3.1.3 Absence of ST2 mediated signaling enhances the pro-
inflammatory capacity of T417 cells that accumulate in the Sl upon
anti-CD3 treatment

In light of the finding that T17 cells express ST2 in vivo, our next aim was to assess the role
that the IL-33/ST2 signaling pathway plays in these cells. For that, CD3-specific antibody
was injected i.p. on days 1, 3 and 5 in St2” mice and wild-type control littermates. Flow
cytometric analysis of splenic and intestinal T cells was performed at steady state and at the
above mentioned time-points. Lymphocytes were identified by their forward scatter (FSC)
and side scatter (SSC) properties, doublet exclusion and further gating on live and
TCRB'CD45'CD4" T cells (Fig.7).
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Figure 7. Identification of lymphocytes by flow cytometry in St2 ” and wild type mice for
further analysis. Identification of lymphocytes from single cell suspensions by their scatter
properties, exclusion of doublets and dead cells and gating on TCRB'CD45°CD4" T cells. Dot plots
show the gating strategy to identify splenic lymphocytes in each animal group at steady state
conditions. The analysis of T cell populations at the different time-points upon anti-CD3 treatment
depicted in the next figures is based on this same gating strategy.

Because the strongest up-regulation of 1133 was found at day 1 (Fig.3A), the greatest
differences between St2” and control mice were expected at this time-point and it was
therefore chosen for further analysis. At day 1, the frequencies of splenic T cells were
significantly decreased in St2” mice (Fig. 8A), while ROR-yt", Foxp3* and ROR-yt'/Foxp3*
cell frequencies were significantly increased in the spleen of these mice compared to control
littermates (Fig. 8B).

36



>

—
(-]
I

= wT
mm 52t

L L s

HH

ns

£ -
1

TCRB*CD45'CD4" T cells (%)
[=-]

(=]

Splleen si

Spleen

20 < 4 =
3 & 124
3 161 3
= - 104
3 o
— 12 £ 8
2 g
= = B
@ 8- g
o LA o
3 . 2
@ 4 e
o 4 - £ 2
= =

0- o 0-

< 4

Figure 8. St2 " mice show impaired T cells frequencies in the spleen at day 1 of the anti-CD3
treatment. St2 deficient (St2-/-) and wild-type C57BL/6 (wt) mice were injected i.p. with 20ug anti-
CD3 and flow cytometry analysis (FACS) of spleen and Sl was performed 4 hours after the injection.
(A) Frequencies of splenic and intestinal T cells, gated as in (Fig.6) comparing St2” and wt mice. A
representative FACS dot plot from each animal group and the frequencies of TF and cytokine
expressing T cells isolated from the spleen gated as in (Fig. 6) are shown in (B). Results are shown
as mean + S.E.M. and are representative of 2 independent experiments with n= 4 animals/group.
* P < 0,05, *P < 0,01, **P<0,005 as calculated by paired Student’s t-test. ns, not significant.

Although T cell frequencies in the Sl did not change between groups (Fig. 8A), we observed
a selective enrichment, both in frequencies and total numbers, of ROR-yt-expressing cells in
the Sl of St2” mice (Fig. 9A,B). By contrast, frequencies of intestinal Foxp3- expressing cells
and Foxp3/ROR-yt- double expressing cells were unaffected by ST2 deficiency (Fig. 9A).
Interestingly, elevated frequencies and total numbers of IL-17A" T cells were also found in

the Sl in the absence of St2 (Fig. 9A,B). Although no significant differences were observed in

IFN-y or TNF-a production by T cells, the percentage of T cells co-expressing these pro-
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inflammatory cytokines together with IL-17A was also increased in the Sl of St2” compared
to the WT mice (Fig. 9A).
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Figure 9. St2 ™ mice show a specific increase of pathogenic Ty17 cells in the Sl at day 1 of the
anti-CD3 treatment. St2 deficient (St2-/-) and wild-type C57BL/6 (wt) mice were injected i.p. with
20pg anti-CD3 and flow cytometry analysis (FACS) of S| was performed 4 hours after the injection. A
representative FACS dot plot from each animal group and the frequencies of TF and cytokine
expressing T cells isolated from the Sl and gated as in (Fig. 6) are shown in (A). (D) Absolut numbers
of ROR-yt" and IL-17A" T cells in the SI. Results are shown as mean = S.E.M.and are representative
of 2 independent experiments with n= 4 animals/group.* P < 0,05, *P < 0,01, ***P<0,005 as
calculated by paired Student’s t-test. ns, not significant.
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As expected, the analysis at day 3 showed milder differences between groups. T cell
frequencies were also found reduced in the spleen of St2”" mice at this time point (Fig. 10A),
while frequencies of IL-17A-producing T cells were increased (Fig. 10B). Although
frequencies of IL-17A/IFN-y- and IL-17A/TNF-a- double producing T cells were also
increased in the spleen of mice lacking St2 (Fig. 10B), they represented a very small
proportion of T cells in the periphery (0,1-0,5%), which would probably have only minor
impact on the overall immunological response. There was a slight but not significant
increase in the frequency of IFN-y* cells and TNF-a* cells in the spleen of St2” mice (Fig.
10B) and there was also a tendency for the frequencies of Sl Ty17 cells in the St2 deficient

mice to be increased. However, these differences did not reach statistical significance (Fig.
10C).
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Figure 10. St2 " mice and control littermates show a comparable T,17 cell population in the SI
at day3 of the anti-CD3 treatment. St2 deficient (St2"') and wild-type C57BL/6 (wt) mice were
injected i.p. with 20ug anti-CD3 at day 1 and 3 and flow cytometry analysis (FACS) of spleen and Sl
was performed 4 hours after the second injection. (A) Frequencies of splenic and intestinal T cells,
gated as in Fig. 6 comparing St2” and wt mice. A representative FACS dot plot from each animal
group and the frequencies of TF and cytokine expressing T cells isolated from the spleen (B) and from
the Sl (C), gated as in (A). Results are shown as mean + S.E.M. and are representative of 2
independent experiments with n= 4 animals/group.* P < 0,05, **P < 0,01, ***P<0,005 as calculated by
paired Student’s t-test. ns, not significant.
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As previously described, the anti-CD3-treatment leads to a recovery phase (day 5-7),
characterized by the resolution of inflammation in the Sl and the complete recovery of the
individuals. In line with this, no differences were found in the spleen or the S| between St2
deficient mice and control littermates at day 5 (Fig. 11). T cell frequencies were similar in
both animal groups in the spleen, as well as in the Sl (Fig. 11A). No significant differences
between groups were found in the spleen regarding the expression of transcription factors
(Foxp3 and ROR-yt) or cytokines (IL-17A, TNF-a and IFN-y) (Fig. 11B). The FACS analysis
of the Sl also yielded similar results in the St2” compared to wt mice, concerning
transcription factors and cytokines secreted by T cells at day 5 (Fig. 11C). These results
suggest that the role of the IL-33/ST2 axis is prominent during the acute inflammation phase,

but not during resolution of inflammation.

41



— 304
9 " = wT
e = szt
8
= 204
+
<
o
|
+*
2
a 104 e
(&
b
=y
(3
[&]
Ll -
Spleen Sl
B Spleen
WT St2 -+
244 an | “The 282
25+ ns S 57
— §, ns = wT
we | -J[ @ - mm st
— P 204 3 4
@ -
o
o
9093 = 157 £ 3 ne
= g |
— ns @
@ 104 — 5 2
o e g
a @
ns
3 s £ 1 —
=
e t ‘g. s o
0- T o o4
& & P A A o A &
019 Q_OQ. ((0+ \Q°+ N QQ &e‘( v\\ﬁé ,\e
1 & PO
“1 <« ¥ ¥
155 'x\i 158
C Sl
WT St2 +
700 | )
=
S 100 s =
1258 126 118 g 90- ; 2
e = I 80 3
Foxp3 @ 704 Ll
o o
Toaw | 022 Tos s | = 607 E
i i =2
1 1 £ 507 8
w A
g 404 g-
_ o
s 304 °
x c
@ 204 £
LB 101 M ons £
oLl . (%)
0'7":(~ °+Q": o“'&
<& < ~§
OQ-
&

Figure 11. St2 " mice and control littermates show no differences in spleen or Sl at day 5 of the
anti-CD3 treatment. St2 deficient (St2'/') and wild-type C57BL/6 (wt) mice were injected i.p. with 20ug
anti-CD3 at day 1, 3 and 5 and flow cytometry analysis (FACS) of spleen and S| was performed 4
hours after the third injection. (A) Frequencies of splenic and intestinal T cells, gated as in Fig. 6
comparing St2” and wt mice. A representative FACS dot plot from each animal group and the
frequencies of TF and cytokine expressing T cells isolated from the spleen (B) and from the SI (C),
gated as in (A). Results are shown as mean * S.E.M. and are representative of 2 independent
experiments with n= 4 animals/group.* P < 0,05, **P < 0,01, ***P<0,005 as calculated by paired
Student’s t-test. ns, not significant. nd, not detectable.
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We next aimed to compare frequencies of T cells and cytokine expression between the two
cohorts in homeostatic conditions, since without such analysis any observed differences
upon anti-CD3 treatment could be due to differences at steady state. Splenic T cell
frequencies were found reduced in mice lacking St2 (Fig. 12A), but no differences on
cytokine expression were found between groups in the spleen (Fig. 12B). More importantly,
we could not find any difference in the Sl between steady state St2” mice and control
littermates (Fig. 12A, C). Hence, the differences observed in the Sl after the first injection
with CD3-specific antibody were induced by the treatment itself, which speaks for the

importance of the IL-33/ST2 axis in the ongoing acute inflammatory response.
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Figure 12. St2 " mice show lower splenic T cell frequencies at steady state, but comparable
levels of cytokine expression. St2 deficient (St2"') and wild-type C57BL/6 (wt) mice were analyzed
by flow cytometry analysis (FACS) of spleen and Sl at steady state conditions. (A) Frequencies of
splenic and intestinal T cells, gated as in Fig. 6 comparing St2” and wt mice. A representative FACS
dot plot from each animal group and the frequencies of cytokine expressing T cells isolated from the
spleen (B) and from the Sl (C), gated as in (A). Results are shown as mean + S.E.M. and are
representative of 2 independent experiments with n= 4 animals/group.* P < 0,05, *P < 0,01,
***P<(0,005 as calculated by paired Student’s t-test. ns, not significant. nd, not detectable.
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Altogether, the results point to a skewed distribution of T-cell subsets in the periphery of
mice lacking ST2 signaling. More importantly, they clearly suggest that the IL-33/ST2 axis
specifically restrains the pro-inflammatory capacity of Ty17 cells that accumulate in the Sl

upon inflammation.

To further study if the increased Ty17 cell pathogenicity observed in St2” mice upon anti-
CD3 treatment had any clinical implications, intestinal inflammation was assessed in both
animal groups. Mice lacking St2 showed a more severe body weight loss (Fig. 13A),
presented a higher degree of intestinal inflammation (Fig. 13B) and more severe duodenal
injury as assessed by histology (Fig. 13C) compared to WT mice. Levels of ll17a, Ifng and
Tnf in the duodenum were also quantified and found up-regulated in the mice lacking ST2
signaling (Fig. 13D), suggesting an exacerbated inflammatory cytokine milieu in the treated
intestines of the St2” mice, in line with the results found on T cell populations. Thus, these
data emphasize that the increased pro-inflammatory capacity of Ty17 cells found in mice
lacking St2 leads to a more severe clinical course during anti-CD3 treatment, mainly

associated with tissue destruction, diarrhea and the consequent loss of body weight.
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Figure 13. St2 mice show exacerbated inflammation in the S| during anti-CD3 treatment. St2
deficient (St2 ) and wild-type mice (wt) were injected i.p. with 20ug anti-CD3 at day 1, 3 and 5. Body
weight was monitored during the anti-CD3 treatment in 6 animals per group (A). Intestinal
inflammation was assessed at day 4 after anti-CD3 treatment for the different parts of the intestine
(n=7 animals/group) by H&E staining of histological sections. Histological scores describing the
intestinal inflammation in WT versus St2” mice are depicted in (B) and one representative image from
the duodenum of a WT and a St2” mouse is shown in (C). The levels of the pro-inflammatory genes
11743, Ifng and Tnf were quantified by RT-PCR in the same tissue and the same time-point (D) (n=4
animals/group). Red arrow indicates anti-CD3 injection. Results are shown as mean + S.E.M. and are
representative of two independent experiments. *P < 0.05, ** P < 0.01, *** P < 0.001 as calculated
by two-way ANOVA with Bonferroni post-test.
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3.1.4 IL-33 induces changes in the gene expression profile of mouse
and human Tyl7 cells in favor of an immunosuppressive
phenotype

To further elucidate specific and direct effects of IL-33 on mouse Ty17 cells, we moved to in
vitro settings. Because naive T cells are known to respond to IL-33 in vitro (119) and Tregs
are known to express ST2 (118), ST2 expression in Tyl7 cultures was quantified and
compared to both naive T cells and Tregs. Indeed, in vitro differentiated murine Ty17 cells
expressed ST2 (Fig. 14.A) and we therefore hypothesized that they could respond to IL-33.
Tyl7 cells were then cultured for 5 days and the changes in gene expression were
guantified upon IL-33 addition (Fig. 14B). 1l117a expression was induced in the presence of
IL-33, as well as 1110, which was induced 4-fold. The increase in 1110 expression in 1L-33-
stimulated Ty17 cells was accompanied by a reduction in the expression levels of the pro-

inflammatory genes Thx21, Ifng and Csf2.

Differences may exist between mouse and human T417 cells and our next goal was to
decipher the effects of IL-33 on the human counterparts. Interestingly, human T417 cells
responded similarly to 1L-33 stimulation. IL17A and IL10 were up-regulated in the presence
of IL-33, while TBX21 levels were remarkably reduced (Fig. 14C). At the protein level, IL-10
production in human Ty17 cells was also induced by IL-33 (Fig. 14D) compared to untreated
cells and to cells treated with IL- 18, a reported inhibitor of IL-10 in human Ty17 cells (110).
As expected, the maximum IL-10 production was found in Ty17 cells treated with IL-27, a
cytokine known to strongly induce IL-10 (120). Notably, IL-33 also dampened the production
of GM-CSF, a cytokine associated with a pro-inflammatory phenotype, in human Ty17 cells
(Fig. 14D). Thus, our data indicate that IL-33 is capable of inducing changes in the genetic
profile of murine and human Tyl7 cells by reducing the expression of pro-inflammatory
genes and promotes the secretion of the anti-inflammatory cytokine IL-10 in human Ty17

cells.
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Figure 14. Mouse and human Ty17 cells respond to IL-33 in vitro. (A) Mouse naive sorted
CD4'CD25CD62L"CD44 T cells were stimulated in vitro with anti-CD3/CD28 and grown under Ty17
or Treg conditions for 5 days. St2 expression was analysed by qPCR and compared to naive cells
(mean + S.D. of 3 independent experiments). (B) Mouse Ty17 cells were treated with 20ng/ml IL-33
during the differentiation process (as in A). Rorc, l117a, 1110, Tbx21, Ifng and Csf2 expression levels
were quantified by gPCR (dotted line at 1 indicates the value of control untreated Ty17 cells). Data
are presented as mean = S.E.M. of at least 3 independent experiments. (C) Fresh ex vivo sorted
human CCR6'CCR4"CXCR3 CD45RA CD25 CD8 Ty17 cells were stimulated with CD3 and CD28
mAbs for 48h and expanded for another 3 days in the presence of 20ng/ml IL-33. RORC, IL17A, IL10
and TBX21 expression levels were quantified by gPCR (dotted line at 1 indicates value of non-treated
Tyul7 cells). Human Tyxl7 cells were also stimulated with PMA/lonomycin for 5 hours to detect
intracellular levels of IL-17A, IL-10 and GM-CSF by FACS. One representative dot plot out of 3
independent experiments of flow cytometry analysis of IL-10 and GM-CSF assessed on Ty17 cells
(gated on IL17A" CD4" T cells) is shown in (D).

To elucidate the molecular mechanisms mediating 1110 induction upon IL-33 stimulation, we
performed an analysis of the transcription factors known to induce 1110 expression in T cells.
Ahr (48), 1kzf3 (121), Jun and Irf4 (122), all known to be IL-10-related genes, were found to
be up-regulated by IL-33 in Ty17 cells, together with 1110 (Fig. 15A). Importantly, expression
of Ahr was also found to strongly correlate with 1110 expression in Tyl7 cell cultures (Fig.
15B), suggesting that the transcription factor Ahr may be involved in the induction of 1110
downstream of IL-33/ST2 signaling. Although Maf is a reported inducer of 1110 in Ty17 cells
(123), it was not up-regulated upon IL-33 signaling (Fig. 15A). Nevertheless, expression of

Maf was found to correlate with 1110 expression in Ty17 cell cultures (Fig. 15A.), indicating a
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link between both transcripts, but not with IL-33. The transcription factor AP-1, encoded by
Jun, showed the highest fold change upon IL-33 stimulation in the cultures in which 1110 was
also induced (Fig. 15A).
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Figure 15. Molecular mechanisms mediating 1110 induction upon IL-33 stimulation. (A) Mouse
naive sorted CD4"CD25 CD62L"CD44" T cells were stimulated in vitro with anti-CD3/CD28 and grown
under Tyl7 conditions and treated with 20ng/ml IL-33 for 5 days. 1110, Maf, Ahr, Prdm1, Irf4, Jun and
Aiolos expression levels were quantified by gPCR (dotted line at 1 indicates the value of control
untreated Ty17 cells). Data are presented as mean + S.E.M. of 5 independent experiments. (B)
Correlation between 1110 and Ahr, Maf, Irf4, Jun and Aiolos expression in T417 cells as measured by
gPCR and analyzed by Pearson test (n=10).

Once shown that IL-33 acts directly on Ty17 cells and induces IL-10 production in vitro, we
aimed to further evaluate the scope of IL-33 effects in this T-cell subset. In order to analyze

this in an in vivo setting, the anti-CD3 treatment model was again used. Because the highest
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frequency of ST2'CCR6’IL-17A" T cells was found at day 5 (Fig. 6B), this time point was
selected for further analysis. CD3-specific antibody was injected at day 1, 3 and 5 to IL17A-
eGFPxFoxp3-mRFP reporter mice and splenic IL-17A-eGFP'RFP" cells (Ty17) and Foxp3-
RFP'GFP™ cells (Tregs) were FACS-sorted. After 24 hours in culture with different
concentrations of IL-33, the expression levels of selected genes of interest were quantified
(Fig. 16.A). The expression of the master regulators for each subset, Rorc and Foxp3,
showed only minor changes upon IL-33 stimulation (Fig. 16B). On the contrary, 1110
expression was induced by IL-33 in a dose-dependent manner in Ty17 cells, while its levels
were only marginally, non-significantly increased in the Treg cultures. Furthermore, the
expression of Ifng was efficiently down-regulated by IL-33 in the Ty17 cell culture, even at
low doses (Fig. 16C). These results demonstrate that activated, splenic Ty17 cells respond

to IL-33 ex vivo by down-regulating the expression of Ifng and up-regulating 1110.
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Figure 16. IL-33 up-regulates 1110 and down-regulates Ifng expression in Tyl7 cells ex vivo. (A)
IL17A-eGFPxFoxp3-mRFP reporter mice (n=7) were injected i.p. with 20ug anti-CD3 at day 1, 3 and
5. Splenic Ty17 cells (CD45'CD4’IL-17A-GFP Foxp3-RFP) and Treg cells (CD45'CD4’IL-17A-eGFP’
Foxp3-mRFP") were sorted 4h after the last injection. Sorted cells were cultured in the presence of 0,
20 or 100ng/ml of IL-33 for 24h. mRNA expression levels of Rorc and Foxp3 (B) and mRNA
expression levels of 1110 and Ifng (C) were measured by qPCR. Results are presented as mean *
S.E.M. and are representative of 2 independent experiments.* P<0,05, ** p<0,005, *** p<0,0001 as
calculated by one-way ANOVA with Bonferroni post-test. ns, not significant. nd, not detectable.
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Tregs are a subset of T cells that have the ability to suppress harmful immunological
reactions to self or foreign antigens by inhibiting the proliferation of effector (or responder) T
cells. Therefore, the regulatory function of T cells can be analyzed in vitro by a so-called
suppression assay. For this purpose, Tregs are co-cultured with CD4" responder T cells in
the presence of a polyclonal stimulus, in this case APCs and anti-CD3/anti-CD28.
Responder T cells alone without stimulus show a hypo-proliferative response (anergy) and
responder T cells alone with stimulus show a proliferative response. Co-culture of Tregs
together with responder cells in the presence of the stimulus results in reduced proliferation
of responder T cells. In this assay, the CFSE dye is used to monitor cell proliferation, since
live cells are covalently labeled with this bright, stable dye and every generation of cells
appears as a different peak on a flow cytometry histogram. Based on this, and to assess
whether IL-33 stimulation affected not only the genetic and cytokine profile of Ty17 cells, but
also T417 cell functions, the in vitro suppressive capacity of IL-33-stimulated Ty17 cells was
compared to untreated Ty17 cells (non-suppressive) and to professional Tregs (Fig. 17A).
As expected, Treg cells inhibited T-cell proliferation to the greatest extent. Nevertheless,
addition of IL-33 significantly enhanced murine Ty17 suppressor functions in the various

suppression assays performed (Fig. 17B).
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Figure 17. IL-33 promotes regulatory functions in Ty17 cells in vitro. Suppression assay in a
mouse T cell culture was performed by using MACS enriched CD25" Treg cells and in vitro generated
Tul7. T417 treated or not with 20ng/ml of IL-33 were sorted at day 4 for CD41L17eGFP FoxP3mRFP’
.(A) After 3 days of co-culture, percentages of non-proliferating responder CFSE-labelled CD4"CD25
T cells were quantified by FACS. (B) Bar histogram summarized frequencies of non-proliferating
responder cells obtained in all the different assays relative to professional Tregs (100% suppression
ability, dotted line). Data are shown as mean + S.E.M. of 6 independent experiments. **p<0,005 as
calculated by paired Student’s t-test.
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Collectively, the data indicates that the changes in the Ty17 cell cytokine profile observed in
vivo after anti-CD3 treatment were due, at least in part, to the binding of IL-33 to its receptor
in this subset, leading to an increase in 110 and a decrease in Ifng expression and

promoting the acquisition of a proper regulatory phenotype by Ty17 cells.

3.2 OSM M in control of T417 cells

3.2.1 Osm is highly expressed in SI monocytes upon anti-CD3
treatment

As described in section 3.1 we identified a tissue-specific, local factor in control of Ty17
cells. This factor is IL-33 and it is produced by IECs, which are immuno-competent cells of
non-hematopoietic origin. Nevertheless, a huge population of hematopoietic cells resides in
the LP and it is well known to influence T cell responses in the Sl (see section 1.1.4). In fact,
prominent candidates for controlling Ty17 cells in the LP are APCs of myeloid origin, such as
DCs and macrophages. Consequently, CD11b" cells, which include both populations of
APCs, were sorted from spleen and the Sl of anti-CD3 treated animals and their
transcriptome data was compared. The results of the microarray showed a significant up-
regulation of Osm in SI CD11b" cells (Fig. 18A) compared to the spleen. OSM is a
multifunctional cytokine that has been shown to reduce inflammation and tissue destruction
in murine models of RA, MS (99) and IBD (100), diseases linked to a deregulated
functionality of Ty17 cells. Therefore, OSM was investigated in further studies. To confirm
the transcriptome data, a time-course analysis of the Osm transcript was performed during
anti-CD3 treatment in the different parts of the intestine and the spleen, which was again
used as a SLO. The results showed a specific up-regulation of Osm in the duodenum of the
treated animals, compared to the other tissues analyzed (Fig. 18B). In the duodenum, Osm
levels increased during the treatment, reaching the highest value at day 5 and decreasing
afterwards to values comparable to those found in steady state mice. On the contrary, Osm

expression in the spleen remained at basal levels during the treatment.

To decipher the specific cellular source of OSM in the S| and based on previous reports
showing that activated monocytes and macrophages are the main producers of this cytokine
(124, 125), different subsets of CD11b" APCs were sorted by flow cytometry from the SI.
DCs, macrophages and monocytes from steady state mice and monocytes from anti-CD3
treated mice at day 5 were sorted by specific cell surface markers and subsequently
analyzed for Osm expression. After the treatment no macrophages can be found in the Sl,
explaining the absence of this subset in the analysis performed. While Osm levels were non-

detectable in DCs, both macrophages and monocytes expressed the transcript.
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Nevertheless, Osm levels were greatly up-regulated in CX;CR1" monocytes isolated from
the Sl after anti-CD3 treatment (Fig. 18C).

Altogether, these data suggest that OSM is a local, tissue-specific factor induced in the Si
during the phase of resolution of inflammation after anti-CD3 treatment, the main sources of
which are LP CX3CR1" monocytes that are known to have tolerogenic properties (see

section 1.1.4).
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Figure 18. Monocytes in the S| are the main producers of Osm during anti-CD3 treatment.
C57BL/6 mice were injected i.p. with 20ug anti-CD3 at days 1, 3 and 5. (A) Gene expression analysis
comparing CD11b" myeloid cells isolated from the Sl and from the spleen (control tissue) of CD3-
specific antibody treated mice at day 5. (B) Time-course analysis of Osm mRNA expression by RT-
PCR during anti-CD3 treatment in the different parts of the intestine and the spleen of treated mice,
relative to steady state control mice. (C) Osm mRNA expression quantified by RT-PCR in different
sorted CD11b" APCs isolated from the S| of mice at steady state (DCs: CD11c"MHCII'CX;CR1,
macrophages: CD11c"MHCII*Ly6C” CX3CR1*, monocytes: CD11c'Ly6C" CX,CR1") and treated mice
at day 5 (monocytes: CD11c'Ly6C" CX;CR1"). Data are depicted as mean + S.E.M. (n=4) and are
representative of at least two independent experiments.
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3.2.2 OSM M induces changes in the gene expression profile of mouse
and human Tyl17 cells in favor of a regulatory phenotype

OSM has been shown to play an important role in cytokine regulation, dampening pro-
inflammatory mediators and inducing anti-inflammatory cytokines (98, 102, 126). Because
Osm showed a great up-regulation upon anti-CD3 treatment specifically in the SI, where
Tul7 cells are known to accumulate, the effects that OSM may exert on Ty17 cells needed
to be explored. Osmr expression in naive T cells, Ty17 and Treg cells was quantified and
Tul7 cell cultures showed the highest levels of the receptor (Fig. 19A). Therefore, Tyl7 cells
were stimulated with OSM and the changes in gene expression related to untreated cells
were quantified. While the expression levels of Rorc, the master transcription factor for Ty17
cells, did not change, ll17a, Tbhx21 and Csf2 expression were reduced in the OSM-
stimulated cultures (Fig.19B). On the contrary, 1110 expression was drastically increased.
Human Tyl7 cells responded similarly to OSM stimulation. IL10 was up-regulated in the
presence of OSM, while IL17A and TBX21 levels were remarkably reduced (Fig. 19C). At
the protein level, IL-10 production in human Ty17 cells was also induced by OSM (Fig. 19D)
compared to untreated cells and to cells treated with IL- 1B, a reported inhibitor of IL-10 in
human T{17 cells (110). As expected, the maximum IL-10 production was found in Ty17
cells treated with 1L-27, a cytokine known to strongly induce IL-10 (120). Notably, OSM also
dampened the production of the pro-inflammatory cytokine GM-CSF by human T,17 cells
(Fig. 19D). Thus, our data indicate that OSM is capable of inducing changes in the genetic
profile of murine and human Ty17 cells by decreasing the expression of pro-inflammatory
genes and promotes the secretion of the anti-inflammatory cytokine 1L-10 by human Ty17

cells.
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Figure 19. Mouse and human Ty17 cells respond to OSM in vitro. (A) Mouse naive sorted
CD4'CD25CD62L"CD44 T cells were stimulated in vitro with anti-CD3/CD28 and grown under Ty17
or Treg conditions for 5 days. Osmr expression was analyzed by qPCR and compared to naive cells
(mean = S.D. of 3 independent experiments). (B) Mouse Ty17 cells were treated with 50 ng/ml OSM
during the differentiation process (as in A). Rorc, 1117a, 1110, Tbx21 and Csf2 expression levels were
qguantified by qPCR (dotted line at 1 indicates the value of control untreated Ty17 cells). Data are
presented as mean + S.E.M. of at least 3 independent experiments. (C) Fresh ex vivo sorted human
CCR6'CCR4"CXCR3 CD45RACD25 CD8 T17 cells were stimulated with CD3 and CD28 mAbs for
48h and expanded for another 3 days in the presence of 50 ng/ml OSM. RORC, IL17A, IL10 and
TBX21 expression levels were quantified by gPCR (dotted line at 1 indicates value of non-treated
Tul7 cells). Human Tyxl7 cells were also stimulated with PMA/lonomycin for 5 hours to detect
intracellular levels of IL-17A, IL-10 and GM-CSF by FACS. One representative dot plot out of 3
independent experiments of flow cytometry analysis of IL-10 and GM-CSF assessed on Ty17 cells
(gated on IL17A" CD4" T cells) is shown in (D).

Finally, to evaluate the scope that the changes observed in the gene expression profile of
OSM-treated Ty17 cells may have in the functionality of these cells, an in vitro suppression
assay was again performed. The suppressive capacity of OSM-stimulated Ty17 cells was
compared to untreated Tyl7 cells and to professional Tregs (Fig. 20A). As expected,
professional Treg cells inhibited T-cell proliferation to the greatest extent. Nevertheless,
addition of OSM significantly enhanced murine Ty17 suppressor functions in the various

suppression assays performed (Fig. 20B).
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Figure 20. OSM promotes regulatory functions in Tyl7 cells in vitro. Suppression assay in a
mouse T cell culture was performed by using MACS enriched CD25" Treg cells and in vitro generated
Tul7. Tyl7 treated or not with 50ng/ml of OSM were sorted at day 4 for CD4'IL17eGFP FoxP3mRFP
.(A) After 3 days of co-culture, percentages of non-proliferating responder CFSE-labelled CD4'CD25
T cells were quantified by FACS. (B) Bar histogram summarized frequencies of non-proliferating
responder cells obtained in all the different assays, relative to professional Tregs (100% suppression
ability, dotted line). Data are shown as mean + S.E.M. of 4 independent experiments. *p<0,05 as
calculated by paired Student’s t-test.

Altogether, the results indicate that OSM exerts effects on both mouse and human Ty17
cells; it promotes a down-regulation of pro-inflammatory genes, an up-regulation of the anti-

inflammatory cytokine IL-10 and it induces suppressive functions on Ty17 cells.

3.2.3 OSM attenuates EAE by restraining the inflammatory capacity of
infiltrating T cells

EAE is the mouse model for MS, which is a demyelinating disease of the central nervous
system (CNS) orchestrated by infiltrating auto-reactive T cells and endogenous glia (127).
Tul7 cells are known to infiltrate the CNS during the course of EAE and promote brain
inflammation (128). Anti-CD3 treatment attenuates EAE by re-directing to the SI MOG-
specific Ty17 cells, meant to otherwise infiltrate the CNS (47). In the SI, auto-reactive Ty17
cells convert to rTyl7 in response to the specific micro-environment composed of
specialized cells with tolerogenic properties. We found OSM to be highly produced by
tolerogenic monocytes of the Sl LP during the phase of resolution of inflammation after anti-
CDa3 treatment (see section 3.2.1). Thus, we hypothesized that OSM could be a Sl-specific
factor contributing to the conversion of Ty17 cells towards a regulatory phenotype. Indeed,

OSM restrained Ty17 pathogenicity in vitro (see section 3.2.2). In addition, OSM has been
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shown to be neuro-protective (103) and to positively affect the clinical symptoms in EAE
(99). However, the scope of OSM on infiltrating T cells has not yet been evaluated.
Consequently, we next wanted to test if direct administration of OSM had protective effects
on EAE-induced mice by modulating Ty1l7 responses. To address that question, IL17A-
eGFPxFoxp3-mRFP double reporter mice were immunized with myelin oligodendrocyte
glycoprotein (MOG) 3555 peptide and treated before the onset, from day 7 to 12 post-
immunization, with 10ug/day of OSM. Control mice were treated with vehicle during the
same period of time. First clinical symptoms were observed on day 10 in control mice
(15,4+1,4), whereas OSM treatment resulted in a later onset of the disease (18,5+1,1) and
significantly lower disease severity (Fig. 21A). The control group experienced weight loss
during the onset of EAE, while the OSM-treated group didn’t (Fig. 21B). Disease incidence
in control mice was 80% at day 21, compared to 50% in OSM-treated mice (Fig. 21C).
Taken together, these data suggested that although OSM-treated mice were also
susceptible to EAE, OSM treatment resulted in reduced severity and attenuated clinical

symptoms in MOGg3s.55 _immunized mice.
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Figure 21. OSM treatment ameliorates EAE. IL17A-eGFPxFoxp3-mRFP double reporter mice were
immunized with MOG3s.55 peptide and treated on days 7 to12 with 200pl/day of isotonic NaCl solution
(control group; n=10) or with 10ug/day of OSM (OSM-treated group; n=8).Mice were monitored daily
for clinical symptoms of EAE. Clinical scores for both groups are shown in (A), weight curves are
shown in (B) and the incidence in each group is shown in (C). Data are shown as mean + S.E.M. and
are representative of 2 independent experiments. A and B: *p<0,05 and ***p<0,005 as calculated by
Mann-Whitney U-test. C:*p<0,05 as calculated by Gehan-Breslow-Wilcoxon test and Mantel-Cox test.
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Accumulation of infiltrating inflammatory cells in the CNS is a hallmark of EAE. To assess
whether the differences observed in the clinical course of EAE between groups were due to
the effect of OSM on infiltrating T cells, both spleen (as a SLO) and CNS were isolated from
each mouse on day 21 post-immunization and single cell suspensions were obtained.
CD45'CD4" T cells were quantified for each tissue and mouse and total numbers were
compared between groups. A slight, but not significant decrease was found in total splenic T
cell numbers (Fig. 22A), while absolute numbers of T cells were significantly reduced in the
CNS of the OSM-treated group (Fig. 22B), indicating less tissue infiltration. The balance
between Ty17 and Treg cells plays an important role in the development of MS and EAE
(129). Thus, the effect of OSM on the number of Ty17 and Treg cells was also evaluated by
flow cytometry. The percentage of splenic IL-17-secreting Tyl7 cells in EAE mice was
similar in both animal groups, while the frequency of splenic Tregs was significantly lower in
OSM-treated mice (Fig. 22C). However, no differences between groups were observed on
frequencies of Ty17 and Treg cells in the CNS (Fig. 22D). These results indicated that OSM
treatment restrained the accumulation of infiltrating T cells without changing the proportion
between Ty17 cells and Tregs in the CNS.
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Figure 22. OSM-treated mice show reduced numbers of infiltrating T cells infiltrating. On day 21
post-immunization IL17A-eGFPxFoxp3-mRFP double reporter mice (control group, n=10 and OSM-
treated group, n= 8) were sacrificed. Single cell suspensions were obtained from each mouse and
total T cell numbers from spleen (A) and CNS (B) were quantified by MACSQuant (each dot
represents one mouse). Frequencies of IL-17A-eGFP” cells (Ty17) and Foxp3-mRFP" cells (Tregs)
from the spleen (C) and the CNS (D) were analyzed by FACS and are shown as a representative dot
plot of each tissue and animal group and as mean + S.E.M. Data are representative of 2 independent
experiments. **p<0,01 as calculated by unpaired Student’s t-test. ns, not significant.

IFN-y and GM-CSF derived from over-reactive T cells are considered two key pro-
inflammatory cytokines mediating neuro-inflammation (128, 130-132). To determine whether
the protective function of OSM in EAE was also associated with modulation of inflammatory
cytokines derived from infiltrating T cells, frequencies of IFN-y* and GM-CSF" T cells were
analyzed by flow cytometry. OSM treatment resulted in similar production of IFN-y and GM-
CSF by splenic T cells (Fig. 23A), but, interestingly, reduced levels of T cell derived-IFN- y
were found in the CNS of OSM-treated animals (Fig. 23B).
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Figure 23. OSM-treatment limits the production of IFN-y by T cells infiltrating the CNS. On day
21 post-immunization IL17A-eGFPxFoxp3-mRFP double reporter mice (control group, n=10 and
OSM-treated group, n=8) were sacrificed and single cell suspensions were obtained from the spleen
and the CNS. CD45'CD4'TCRB" T cells were analyzed by FACS for the expression of the pro-
inflammatory cytokines IFN-y and GM-CSF. Frequency of T cells expressing IFN-y and GM-CSF in
the spleen (A) and the CNS (B) are shown as a representative dot plot of each animal group and as
mean + S.E.M. Data are representative of 2 independent experiments. ***p<0,005 as calculated by
unpaired Student’s t-test. ns, not significant.

IFN-y*IL-17A"-double producing cells are key drivers of MS and EAE (22, 41, 45), among
other autoimmune disorders. Similarly, production of GM-CSF by Ty17 cells has recently
been associated with their pathogenicity in tissue-specific autoimmunity (133, 134). FACS
analysis comparing peripheral Ty17 cells in EAE mice treated or not with OSM yielded
similar results. Although OSM-treated animals presented a tendency to reduced Tyl17-
derived IFN-y levels, the differences were not significant, as they were not significant for
GM-CSF production (Fig. 24A). On the contrary, in the CNS of OSM-treated mice levels of
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IFN-y secreted by Tyl7 cells were significantly decreased compared to control mice and
GM-CSF production in this specific T cell subset was also diminished (Fig. 24B). These data
suggested that OSM regulates the inflammatory response in the CNS, by limiting the

pathogenic capacity of infiltrating T cells, particularly of infiltrating Ty17 cells.
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Figure 24. OSM treatment restrains the inflammatory capacity of Ty17 cells infiltrating the CNS.
On day 21 post-immunization IL17A-eGFPxFoxp3-mRFP double reporter mice (control group, n=10
and OSM-treated group, n=8) were sacrificed and single cell suspensions were obtained from the
spleen and the CNS. CD45"CD4'TCRB" IL-17A-eGFP” cells (T417 cells) were analyzed by FACS for
the expression of the pro-inflammatory cytokines IFN-y and GM-CSF. Frequency of Tyl7 cells
expressing IFN-y and GM-CSF in the spleen (A) and the CNS (B) are shown as a representative dot
plot of each animal group and as mean + S.E.M. Data are representative of 2 independent
experiments. *p<0,05 as calculated by unpaired Student’s t-test. ns, not significant.
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4 Discussion

By using the anti-CD3 model, but also in a model of sepsis and during influenza A viral
infection (H1N1), it was recently demonstrated that the Sl controls potentially inflammatory
Tul7 cells in order to avoid exacerbated immune responses (47). However, the underlying
mechanisms governing this process are only partially understood. IL-10 (49, 121) and TGF-
(48) are two key immune-regulatory mediators known to limit Ty17 cell pathogenicity that are
produced by a great range of cells and are not specifically induced in the Sl. In recent years,
elucidating local factors mediating T cell responses at the affected tissue has become an
important topic in immunology. For example, similar to IL-33, IL-18 is an epithelial-derived IL-
1 family member, that has been recently shown to be specifically produced in the intestine,
where it controls differentiation of Ty17 cells and functionality of Foxp3* Tregs (135). A
proper understanding of local factors controlling Ty17 cells may help fighting chronic
inflammatory processes and autoimmune diseases driven by this T-cell subset, such as MS
(136), rheumatoid arthritis (34) and IBD (137).

4.1 IL-33in control of T417 cells

In recent years, the IL-33/ST2 axis has emerged as a key modulator of inflammation in
epithelial tissues (112), particularly in the gut mucosa, where IL-33 seems to exert
dichotomous roles (138). Recently, the capacity of IL-33 to modulate CD4" T cell polarization
to different phenotypes in favor of a healthy immunological state has become of great
interest (139).

In this study, IECs were shown to be the main source of IL-33 upon anti-CD3 treatment.
Although IECs are CD3 and therefore cannot be directly activated by CD3-specific
antibodies to release IL-33, several studies have shown that anti-CD3 treatment activates
CD3" intestinal IELs, leading to the induction of cytotoxic pathways and consequently to
tissue damage (62, 70, 140-142). 1L-33 is known to be released by epithelial cells upon
tissue damage or infection and to function as an alarmin, alerting the immune system to
mount an appropriate response (82, 86, 143). It has recently been shown by Dr. Bayat
Sarmadi from our group that CD3" IELs harbored granzyme-containing granules that were
released upon administration of CD3-specific antibody. Apoptosis of IECs upon anti-CD3
treatment was mediated by IEL-derived, granzyme-dependent mechanisms (62, 140, 142)
and by using granzyme™ mice , Dr. Bayat Sarmadi showed that IL-33 up-regulation upon
anti-CD3 administration was strongly abrogated in these mice, indicating that granzyme*
IELs were in fact responsible for the induction of IL-33 in IECs (144). However, since IL-33
expression was not completely abrogated in granzyme™ mice, it could not be ruled out that

other mechanisms also contribute to the induction of IEC-derived IL-33. Interestingly, these
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granzyme bearing IELs are more abundant in the upper parts of the Sl, which explains the
specific localization of IL-33 up-regulation that coincides with the localization of granzyme”
IELs (duodenum and jejunum). It has also been shown that IELs undergo apoptosis upon
anti-CD3 treatment and can therefore degranulate only once (140). This could explain that
the peak of IL-33 was found after the first injection with CD3-specific antibody and less up-
regulation was observed after each subsequent injection. Altogether, it suggests an indirect
mechanism of IEC-derived IL-33 release mediated by CD3*granzyme” IELs, which are
indeed activated via administration of CD3-specific antibody. Therefore, IL-33 was identified
here as a tissue-specific factor produced by IECs, specifically in the Sl and the rapid and
strong IL-33 response shown by epithelial cells in this study underlines previous reports

describing the role of IL-33 as an alarmin (113, 145).

Recently, it has been shown that IL-33 promotes resolution of inflammation by enhancing
type 2 responses and by increasing ST2" regulatory T cells in intestinal epithelial sites (118,
146). In this work, we describe ST2 expression in T,17 cells in vivo for the first time. ST2"
Tn17 cells were found to be specifically located in the spleen. Notably, IL-33 remained at low
levels in the spleen during anti-CD3 treatment, comparable to untreated controls. However,
around 90% of ST2* T,17 cells co-expressed CCR®6, a receptor known to direct these cells
particularly to the proximal part of the Sl, the region showing the strongest up-regulation of
the CCR6-ligand CCL20 within the intestine (47). Interestingly, the up-regulation of CCL20
by IECs upon anti-CD3 treatment, similar to IL-33, was also dependent on the activation of
granzyme” IELs, as shown by Dr. Bayat Sarmadi (144). This explains why IL-33 induction in
the Sl after anti-CD3 injection occurred in a gradient-like fashion from proximal to distal,
similar to CCL20, coinciding with the spatial localization of Ty17 cells. Very low frequencies
of ST2" T417 cells were detected in the SI. However, earlier studies showed that ST2 is
internalized within 30 minutes upon IL-33 encounter (92). Accordingly, it is likely that splenic
ST2" Ty17 cells rapidly internalize ST2 after arrival in the Sl, where IL-33 is abundantly
expressed. In support of this notion, ST2 internalization was shown to be dependent on
glycogen synthase kinase 3 beta activity (92); which is known to be particularly high in
differentiated pathogenic T17 cells when compared to naive T cells or Tregs (147). Further
analyses of the Ty17 cell population in the Sl at shorter time-points after CD3-specific
antibody injection would be needed to find out whether ST2 is expressed by newly
accumulated Ty17 cells. These findings suggest a spatial separation of ST2 induction in the
spleen and the provision of IL-33 by the Sl epithelium, which may be a mechanism to fine-

tune the effects of IL-33 on Ty17 cells.

IL-17A has been shown to exert tissue-protective functions and to be a protective cytokine in

models of intestinal inflammation (20). Ty17 cells driving tissue inflammation express IL-17A
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together with IFN-y, TNF-a and/or GM-CSF and it is the expression of these cytokines and
not of IL-17A that confers Tyl7 cells pro-inflammatory abilities (see section 1.1.3). It has
recently been published that ST2 deficiency led to an increased colitogenic potential of CD4"
T cells (114) and T cells driving colitis are known to express high amounts the pro-
inflammatory cytokines IFN-y, TNF-a and GM-CSF (36, 137, 148, 149). The results in our
model of intestinal inflammation were in line with this observation. St2” mice showed a more
severe clinical course during anti-CD3 treatment compared to WT mice, featured by a
greater body weight loss, pronounced small intestinal injury with a higher degree of
inflammation and increased 1l17a, Ifng and Tnf levels in the duodenum. Remarkably, ST2
deficiency also led to a greater pathogenic phenotype of Ty17 cells accumulating in the SI,
showing increased frequencies of both IL-17A'IFN-y* and IL-17A"TNF-a* T cells. IL-
17A"IFN-y* double producing Ty17 cells are pro-inflammatory cells that have been strongly
linked to autoimmune diseases (41, 150, 151). Schiering et al. showed that the increased
pathogenic T-cell activity in the St2” mice was due to a reduced Foxp3* T cell population in
the colon, unable to control the intestinal effector T-cell response. They concluded that the
IL-33/ST2 axis promoted tissue-specific accumulation and maintenance of Treg cells in the
intestine under inflammatory conditions. On the contrary, in the present study, equivalent
frequencies of Foxp3-expressing cells were observed in St2” and WT mice in the SI upon
inflammation. Also, a specific increase of Ty17 cells (ROR-yt" T cells and IL-17A" T cells),
both in frequencies and absolute numbers, was observed in St2” compared to control
littermates. Therefore, the elevated frequencies of intestinal Ty17 cells, which in turn showed
and exacerbated pathogenic phenotype (depicted by increased frequencies of IFN-y and
TNF-a production) were not the result of a diminished Treg cell population in our model.
These results suggested that IEC-derived IL-33 acts directly on Ty17 cells, at least in the S,
by restraining their pro-inflammatory capacity. It has been shown by others that Tregs are
particularly abundant in the colon (152). After anti-CD3 treatment, 75% of the T cells in the
Sl were T417 cells and only around 5% were Tregs. It might be that the IL-33/ST2 axis acts
on the T cell subset prominently enriched in the specific condition under study, promoting
regulatory functions in the intestine in a cell-intrinsic manner. The ST2 expression profile
shown by Tregs and Tyl17 cells during anti-CD3 treatment further supported this notion.
While ST2 expression was maintained at around 10% in splenic CCR6™ Tregs and went
down from 20% to 5% in Tregs in the SI, ST2 expression was highly and specifically induced
in splenic CCR6" Ty17 cells, reaching the 30% of the total T417 cell population. ST2 was
expressed in the Treg cell population under homeostatic conditions, but it was only
expressed under inflammatory settings in splenic CCR6" Ty17 cells. Together, our study

complements previous findings by extending the role of IL-33 beyond the induction and
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maintenance of Tregs in the colon (118) and in the visceral adipose tissue (153) to the

conversion of pro-inflammatory Ty17 cells into rTy17 cells in the SI.

IL-33 stimulation of splenic Ty17 cells isolated from anti-CD3-treated mice, with a significant
frequency of the cells being ST2"CCR6", led, indeed, to changes in the expression levels of
two key cytokines modeling inflammation. A reduction in the Ifng levels expressed by Tyl17
cells was observed, while 1110 expression was significantly increased, in a dose-dependent
manner, upon IL-33 stimulation. Of note, IL-10 is known to be one of the major players
controlling homeostasis in the S| (154) and, specifically, controlling previously committed
pathogenic Ty17 cells (47, 49, 121).

A dose-dependent increase in IL-17A expression has already been described, when
colitogenic T cells are IL-33 and TCR co-stimulated. (155). We also observed an increase in
[117a expression when in vitro cultured Ty17 cells were stimulated with IL-33, which seemed
contradictory to what we observed in vivo (increase of IL-17A production in the absence of
IL-33/ST2 axis). We cannot rule out the contribution of other signals different from IL-33 or
compensatory mechanisms to our in vivo observations regarding IL-17A expression. The
level of complexity in an in vivo system cannot be properly addressed by using an in vitro
approach. Nevertheless, Tyl7 cells responded in vitro to IL-33 stimulation by down-
regulating pro-inflammatory genes such as Tbx21, Ifng and Csf2, similar to what we
observed in vivo. Importantly, stimulation of Ty17 cells with IL-33 led to an up-regulation of
the anti-inflammatory gene 1110. Induction of 1110 by IL-33 signaling in Tyl7 cells was
concurrent with the induction of a combination of transcription factors known to mediate IL-
10 production in T cells. Among the transcripts positively regulated upon IL-33 stimulation,
together with 1110, were Ahr, Ikzf3, Irf4 and Jun. Moreover, Ahr expression significantly
correlated with the expression of 1110 in the cultures analyzed. Ahr has already been shown
to mediate Tyl7 cell plasticity, enhancing IL-10 production and being involved in the
conversion of Ty17 into regulatory T cells (48). Similarly, Aiolos, encoded by Ikzf3, has been
recently reported to induce IL-10 expression in CD4" effector T cells, conferring them
intrinsic regulatory abilities (121). In another molecular approach, the transcription factor AP-
1, encoded by Jun, has been shown to cooperate with IRF4, a T helper transcription factor,
to promote the transcription of the 1110 gene, which presents two IRF4 binding sites with
associated AP-1 motifs (122). In accordance with that, it was not only found an up-regulation
of AP-1, but also an up-regulation of IRF4 in the Ty17 cultures upon IL-33 stimulation. AP-1
and IRF4 are also known to be downstream of the IL-33 signaling cascade (153, 156, 157).
The results shown here are of correlative nature and further experiments need to be done in
order to provide strong evidence into the mechanisms by which IL-33 promotes IL-10

expression. We plan to address this by using KO mice for the transcription factors under
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study. IL-33 stimulation of Ahr”, Ikzf3", Jun” and Irf4” T,17 cells would not lead to IL-10 up-

regulation if the hypothesized mechanisms for IL-10 induction are indeed correct.

Importantly, in human Tyl7 cells, in vitro IL-33 stimulation also promoted an increase in
ILL7A and IL10 expression, an increase in IL-10 production, down-regulation of TBX21
expression and reduction of GM-CSF secretion. GM-CSF has been shown to be a key
cytokine for T helper cells involved in chronic immune disorders, as GM-CSF-producing T
cells exert a pathogenic role in the inflamed brain of MS patients (158). On a functional level,
mouse Ty17 cells stimulated with 1L-33 were able to partially suppress the proliferation of
responder T cells in vitro, suggesting the acquisition of a regulatory phenotype. However, co-
transfer experiments with pathogenic Ty7 cells (known to promote inflammation in hosts)
together with IL-33-treated T.17 cells in RAG™ recipient mice (which lack mature
lymphocytes) would be needed to test the in vivo suppressive functions of IL33-treated Ty17

cells.

In summary, our results extend the spectrum of IL-33 functions by showing that IEC-derived
IL-33 acts on Ty17 cells via ST2, reprograms their cytokine profile and enables them to exert
regulatory functions. Our in vivo studies performed with St2” mice suggest this novel role for
the IL-33/ST2 axis in restraining the accumulation of pathogenic Ty17 cells in the Sl during

inflammation, with physiological implications in the clinical course observed in mice.

4.2 OSM in control of T417 cells

The normal development of an inflammatory response must be rapidly followed by the
engagement of a feedback system to minimize adventitious tissue damage and regulate
eventual return to homeostasis. Even though the discovery of OSM dates back 25 years, its
involvement in inflammation and disease development is still incompletely understood.
However, it has recently been associated to the wound healing process and attenuation of
the inflammatory response (102, 159), especially in the intestine (100, 101) and the CNS
(103-105).

In this study OSM was found to be specifically up-regulated in the duodenum upon repetitive
anti-CD3 injections, reaching its highest values on day 5 of the treatment, during the phase
that corresponds to the resolution of inflammation. Work done by Dr. Bayat Sarmadi in our
group demonstrated that intestine-resident macrophages, but not DCs, completely
disappeared from the Sl shortly upon injection with CD3-specific antibody. This was due to
cell apoptosis induced again by IELs-derived granzyme. Only during resolution of

inflammation did CX;CR1" monocytes start to repopulate the intestine and develop again
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into sessile CX3;CR1" macrophages later on. Accordingly, the main sources of OSM were LP
CX3CR1" monocytes, which have also previously been shown to be able to suppress pro-
inflammatory T cells and to have regulatory functions in the intestine (160, 161). Again,
similar to 1L-33, the distinct parts of the intestine where Ty17 cells accumulate during CD3-
specific antibody treatment coincide with the anatomical localization of the cytokine under

study.

Interestingly, Tyl7 cells were shown here to express the OSMRS in vitro, suggesting that
Tul7 cells could indeed respond to OSM. In fact, several studies showed the modulatory
effects that OSM have on cytokine expression in several cell types (96, 98, 99), but no
reports explored the role of OSM signaling in Ty17 cells. The results depicted here show that
OSM stimulation of in vitro cultured Ty17 cells led to a down-regulation of 1117, together with
the pro-inflammatory genes Thx21 and Csf2 (encoding for the proteins Thet and GM-CSF,
respectively). Interestingly, expression of Tbx21 by Tyl7 cells has been linked to chronic
inflammatory processes and tissue-specific auto-immunity (41-43) that stem from the
increased pathogenic potential of double producing Ty17 cells (ROR-yt"/Tbx21" that can
therefore produce both IL-17A and IFN-y). Similarly, expression of GM-CSF by T417 cells
has also been linked to an exacerbated pro-inflammatory phenotype thereby contributing to
autoimmune disorders (130, 133). In addition to reducing the inflammatory capacity of T,17
cells in vitro, OSM stimulation markedly increased the expression of 1110, which is, as
already mentioned, a potent anti-inflammatory cytokine in control of tissue homeostasis. The
data obtained from human T{17 cell cultures was also in line with previous reports and
emphasized the ability of OSM on limiting the secretion of pro-inflammatory cytokines while
inducing those with anti-inflammatory properties (98, 99). Human T417 cells responded to
OSM stimulation by reducing the expression of TBX21 and IL17 and by increasing the
expression of the anti-inflammatory gene IL10, resembling the effects of OSM on mouse
Tul7 cells. Importantly, human Ty17 cells stimulated with OSM not only changed the gene
expression profile in favor of anti-inflammatory settings, but also showed greater ability to
produce IL-10 while producing impaired amounts of GM-CSF. GM-CSF has already been
presented here as a key cytokine for T cells in mediating tissue inflammation and IL-10 over-
expression in particular is a phenotypic feature linked to immune-suppressive functions. In
this regard, mouse Ty17 cells stimulated with OSM were able to effectively suppress the
proliferation of responder T cells in vitro, resembling the suppressive capacity attributed to
professional Tregs and suggesting the acquisition of a proper regulatory phenotype also at
the functional level. However, further studies will need to be performed in order to address if
S| Tyl7 cells express OSMR in vivo upon anti-CD3 treatment. In addition, similar to what

has been proposed above for IL-33, co-transfer experiments with pathogenic Ty17 cells
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together with OSM-treated T,17 cells in RAG™ recipient mice would be needed to test the in

vivo suppressive functions of OSM-treated Ty17 cells.

Recent publications have highlighted the neuroprotective role of OSM (103, 104). In line with
this, OSM administration in EAE-induced mice resulted in an attenuated course of the
disease. OSM-treated mice showed a significantly delayed-onset of EAE, with no weight loss
associated to the onset, lower clinical scores and reduced incidence. Although the etiology
of EAE is not completely understood, it is believed that myelin-specific CD4" T cells play a
central role in initiating and orchestrating CNS inflammation. In this scenario, CD4'T cells,
activated in the periphery, infiltrate the CNS, where, by secreting pro-inflammatory cytokines
they start an inflammatory cascade (162). Interestingly, total CD4" T cell numbers were
significantly reduced in the CNS of OSM-treated animals, but not in the periphery. This
suggested that OSM restrained T cell infiltration, a key process in the initiation of EAE, and

explained the reduced disease severity observed in the OSM-treated group.

Tul cells were thought originally to be the main pathogenic T cells in EAE and MS and the
contribution of IFN- y, a Tyl-derived cytokine, to CNS inflammation was well-stablished.
However, activator of transcription-1 (STAT1)™" mice lacking T.1 cells were later found to
develop more severe EAE (163). Since the discovery of IL-23 , a cytokine promoting Ty17
expansion and acquisition of a pro-inflammatory phenotype, characterized by the expression
of ROR-yt together with Tbx21 and secretion of IL-17A together with IFN-y (Tpl/ Ty17
phenotype), a number of studies have highlighted the central role of Tyl7 cells in the
development and pathogenesis of EAE (129, 136, 150, 162). In addition to the inflammation
induced by antigen-specific Ty17 cells, also a disturbance in frequencies and/or functionality
of Tregs contribute to disease severity (129). Tregs have suppressor activities and play a
critical role in the maintenance of self-tolerance. Tregs also assist in controlling the activation
and expansion of auto-reactive T cells and protect against tissue injury via various
mechanisms, such as cell contact-dependent processes and secretion of IL-10 and TGF-3,
as previously mentioned. All this speaks for the importance of the dynamic Ty17/Treg
balance in providing immunological mechanisms that induce and regulate autoimmunity.
However, frequencies of Ty17 cells and Tregs in the CNS of OSM-treated mice did not differ
from the control group, indicating that the mitigation of EAE observed upon OSM
administration was not a consequence of an impaired Ty17/Treg ratio in the affected organ.
In addition, while frequencies of Ty17 cells in the periphery did not change between groups,
Treg percentages in the spleen of OSM-treated mice were found diminished and therefore
the Tyl7/Treg ratio impaired in favor of a Tyl7 response. These results were presumably

contradictory with the amelioration observed in the clinical course of the OSM-treated group,
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but further analysis of the CD4" T cell population from control mice and from mice treated

with OSM in terms of cytokine expression shed light into this apparent contradiction.

IFN-y and GM-CSF are two pro-inflammatory cytokines secreted by T cells that have been
strongly linked to CNS inflammation (45, 127, 164). Normally, T cells do not traverse the
blood-brain barrier at appreciable levels and, as such, IFN-y and GM-CSF are generally
undetectable within the CNS. Nevertheless, in EAE, T-cell traffic across the blood-brain
barrier increases considerably, thereby exposing neuronal and glial cells to the potent effects
of T cell-derived IFN-y and GM-CSF. Anti-CD3 treatment has been shown to effectively limit
Tw17 infiltration in the CNS during EAE by re-directing myelin-specific T417 cells to the Sl
(47), attenuating thereby disease severity. OSM is presented here as a tissue-specific factor
promoting the conversion from pathogenic Ty17 cells to rTy17 cells, occurring in the Sl upon
anti-CD3 treatment. Consequently, OSM treatment in EAE-induced mice would not only be
effective in attenuating the course of the disease, as it has been already discussed, but it
would also specifically restrain Ty17 pathogenicity at the affected organ. Interestingly, OSM
administration did not result in significant changes in the production of IFN-y or GM-CSF by
peripheral T cells, but T cell-derived IFN-y levels were effectively reduced specifically in the
CNS of OSM-treated mice. However, as previously mentioned, the main pathogenic T cell
subset mediating EAE is the Ty17-cell subset. Ty17 cells are known to induce the disruption
of the blood-brain barrier (136) and Tn17 cell-derived IFN-y and GM-CSF have been
reported to play an important role in the pathogenesis of these demyelinating disorder (131,
133). Our in vitro results suggested that OSM limited the pro-inflammatory capacity of Ty17
cells. Accordingly, OSM-treated mice exhibited reduced frequencies of IFN-y* and GM-CSF*
Tul7 cells in the CNS, suggesting that OSM indeed restrained Tyl7 pathogenicity at the
affected tissue. However, no statistically significant differences were found comparing

peripheral T417 cell population between control and OSM-treated groups.

Collectively, these data indicated that treatment with OSM alleviates the signs associated
with EAE in mice by limiting the infiltration of CD4" T cells into the CNS and by suppressing
Tul7 pro-inflammatory responses at the affected organ, which consequently limited the
exposure to pro-inflammatory cytokines that mediate tissue damage. Although Treg numbers
were not increased in the CNS of OSM-treated mice and, thus, a decrease in the Ty17/Treg
ratio was not involved in the immunomodulatory role exerted by OSM, a deeper analysis of
the Treg population in terms of functionality would be of great interest. Nevertheless, Tregs
expressed negligible amounts of OSMR in vitro and therefore are not expected to respond
to OSM. Also, it would be interesting to quantify IL-10 expression in Ty17 cells infiltrating the

CNS in both control and OSM-treated animals and, so, test in vivo the ability to induce IL-10
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production that OSM showed in vitro. It has not been assessed so far, because of the half-
life and rapid secretion of IL-10 that make IL-10 detection difficult, especially in vivo.
Nevertheless, we plan to do so by using a reporter mouse strain that couple IL-10
expression to GFP, so that IL-10 expression can be easily quantified by flow cytometry.

In summary, our results demonstrate that OSM is a tissue-specific factor expressed by
tolerogenic monocytes in the LP during resolution of inflammation that acts on Ty17 cells via
OSMR, reprograms their cytokine profile and enables them to exert regulatory functions. In
addition, this study extends the spectrum of the neuroprotective functions that have been
recently attributed to OSM by showing specific immunomodulatory effects in the CNS of
EAE-induced mice. It is shown here for the first time that OSM treatment limits Ty17 pro-

inflammatory capacity in vivo, leading to an attenuated clinical course of EAE.
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4.3 Concluding remarks

The findings discussed in this study helped to identify two signals specifically expressed in
the Sl upon strong inflammation and that control Ty17 responses: IL-33, as a factor derived
from the tissue itself and OSM, as a factor derived from hematopoietic LP cells. These
findings highlight once more the role of the Sl as an organ with systemic immune-regulatory
functions and mechanistically explain the conversion of pro-inflammatory Ty17 into rTyl17

cells, occurring therein (Schema 7).

S| INFLAMMATION TISSUE HOMEOSTASIS
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Schema 7. Proposed summary of the events that occur in the Sl during anti-CD3 treatment and
lead to the conversion of pro-inflammatory Ty17 cells to rTy17 cells. Upon CD3-specific antibody
injection CD3*granzyme’lELs are activated and release granzyme. |IEC-derived granzyme damages
IECs and induces an acute up-regulation of the chemokine CCL20 and the alarmin IL-33 in these
cells. CCL20 expression promotes the recruitment of CCR6" pT417 cells from the periphery to the SI,
where they actively proliferate. IL-17A expression by Ty17 cells further induces IEC-derived CCL20
expression, amplifying thereby Ty17 accumulation in the Sl. Approximately 30-40% of peripheral
CCR6" pTy17 cells express ST2. Thus, CCR6'ST2" T,17 cells migrate to the SI, where they respond
to IL-33. At later phases of the local inflammatory response CX;CR1" monocytes with tolerogenic
properties repopulate the LP and secrete OSM, a cytokine that also acts on Ty17 cells. IL-33 and
OSM induce changes in the gene expression profile of pTy17 cells, promoting a down-regulation of
pro-inflammatory cytokines and an up-regulation of the anti-inflammatory cytokine IL-10. By doing so,
IEC-derived IL-33 and monocyte-derived OSM control the pro-inflammatory phenotype of Ty17 cells
that shift towards rTy17 cells with immune-suppressive functions. The alarmin IL-33, which increases
shortly after every injection is given but especially at day 1, would be part of a first line of defense
counteracting the exacerbated acute inflammatory response in the SI. OSM, which increases during
the treatment reaching its highest value at day 5, would be part of a fine-tuned mechanism that acts in
advanced phases of the course of Sl inflammation. Both mechanisms would synergize to push the
system back to homeostasis by inducing tolerance in activated Ty17 cells.
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The active cell-renewal that constantly takes place in the SI makes of it a well-suited tissue
for dealing with the accumulation of pro-inflammatory, pathogenic Ty17 cells, which initially
cause local inflammation and tissue damage. The existence of specialized hematopoietic
cells with tolerogenic properties that home to the Sl also helps to prevent further tissue
damage and to counteract inflammation. The outcome of all this is the local restoration of
tissue that leads to homeostasis, having an impact on immune responses on a systemic
level. The gastrointestinal tract harbors the largest number of immune cells in the body,
which shape the gut-associated lymphoid tissue. Both system are highly interrelated and,
thus, intestinal cues may be transported via lymphatics and eventually enter the bloodstream
with the subsequent systemic manifestations. Nevertheless, expression of IL-33 and OSM is
not restricted to the Sl. High levels of the alarmin IL-33 have also been described in the
lungs during allergic reactions or in the spinal cord of MS patients. Similarly, high levels of
OSM have been found in the joints of RA patients and in the CNS of MS patients, as it has
been previously discussed in this study. Thus, both signals may be involved in several

tissue-specific responses to local inflammatory conditions.

A better knowledge of these tissue-derived and local factors in control of inflammatory and
regulatory T cells might open the door for targeted immune-modulation at the affected organ,
avoiding thereby an unfavorable systemic immune suppression. The challenge is to extend
this knowledge and translate it into new therapeutic approaches for the treatment of
autoimmune diseases driven by Ty17 cells, such as IBD, RA, psoriasis and MS. Treatments
for such disorders currently focus on eliminating pathogenic Tyl7 cells or on inducing
regulatory T cells. But what if new strategies that combine both outcomes could be

developed? IL-33 and Osm may be promising candidates to work with in this field.
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