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INTRODUCTION



Inflammation

Inflammation is a protective strategy in response to insults such as microbial infection, tissue
injury and other noxious conditions. Immediately and locally, the organism reacts to such a
harmful stimulus by activating the inflammatory response, that involves the release of several
mediators and the recruitment of immune cells in the damaged tissue. In this way, the
organism attempts to neutralize the injurious agent, minimize the tissue damage and maintain
the inflammatory process as contained as possible, preventing it from spreading systemically.
Pain, redness, heat, swelling, and functio laesa are common signs of acute inflammation,
which were recognized thousands of years ago (Ahmed, 2011). The inflammatory stimuli can
be exogenous or endogenous. Exogenous stimuli can be either microbial (pathogen-
associated molecular patterns [PAMPs] and virulence factors) or non-microbial (allergens,
irritants, foreign bodies and toxic compounds). Endogenous agents, which are plasmatic,
located intracellularly or integrated in the extracellular matrix, may be released against stress
or damage (Herold and Mrowka, 2019). The harmful stimuli are first recognized by innate
immune cells (mainly tissue-resident macrophages and mast cells) via specific receptors, such
as toll-like receptors (TLRs) and nucleotide-binding oligomerization-domain protein (NOD)-
like receptors (NLRs). The interaction triggers, as a result, the production of inflammatory
mediators, many of which influence vasculature functions and leukocyte recruitment. Some
mediators (such as histamine and serotonin) are pre-formed and stored in the granules of
mast cells, basophils and platelets, others circulate as inactive precursors in the plasma. The
inflammatory mediators can be classified depending on their biochemical properties and
include vasoactive amines and peptides, fragments of complement components, lipid
mediators and cytokines (Medzhitov, 2008). The vasoactive amines and peptides have
complex effects on the vasculature, causing increased vascular permeability and
vasodilatation (Medzhitov, 2008). The complement fragments C3b, iC3b, C3a, C5a and C5b-9
protect against invader microorganisms through proteolytic activities and opsonization of
pathogens (Clarke and Tenner, 2014). Eicosanoids, metabolites of arachidonic acid, can be
classified in prostaglandins and thromboxanes, synthesized by cyclooxygenases (COX1 and
COX2), or in leukotrienes and lipoxins, generated by lipoxygenases. Prostaglandins
(particularly PGE;, PGD,, and PGl;) support vasodilation, hyperalgesia, hyperthermia and

inhibit platelet aggregation, while thromboxanes, such as TxA,, promote platelet activation



and aggregation. Leukotrienes, such as LTB4, recruit pro-inflammatory neutrophils, lead to
generation of reactive oxygen species and release of lysosomal enzymes. By contrast, lipoxins
and resolvins are molecules with anti-inflammatory properties that moderate inflammation.
Finally, pro-inflammatory cytokines (e.g.: tumor necrosis factor-a (TNF-a), IL-1, IL-6),
produced by lymphocytes, macrophages, epithelial cells, endothelial cells and connective
tissue, have several roles in the inflammatory response, including endothelium and leukocytes
activation (Medzhitov, 2008). Chemokines are a family of small cytokines responsible for the
chemotactic process, through which various cells types, mainly neutrophils, natural killer (NK)
cells and monocytes, undertake a unidirectional movement according to a concentration
gradient and reach the inflamed tissue (Wu, 2005). The main and most immediate effect of
these mediators is to elicit an inflammatory exudate locally: activated endothelial cells lead to
increased vascular permeability, allowing circulating proteins and leukocytes to reach the
damaged tissue. There, leukocytes aim at killing the invading agents, releasing reactive oxygen
and nitrogen species (ROS and RNS), and proteases like proteinase 3, cathepsin G and elastase
(Nathan, 2006). The innate immune cells and inflammatory cytokines attempt to limit the
damage until highly specific, activated cells of the adaptive immune response are recruited to
ultimately eradicate the infection (Cronkite and Strutt, 2018). A successful inflammatory
response is extinguished and resolved when the damage has been repaired, resulting in a brief
acute inflammatory reaction and a repair phase. The resolution of inflammation is dominated
by several anti-inflammatory mediators, such as IL-10, TGF-B, monocytes and necessitates a
switch, in lipid mediators, from pro-inflammatory prostaglandins towards anti-inflammatory
lipoxins, resolvins, and protectins. The latter inhibit neutrophils recruitment and pro-
inflammatory cytokines release while stimulating the recruitment of monocytes, which
remove dead cells and begin the tissue remodeling process (Medzhitov, 2008).

Useful in vivo tools to investigate the acute inflammatory process are represented by
experimental models of peritonitis (Cash et al., 2009). In particular, the model based on
intraperitoneal injection of zymosan A, a polysaccharide obtained from the cell wall of
Saccharomyces cerevisiae, is widely employed (Rao, 1994). Zymosan-induced peritonitis
produces a time-dependent extravasation of inflammatory cells in the peritoneal cavity:
neutrophils are the first leukocytes detectable, peaking at 4 hours, while the influx of
monocytes into the peritoneal cavity reaches a peak 24 hours after zymosan A injection [figure

1] (Cash et al., 2009). Through TLR2 receptors (expressed on macrophages) and dectin-1



(expressed on macrophages, neutrophils, and dendritic cells), zymosan A elicits several
signaling pathways to promote innate immune responses by activating phagocytosis,
producing reactive oxygen species and inducing the release of pro-inflammatory mediators.
Moreover, since zymosan A is not degradable, the effort to phagocytose it by macrophages
could result in a prolonged inflammatory response (Volman et al, 2005). Overall, zymosan-
induced peritonitis is a simple, reproducible and self-resolving model of inflammation,
characterized by all the hallmarks of acute inflammation, including pain, leukocyte infiltration
and synthesis of pro-inflammatory mediators including leukotrienes and prostaglandins (Rao

et al, 1994).
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Figure 1: Schematic representation of time course in leukocyte recruitment induced by zymosan A
injection in peritoneal cavity (Serhan et al, 2007).

On the other hand, the absence of a limited and controlled inflammatory response results in
the development of a chronic inflammatory process. When compared to acute inflammation,
which usually resolves within a few days, chronic inflammation can last for weeks or even
years. The chronic response is characterized by continuous leukocyte recruitment, mainly T
cells and macrophages, often leading to irreversible tissue damage, remodeling and loss of
function (Cash, 2009). In chronic inflammatory conditions, the majority of host damage is

carried on by the host's inflammatory response rather than by foreign invaders.



Inflammatory Bowel Disease

Inflammatory bowel diseases (IBDs), comprising Crohn’s disease (CD) and ulcerative colitis
(UC), are an example of chronic inflammatory disorder: it is an idiopathic, highly
heterogeneous debilitating, persistent, recurrent-aggravating, immune-mediated disease of
the gastrointestinal (Gl) tract (Abraham and Cho, 2009). IBD is believed to be the result of an
inadequate and ongoing inflammatory response of innate/adaptive nature to commensal
microbes in a genetically sensitive host [figure 2] (Khor et al., 2011). Besides a dysfunctional
interaction between gut bacterial microflora and the mucosal immune system, the defective
intestinal barrier plays a central role in IBD pathogenesis: the increased permeability of the
intestinal epithelial layer contributes to an over-reactivity of the immune cells (Maloy et
Powrie, 2011). This is translated into powerful immune dysregulation, followed by intense
damage to the intestinal tissues with severely debilitating symptoms, which may reappear
intermittently during periods of remission: abdominal pain, vomiting, nausea, bloody diarrhea
and severe weakness are common symptoms. Although genetic predisposition has a critical
role, IBD can be developed in any individual, with a peak incidence in early adult life,
regardless of age and social status, in association with particular environmental factors, such
as diet, infection, stress or smoking (Abraham e Cho, 2009). In Europe, IBD is estimated to
have been diagnosed to 0.3% of the population (2.5-3 million people), and, more generally,
shows a steady increasing incidence over the last decades worldwide (Hammer and Langholz,

2020).
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Figure 2: Framework representing the pathogenesis of IBD (adopted from Neurath, 2014)

Pathogenesis of inflammatory bowel diseases

Role of intestinal microbiota

The gut microbiota is a complex community of commensal bacteria and other microorganisms
which colonizes the digestive tract of humans, living in symbiosis with the host. Gut microbiota
co-evolves with humans and, in healthy conditions, intestinal immune system develops an
immunological tolerance towards it. In particular, some bacteria species contribute to vitamin

K and vitamin B biosynthesis or can supply short-chain fatty acids (SCFAs) by fermenting



dietary fibers, which promote the beneficial bacteria proliferation and stimulate regulatory T
cells, giving to bacteria immunomodulatory and anti-inflammatory properties (Quaglio et al.,
2022). The gut microbiota, acquired at birth, after being changed rapidly during the first years
of life, maintains a stable composition in adulthood in a healthy individual, while gut dysbiosis
has been reported in IBD patients. Dysbiosis is an unfavorable alteration in composition and
variety of constitutional microbiota or a combination of beneficial bacteria loss (e.g
Firmicutes) and pathogenic bacteria rise (e.g. Proteobacteria) (Quaglio et al., 2022). The latter
are able to adhere to the intestinal epithelium, affecting its permeability, and to induce
inflammatory responses also by regulating inflammatory genes expression (Nishida et al.,

2017).

Role of intestinal epithelium

The gut epithelium, organized in the small intestine in crypts and villi, is a columnar, polarized
monolayer, which covers 400 m? of surface area, continually renewed every 4-5 days
(Peterson and Artis, 2014). Located between the subepithelial lamina propria and the lumen,
the gut epithelium serves a variety of physiological functions. Besides being in charge of
digestion, water and nutrients absorption, it also serves as a physical barrier, thanks to the
tight junctions (TJs) that regulate the paracellular permeability, and a biochemical barrier
against the penetration of potentially harmful intraluminal substances (Subramanian et al.,
2020). Indeed, the intestinal epithelial cells (IECs) compartment is mostly composed of
absorptive enterocytes, suited for metabolic and digestive processes, but has additional
specialized IEC types that organize the range of functions of the intestinal epithelium. Goblet
cells, synthesizing and secreting mucins, are responsible for the production and preservation
of a protective mucus layer, whereas Paneth cells release antimicrobial peptides (AMPs), such
as a-defensin. Operating as biochemical barrier, Goblet cells and Paneth cells prevent
microbial interaction with the epithelial surface and underlying immune cells (Van del Flier
and Clevers, 2009). Dysregulations of the differentiation system for proper IEC compartment
formation or its functioning are involved in the pathogenesis of IBD. Indeed, IBD development
is intimately related to the altered expression and structure of the intestinal TJ proteins: it has
been demonstrated that pro-inflammatory cytokines, such as TNF-a and INF-y, increase Tls
permeability and trigger IECs apoptosis. Ulcers, epithelial damage, and generally inflamed

mucosa are all consequences of the epithelial barrier collapse. Moreover, in IBD, damage to



the mucus layer or a defective expression of AMPs have been reported, crucial for regulating
bacteria-epithelium interactions. As a result, the epithelium is exposed to microbiota more
frequently, leading to amplification of the inflammatory response (Coskun, 2014). In addition,
genetic changes in intestinal epithelium barrier have been implicated in increased
susceptibility to IBD. The first gene identified as a susceptibility gene for IBD was nucleotide
oligomerization domain 2 (NOD2) expressed by epithelial cells. This gene encodes an
intracellular receptor that recognizes bacterial muramyl dipeptide, actives NF-kB and MAP
kinase signalling pathways and induces a controlled release of pro-inflammatory mediators.
In IBD patients with allelic variations of this gene, the regulation is lost, resulting in increased
activation of antigen-presenting cells (APCs) and an intensification of pro-inflammatory
cytokines production (Abraham e Cho, 2009). Another example is the ATG16L1 gene involved
in autophagy, whose low expression is related to abnormal morphological characteristics of
Paneth cells (Abraham and Cho, 2009). Further genes related to IBD are Cadherin 1 (CDH1)
and Hepatocyte Nuclear Factor 4a (HNF4a). CDH1 encodes cadherin 1 (also named E-
cadherin), a cell adhesion molecule expressed by the epithelium, whose absence or improper
localization contributes to the pathophysiology by raising epithelial permeability. Finally,
HNF4a gene, down-regulated in IBD patients, encodes the hepatocyte nuclear factor 4, which
controls the production of several molecules involved in epithelial TJs and intestinal

permeability (Coskun, 2014).

Contribution of the intestinal immune system

In the intestinal lamina propria, isolated lymphoid follicles (ILFs) and clusters of lymphoid
nodules, called Peyer patches (PP), constitute the intestinal immune system [figure 3] (Martini
et al., 2015). The complex population of immune cells balances immunological tolerance of
luminal microbiota with the need to protect against pathogens, an excessive entry of luminal
microbiota, or both of them. As a result, the gut homeostasis is maintained by reducing
excessive immune responses. In IBD, the consequence of the unbalanced responses is a huge
infiltration into the lamina propria of immune cells, both innate, including neutrophils,
macrophages, dendritic cells, NKs, and adaptive cells, such as T and B lymphocytes (Abraham
e Cho, 2009). The innate immune system provides a quick initial response to microbes or,
more generally, to pathogens. Toll like receptors (TLRs)-expressing cells, including

macrophages and dendritic cells in the lamina propria, recognize PAMPs and trigger the first



innate immune response. TLRs are essential for maintaining tolerance towards the microbiota
and, similarly to NOD2, abnormalities in their expression could impair the ability of the host
to recognize pathogens and bacteria (Kordjazy et al., 2016). Then, the adaptive immune
response is triggered: it is characterized by T and B lymphocytes, belonging to the lymphoid
lineage cell and respectively involved in cell-mediated immune and antibody immunological
responses. In the secondary lymphoid organs of the gut, activated APCs present peptide
antigens to naive T lymphocytes, which in turn mature and differentiate into CD4* effector
lymphocytes and CD8* cytotoxic lymphocytes (Abraham and Cho, 2009). Subsequently, CD4*
T cells differentiate in Th1, Th2, Th17 and Treg cells. Each type of these lymphocytes produces
distinctive pro-inflammatory cytokines that stimulate various responses and control the
defense against various pathogens. In healthy conditions, the immune suppressive cytokines
TGF-B and IL-10 tightly regulate effector and regulatory CD4* T cells. In IBD, in addition to a
massive infiltration into the lamina propria of pro-inflammatory mediators (TNF-a, INF-y, IL-
1B and cytokines of IL23/Th17 pathway), an unbalanced, uncontrolled expansion and over-
reactivity of effector T lymphocytes occur. In particular, the inflammatory pattern in CD has
been associated with a preponderant Thl- and Thl7-immune profile, while in UC a Th2-
mediated response seems to prevail (Ramos and Papadakis, 2019). Going into detail, in the
lamina propria of UC and CD patients, low levels of anti-inflammatory cytokines, such as TGF-
B and IL-10, and high levels of pro-inflammatory mediators, including TNF-a, IL-18, IL-6, IL-12,
and IL-23, were found. The increase of IL-6 causes an imbalance in CD4* T cell production,
shifting the differentiation of naive T lymphocytes from T regulatory towards the Th17
direction (Abraham and Cho, 2009). Furthermore, over-expression of IL-23 has also been
demonstrated in the intestinal mucosa of IBD patients. The IL-23 cytokine is secreted by
macrophages and dendritic cells in response to microbial stimulation and it is essential for
differentiation, stabilization and expansion of Th17 cells. The essential role of IL-23 for the
inflammatory process has been documented in murine experiments: double knock-out mice
for functional IL-23 and anti-inflammatory IL-10 were protected against colitis development.
In another study, IL-23 promotes inflammation in adoptive transfer colitis, whereas mice
lacking IL-23 or treated with anti-IL23 antibody were protected against colitis (Sewell and
Kaser, 2022).

Finally, once activated, lymphocytes migrate through the vascular endothelium from

secondary lymphoid organs to the intestinal mucosa by means of chemokines action and



adhesion molecules, which regulate the intestinal tropism for lymphocyte recruitment. In IBD
patients an over-regulation of chemokines and adhesion molecules has been observed,
sustained by the pro-inflammatory mediators IL-18 and TNF-a, and promoting the

development of the chronic inflammation (Comerford et al., 2010).
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In vivo models of IBD

In order to understand the complex pathogenetic and regulatory mechanisms involved in the
intestinal inflammatory process and to develop new therapeutic strategies, processes that, up
to now, cannot be completely simulated by applying in silico and/or in vitro methods, disease
animal models provide an invaluable tool. Indeed, despite the many ethical issues related to
the use of animal models, they continue to prove their validity and their ability to translate
and adapt results to clinical applications (Dothel et al., 2013). Since the first animal model of
IBD described in 1959 (Kirsner and Elchepp, 1959), more than 50 animal models of acute or
chronic intestinal inflammation have been proposed (Valatas et al., 2013). The animal models
of IBD can be classified in chemically-induced, immune-mediated, genetically-engineered, and
spontaneous models (Mizoguchi et al. 2010). Among them, chemically-induced models, like
those triggered by TNBS and DSS application, and immune-mediated methods are widely

employed.

TNBS-induced colitis

2,4,6-TrinitroBenzeneSulphonic Acid (TNBS) is an hapten agent intrarectally administered in
combination with ethanol (40-50%), which breaks the mucosal barrier and allows TNBS to
penetrate into the bowel wall. TNBS causes mucosal inflammation in susceptible murine
strains by reacting with autologous colonic proteins, making them antigenic and triggering an
immune response (Dothel et al., 2013). Deep mucosal ulceration, transmural infiltration of
granulocytes and neutrophils, fibrosis of lamina propria, and a predominant Thl-type
response with augmented levels of TNF-a, IL-1B, IL-12, IL-17, IL-18 and IL-6 are all
characteristic features of the hapten-induced immune response. The susceptibility to TNBS-
induced colitis and the type of cytokine response induced by TNBS administration vary
significantly among mice strains (Kiesler et al., 2015). Due to the similarities between this
model features and those of CD, TNBS-induced colitis is widely used as a model to investigate
the immunological aspects of this pathology, the secretory patterns of inflammatory
cytokines, the mechanism of oral tolerance, the mechanisms underlying intestinal fibrosis and
its spontaneous resolution (Kiesler et al., 2015). The good reproducibility and the cost
effectiveness are among the advantages of this model of IBD, widely used in preclinical

research (Dothel et al., 2013).
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DSS-induced colitis

Dextran Sodium Sulphate (DSS) is water-soluble sulfated polysaccharide that provides one of
the most used models of colitis, due to its simplicity, controllability and reproducibility. DSS
causes intestinal inflammation by acting as a chemical toxin against intestinal epithelium,
increasing permeability and allowing pathogenic bacteria to penetrate into the lamina propria
and to trigger the immune response (Eichele et al., 2017). This model of colitis, whose
development and severity are influenced by genetic and microbial factors, provides a tool for
comprehending the role of the microbiota and the factors that preserve or re-establish the
integrity of the epithelium during or after injury (Kiesler et al., 2015). To induce colitis, animals
receive the DSS solution in drinking water (2%—5% w/v), and depending on the concentration,
duration, and frequency of DSS administration, colitis may develop as acute or chronic (Perse
et al., 2012). Acute inflammation is induced by administering DSS solution for a short period
of time (4-9 days), it is characterized by epithelial degeneration, mucin depletion, tissue
necrosis, and involves granulocytes infiltration in the intestinal mucosa. Prolonged exposure
to DSS at low concentrations or repeated DSS cycles, alternated to wash-out periods, lead to
chronic colitis, characterized by mononuclear leukocytes infiltration, cryptic architectural
disarrays and transmural inflammation (Perse et al., 2012). Moreover, the acute and chronic
inflammation display different profiles of pro-inflammatory mediators: the acute DSS is
characterized by a polarized Th1-mediated response that switch into a Th2-mediated one in
chronic inflammation, resembling features of human UC with elevated levels of IL-4, IL-6 and
INF-y (Perse et al., 2012). Since DSS-induced colitis involves both innate and adaptive immune
compartments, this model is useful to study the different contribution of the two branches of

the immune system (Bento et al., 2012).

T-cell transfer model of colitis

The T-cell transfer model of IBD, described for the first time by Powrie in 1993, involves the
induction of a chronic, progressive colitis by transferring CD4*CD45RB"8" naive T-cell subtype
into syngeneicimmunocompromised SCID or RAG”- mice (Powrie et al., 1993). The first murine
strain is obtained by the spontaneous mutation of Protein Kinase DNA-Activated Catalytic
Subunit (Prkdc) gene, essential for T and B lymphocytes maturation. The second murine strain
is generated through genetic engineering techniques by inactivation of the Recombination-

activating genes (RAG1 and RAG2) that are critical in the generation of mature T and B cells
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(Delmonte et al., 2018). According to Powrie et al., once transferred by intraperitoneal
injection, CD4*CD45RB"&" T cells react severely with intestinal antigens. In this way,
CD4*CD45RBe" T cells differentiate and become active, generating colitogenic T cells, such as
Th1l and/or Th17 cells, that secrete pro-inflammatory cytokines, and inducing colitis (Eri at al.,
2012). By contrast, mice infused with CD4*CD45RB"" T cells do not develop intestinal
inflammation (Powrie et al., 1993). Since further studies demonstrated that the inhibitory
activity on T cell proliferation was due to the CD4*CD25* T cell population, comprising Treg
cells (Coombes et al., 2005), in order to optimize the model, reducing cost and technical
problems related to CD4*CD45RB"&" T cells purification, new protocols have been developed.
In particular, Kjellev et al. characterized the development of colitis in SCID mice after
reconstitution with CD4*CD25 T cells, T lymphocytes lacking the suppressive Treg cells
(CD4*CD25*) (Kjellev et al., 2006). In the T-cell transfer model, colitis develops within 6-8
weeks after T cells infusion and it is characterized by a clinical, histologic, and immunologic
profile resembling human IBD, with transmural inflammation, ulceration, infiltration of
immune cells (granulocytes, leukocytes, monocytes), and loss of typical intestinal mucosal
architecture (Valatas et al., 2013). Given the importance of understanding the mechanisms
that control intestinal immune homeostasis, the T-cell transfer model, which is the best
characterized model of chronic colitis caused by T cell homeostasis disruption (Ostanin et al.,

2009), has become one of the most widely used (Kielser et al., 2015).
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The Eph/ephrin system

In recent years, a system that has attracted growing interest due to its involvement in various
pathophysiological processes and its potential role as a therapeutic target is the Eph/ephrin
system.

Eph receptors were first identified in 1987, during a screening for new oncogenic tyrosine
kinases. The term Eph derives from “erythropoietin-producing hepatocellular carcinoma cell
line”, the cell line from which the cDNA of these receptors was originally isolated (Hirai et al.,
1987). Since then, an entire family of receptors and ligands have been identified and further
classified based on their sequence homology. Eph receptors comprise the largest family of
receptor tyrosine kinases in mammals and are subdivided in two classes: EphA and EphB
receptors. This classification is based on the characteristic properties of the corresponding
ephrin ligands, which are either GPl-anchored peripheral membrane molecules or
transmembrane molecules. Within each A or B class, the receptor-ligand interactions are
promiscuous and have variable binding affinities. Some properties are exceptions: EphB4 can
bind only ephrin-B2, whereas EphA4 can bind ephrin-B2/3, and EphB2 can bind the majority
of A-type ephrins [figure 4] (Coulthard et al., 2012).

Eph receptors Ephrins
GPl-linked
EphA1l
EphA2 ]| ephrin-A1
EphA3 |« ephrin-A2
EphAS}K ephrin-A3
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EphA4 I«
= Transmembrane

FphB1 phrin-B2
Enia ephrin-B3
EphB3 ephrin-B1
EphB4 ]«
EphB6
EphB5

Figure 4: Eph receptor and ephrin ligand binding preferences (Coulthard et al., 2012)
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Eph/ephrin signaling axis was initially observed to be implicated in embryonic and neural
developmental processes, including cell segregation and migration, spatial organization of cell
populations, tissue boundary formation, axonal guidance, and angiogenesis (Darling and
Lamb, 2019). However, EPHs and ephrins also have crucial roles in adult tissue and organ
maintenance and the process mirror those in embryogenesis: Eph/ephrin system provides
cell-to-cell communication and is involved, among others, in synaptic plasticity, aid in wound
healing, bone and vascular remodeling, stem cell positioning and proliferation (Boyd et al.,
2014). Additionally, both Eph receptors and ephrins are expressed on immune cells and are
involved in various facets of immune surveillance, including immune cell activation,

differentiation, migration, and adhesion (Darling and Lamb, 2019).

Structure and bidirectional signalling

The EphA and EphB receptors present a similar structure: an extracellular domain, a
transmembrane domain and a kinase domain in the cytosolic side. In particular, the N-terminal
extracellular region is composed of the ligand binding domain (LBD), an epidermal growth
factor-like motif within a cysteine-rich domain (CRD), and two fibronectin-type Ill repeats (FN
111 and FN 1112). The receptors cross the membrane via a single transmembrane domain (TM).
The intracellular C-terminus is composed of the juxtamembrane region (JM), the tyrosine

INTRACELLULAR

kinase domain (TK), the sterile alpha motif (SAM) and
Ephrin-A

the postsynaptic density protein 95 discs large-1 zonula
occludens-1 (PDZ) domain (Pasquale, 2008). The ephrin
structures, on the other hand, vary according to the class
to which they belong. Ephrins-B have a short

transmembrane domain, a short cytoplasmic tail that

EXTRACELLULAR

retains tyrosine residues and a PDZ domain, and an
extracellular domain for receptor interaction. Type A
ligands are smaller and possess only one extracellular
binding domain anchored to the plasma membrane via
glycosylphosphatidylinositol (GPI) [figure 5] (Taylor et
al., 2017).

INTRACELLULAR

Figure 5: Structure of Eph receptors and ephrins ligands (Darling and Lamb, 2019)
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Since their ligands are membrane-tethered, the interaction with Eph receptors is mainly based
on cell-cell contact, although it has been shown that EphA receptors can also be activated by
soluble ephrins-A present in the surrounding environment (Perez White and Getsios, 2014). A
distinctive feature of Eph/ephrin complexes is their ability to generate bidirectional signals
that affect both the receptor-bearing cell, named forward signaling, and the ephrin-bearing
cell, named reverse signaling (Taylor et al., 2017). To further complicate the signaling, Eph
receptors can modulate their activity by binding different ephrins expressed on the same cell,
through the cis interaction, while interaction between opposite cells is called trans and it can

spread in parallel or antiparallel ways [figure 6].
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Figure 6: Schematic representation of Eph/ephrin interactions modes (Kania et al., 2016)

Moreover, after the receptor-ligand binding and receptors dimerization, in order to generate
an effective response, the receptors and ephrins must also associate to form clusters, the size
of which is directly proportional to the extent of the response generated. Homotypic clusters
are characterized by the same receptor subtype, while, in heterotypic ones, different receptor
subtypes are involved. Therefore, the signal produced is greatly influenced by the type of cell,
its milieu, as well as the quantity and quality of the receptors and ligands constituting the

matrix [figure 7] (Kania and Klein, 2016).
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Figure 7: Schematic representation of Eph/ephrin monomer/dimer and cluster (Kania et al., 2016)

The forward signal is mediated through the Eph receptor firstly by an initial self-
phosphorylation of tyrosine in the JM area. Consequentially, the Eph receptor assumes an
open conformation that allows effector proteins with the SH2, SAM, or PDZ domain to bind
and activate further downstream signaling (Taylor et al., 2017). Among the cytoplasmic
proteins involved in the signal cascade mediated by this interaction, the proteins Nck1, Nck2,
PI3K, Vav2, Vav3, a-chimerin and ephexin have been identified (Kania and Klein, 2016). The
reverse signal is less characterized. After cell-cell interaction, in the ephrin-B type, the signal
is mediated by the phosphorylation of tyrosine and serine residues by Src family proteins.
Then, the cytoplasmic PDZ domain can identify other proteins to carry the signal further down.
The signaling associated with ephrin-A type is even less known. It is claimed that, in order to
trigger the signal pathways, ephrin-A ligands need to recruit and couple to transmembrane
molecules present in the microenvironment, such as Fyn protein, belonging to the Src family

proteins (Taylor et al., 2017).

The Eph/ephrin system in inflammation

The initial evidence of the possible roles in inflammation of Eph receptors and ephrins came
from the discovery that ephrin-A1l is an early TNF-a-inducible, responsive gene in endothelial
cells (Dixit et al., 1990). Later, lvanov and coworkers demonstrated altered expression of Eph
receptors and ephrins in liver and lungs of LPS-treated rats: EphA2, ephrin-A3 and ephrin-B2
resulted up-regulated, whereas EphAl, EphA3, EphB3 and EphB4 were down-regulated
(lvanov and Romanovsky, 2006). Given this context, further studies showed the involvement
of the Eph/ephrin system in the inflammatory process, including the increase of endothelial

permeability, leukocyte homing and transmigration to injured site (Boyd et al., 2014). The
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vascular endothelium has a key role in the control of the inflammatory response. Endothelial
cells, which typically serve as a barrier thanks their cell-cell junctional structures, after the
inflammatory stimulus, alter their shapes and allow the development of gaps in the
monolayer. In this way, endothelial cells allow the passage of fluids, proteins, and
inflammatory cells from the blood into the injured site leading to the inflammatory response
(Coulthard et al., 2012). The actin and myosin filaments of the cytoskeleton in endothelial cells
is connected to junctional structures. Actin filaments are associated with membrane proteins,
including VE-cadherin, and are dynamically controlled by the Rho-GTPase family, especially
RhoA, Racl, and Cdc42 (Coulthard et al., 2012), which are established targets of Ephs/ephrins
(lvanov and Romanovsky, 2006). Studies in vitro on endothelial cell demonstrated that the
activation of EphA2 by ephrin-Al causes an abnormal localization of the junctional proteins
claudin-4, claudin-5, zonula occludens-1 and VE-cadherin, increasing paracellular
permeability. Moreover, activated EphA2 triggers the pro-inflammatory NF-kB transcription
factor and enhances the expression of its target genes, including cyclooxygenase-2, tissue

factor and the adhesion molecules VCAM-1 and E-selectin [figure 8] (Funk and Orr., 2013).
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Figure 8: Mechanism of EphA2/ephrin-A1 signalling in the endothelium (Coulthard et al., 2012)

Once activated, endothelial cells promote leukocyte recruitment through the interactions

between adhesion molecules (E-selectin, P-selectin) and their ligands on leukocytes (e.g.

18



PSGL-1). This interaction facilitates leukocytes tethering to endothelium and subsequent
rolling on endothelial cells surface. Finally, leukocytes adhere firmly to endothelial cells and,
through a complex mechanism, they can transmigrate across the endothelium (Ley et al.,
2007). Immune cells express a wide array of Eph receptors and ephrins and, depending on the
cell type, the expression of one subtype may prevail over another. With phenotypic
regulation, the Eph/ephrin expression is not static but rather varies (Funk and Orr, 2013). Since
the Eph/ephrin system is largely expressed on immune and endothelial cells, their interactions
may modulate the leukocyte trafficking. During leukocyte homing, leukocyte ephrin-
A/endothelium EphA interactions enhance the clustering of adhesion molecules. The
activation of reverse signal though ephrin-A by EphA2 intensifies the affinity of integrin a4p1
to endothelial adhesion molecule VCAM-1, while the forward signal through EphA2 promotes
its colocalization with VCAM-1 and ICAM-1. In contrast, the stimulation of EphA2 receptors on
T cells by ephrins-A-Fc reduces adhesion to integrin substrates (Sharfe et al., 2008). Another
example of documented Eph/ephrin mediated adhesion is provided by monocytes ephrin-Al
and endothelial EphA4 interaction. Upon activation, EphA4 triggers the RhoA signaling
pathway leading to increased actin filament polymerization and subsequently enhanced
monocyte-endothelial cell adhesion (Jellinghaus et al., 2013). Regarding the signaling of the
type B system, the interaction between endothelial ephrin-B2 and EphB receptors expressed
on monocytes stimulates monocytes recruitment, promotes their adhesion and

transmigration [figure 9] (Korff et al., 2008; Pfaff et al., 2008).
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Figure 9: Examples of leukocyte-endothelial interactions that have been shown to be mediated by Eph-

ephrin adhesion or repulsion (Funk and Orr, 2013)

In addition to leukocyte homing, the Eph/ephrin system influences the maturation of T
lymphocytes. Studies in murine models with ephrin-B1/ephrin-B2 double knockout
thymocytes have shown a reduced differentiation capacity of naive T lymphocytes towards
Th1/Th17 and peripheral T-lymphocytes less responsive to IL-6 stimulus. Moreover, thymuses
from EphB2 deficient mice showed to produce less CCL21, CCL25, and CXCL12 chemokines
(Funk and Orr, 2013).

The Eph/ephrin system in the gastrointestinal tract

In the intestinal epithelium, cell renewal, proliferation, and differentiation occur throughout
the postnatal period and its high turnover rate depends on the stem cells activity located in
the niches at the bottom of crypts (Batlle et al., 2002). Stem cells divide asymmetrically within
the niches. On the one side, stem cells promote self-renewal through preserved
undifferentiated cells; on the other side, they generate a progeny that migrates toward the
apices of villi and differentiates into specialized intestinal cells, as well as into specialized
Paneth cells, which remain at basis of the villi. Eph receptors and ligands are widely expressed
in epithelial tissues and their expression is significantly connected with the architecture,

integrity, and, more broadly, homeostasis of intestinal epithelium (Perez White and Getsios,
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2014). EphB receptors and ephrins-B expression is crucial for the correct positioning of
differentiated cells (Batlle et al., 2002). EphB2 and EphB3 transcription is promoted by Wnt/f-
catenin signalling pathway and they are highly expressed in stem cells and Paneth cells,
respectively, declining toward the top of the villi. The transcription of ephrin-B1 and ephrin-
B2, which are expressed by differentiated cells, is negatively regulated by the same signaling
pathway (Perez White and Getsios, 2014). EphB receptors at adhesion sites recruit the
metalloprotease ADAM10, which destroys the bond with ephrins-bearing cells by destabilizing
the adhesion molecule E-cadherin (Solanas et al., 2011). In this way, the dynamic intestinal
cell populations are maintained separated by the EphB/ephrin-B system. Similar to the type B
ephrin system, the intestinal epithelium also exhibits various expression of EphA receptors
and ephrin-A ligands. In particular, EphAl, EphA4 and EphA7 expression was found close to
the crypts, whereas EphA2, EphA5 and ephrin-Al expression was detected at the top of the
villi [figure 10] (Papadakos et al., 2022). It is not yet totally clear how EphA/ephrin-A system
might affect the structure and architecture, but it has been shown that type-A system may
modulate the barrier function of the intestinal epithelium. The interaction between ephrin-
A1/EphA2 and the activation of the forward signal promotes the phosphorylation of the TJ-

associated claudin-4 protein, which increases paracellular permeability (Tanaka et al., 2005).
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Figure 10: Eph receptors and ephrin ligands expression gradient in the gastrointestinal tract

(Papadakos et al., 2022)
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Moreover, Eph/ephrin system has been demonstrated to be involved in the maintaining of
gut vascular integrity in models of ischemia/reperfusion injury (IRI). IRl features a strong
inflammatory response mediated by pro-inflammatory cytokines, activation of endothelial
cells leading to microvascular dysfunctions and recruitment of inflammatory cells. Woodruff
and co-workers showed in intestinal IRl how EphA4-Fc treatment, supposedly blocking
endogenous Eph/ephrin signalling, counteracted gut vascular leakage and neutrophils
recruitment (Woodruff et al., 2016). In our research group, Vivo et al. performed mesenteric
IRI showing that the blockade of Eph/ephrin signalling through monomeric EphA2 attenuated
fluid extravasation in intestinal tissues, and counteracted, in lung tissues, histological injury
and cytokines release (Vivo et al., 2017). Since members of the A and B Eph receptors and
ephrins have been identified in the regulation of intestinal epithelial cells architecture,
maintenance of intestinal barrier and in leukocyte trafficking, this system has been studied
also in the context of IBD. First, Hafner and colleagues reported the up-regulation of ephrin-
B2 mRNA in the mucosal lesions of CD patients and the loss of the physiological expression
gradient of Eph receptors and ephrins. Additionally, in vitro experiments on rat intestinal cells
(IEC-6) treated with recombinant EphB1-Fc showed that the stimulation of reverse ephrin-B2
signal contributes to tissue healing (Hafner et al., 2005). Based on this evidence, our research
group has recently focused its investigations on the role played by the Eph/ephrin system in
intestinal inflammation by initially applying a murine model of TNBS-induced colitis. The
administration of monomeric EphB4 and EphB1-Fc, interfering with the EphB/ephrin-B system
and promoting reverse signalling, respectively, markedly lowered both the local and systemic
inflammatory responses elicited by the colitogenic agent. Recombinant proteins improved
health conditions of mice, counteracted colonic changes, in length and thickness, reduced
colonic macroscopic damage and limited leukocytes enrolment of both neutrophils and
lymphocytes (Grandi, Zini et al., 2019). These beneficial effects were confirmed by the
administration of the novel protein-protein interaction inhibitor UniPR1331, a small molecule
endowed with high potency and selectivity toward the Eph/ephrin system (Castelli et al.,
2015), that, tested in TNBS-induced colitis, resulted able to improve health conditions, reduce
colonic macroscopic damage and counteract neutrophil infiltration in local and systemic sites

(Giorgio et al., 2021).
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The CCR6/CCL20 axis

Another important pathway whose role in inflammation is well characterized and which has
recently elicited increasing interest especially as a therapeutic target in intestinal
inflammation is the CCR6/CCL20 axis.

Chemokines, abbreviated form of “chemoattractant cytokines”, are a group of low molecular
weight proteins (8-14 kDa), classified as homeostatic or inflammatory ones. Chemokines are
essential for the migration of leukocytes throughout the body under both physiological and
inflammatory conditions (Ilto et al., 2011). Homeostatic chemokines are constitutively
expressed by lymphoid and non-lymphoid tissues, where they are involved in physiological
immune surveillance. Inflammatory chemokines are secreted in response to pro-inflammatory
cytokines by various cell types in order to induce the chemotaxis process: they can operate as
a soluble gradient, or, after being immobilized on, for instance, the endothelial glycocalyx, via
glycosaminoglycan binding or within the extracellular matrix (Trivedi et al.,, 2018).
Additionally, chemokines coordinate and promote interactions between the innate and
adaptive immune systems, creating the proper environment for the development of adaptive
immune responses (Sokol and Luster, 2015). Structurally, chemokines comprise a highly
flexible N-terminal domain, constrained by disulfide bonding between the N-terminal
cysteine(s) and essential for receptor binding and activation (Clark-Lewis et al., 1991); a long
loop that leads into three antiparallel B-sheets; an a-helix that overlies the sheets [figure 11]

(Deshmane et al., 2009).
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Figure 11: Schematic representation of the three-dimensional structure of chemokines (Deshmane et

al., 2009)
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Chemokines are usually categorized into sub-families based on the sequential positioning of
the first two of four highly conserved cysteine residues: CXC, CC, and CX3C. In CC and CXC
family, the first two cysteines are adjacent (CC motif) or separated by one amino acid residue
(CXC motif). CX3C chemokines have three amino acids between the first two cysteine residues,
while the C chemokine sub-family is the exception, with only one N-terminal cysteine residue
(Miller and Mayo, 2017).

Chemokine receptors can be divided into two classes: conventional chemokine receptors
(cCKRs) and atypical chemokine receptors (ACKRs), structurally related to conventional ones
but involved in different signaling pathways. To date, 20 different types of conventional
receptors have been identified. They are G protein-coupled receptors (GPCRs) expressed on a
wide range of cell populations, including T and B lymphocytes, neutrophils, macrophages,
dendritic cells, endothelial and epithelial cells and are implicated mainly in chemotaxis
(Ranasinghe and Eri, 2018; Thorphy et al., 2022). Although there is a promiscuity in
chemokines and receptors binding capacity, each chemokine subgroup has a preference for
specific receptors: CXC chemokines interact with CXCR receptors; CC chemokines with CCR
receptors, C chemokines with XCR receptors, and CX3C chemokines with CX3CR receptors

[figurel2] (Ito et al., 2011).
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Figure 12: Schematic representation of the different chemokine receptors and their ligands (Camba-
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The CCR6/CCL20 axis in immune mechanisms

The CC motif chemokine ligand 20 (CCL20), also known as liver-and activation-regulated
chemokine (LARC), macrophage inflammatory protein-3a (MIP-3a) or exodus-1, is
constitutively expressed by organ-associated lymphoid tissues (e.g. lymph nodes, appendix,
lungs), epithelial cells (including the intestines), and the liver (Lee et al., 2013). CCL20 is
described to be involved in immunological homeostasis due to its constitutive expression in
the absence of direct immune system activation. However, the presence of CCL20 in these
tissues, where inflammatory processes and immune activation can occur, suggested that
CCL20 actually is an inflammatory chemokine. Indeed, inflammation-related cells, which have
been shown to secrete or express CCL20, include endothelial cells, neutrophils, NKs, T and B
cells, dendritic cells, mast cells, and macrophages (Lee and Kérner, 2019). Moreover, several
cytokines, including IL-1B, IL-17, TNF-a, and INF-y increase the production of CCL20 in distinct
tissue microenvironments and experimental settings, whereas IL-10 inhibits it (Meitei et al.,
2021). The chemokine CCL20 is the only agonist for CC chemokine receptor 6 (CCR6), despite
some controversial observations that postulate that this receptor also recognizes human -
defensins (type 1 and 2) (Lee and Kérner, 2019). Once activated, CCR6 triggers the signaling
pathway through the activation of heterotrimeric G proteins belonging to G, family. The signal
involves mobilization of calcium, phospholipase and phosphatidylinositol 3-kinase, followed
by ERK 1/2 phosphorylation and actin polymerization through B-arrestin 1 and 2 recruitment
(Ranasinghe et al., 2019).

CCR6 is expressed on several types of immune cells, including neutrophils, innate dendritic
cells, innate lymphoid cells, naive and memory B cells, memory, Treg, and effector T cells.
Among T cells subsets, CCR6 receptor is highly expressed on both anti-inflammatory Treg and
pro-inflammatory Th17 cells and drives their migration into CCL20-rich inflamed tissues (Metei
et al, 2021). CCR6 expression on Th17 lymphocytes can be increased by cytokines, such as IL-
17, IL-23, IL-6, IL-21 and the growth factors RORa and RORyt. In Treg, the expression of the
CCRG6 receptor is strongly induced by TGF- through the FoxP3 transcription factor. However,
in inflammatory conditions, CCR6/CCL20 axis, together with TGF-B and IL-6, shifts the ThO cells
differentiation towards the Th17 line. An in vitro study showed that CCL20 inhibits the
differentiation of Treg cells by downregulating FoxP3, through intrinsic Akt/mTOR/STAT3
signaling-dependent mechanisms, and raising RORyt and IL-17 expression levels, promoting

Th17 line [figure 13]. Moreover, differentiation is not static, and in inflammatory
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circumstances regulatory T cells can trans-differentiate in Th17 cells. This phenomenon has
been observed both in mice and later in IBD patients, where CD4*FoxP3* Treg cells, expressing

IL-17, typical Th17 cytokine, has been reported (Kulkarni e al., 2017).
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Figure 13: Schematic representation of Akt/Mtor/STAT3 signaling pathway in CD4* T cells (Kulkarni et
al., 2017)

As a result, the increase in the production of CCL20 during inflammation can justify the
decrease in Treg expression. When the fine balance between Treg and Th17 is disrupted, pro-
inflammatory Th17 cells markedly rise, promoting adverse immunologic functions across
several tissues, playing a role in a variety of diseases, including inflammatory bowel disease

(Ranasinghe et al., 2018).

The CCR6/CCL20 axis in the gastrointestinal tract

The intestinal mucosa contains high levels of CCL20 mRNA, whereas CCR6 mRNA appears to
be less abundant. In particular, analyzing the murine Peyer patches, CCL20 mRNA was found
to be more concentrated in the epithelium associated with follicles (FAE) and CCR6 mRNA in
the sub-epithelial domes (SED) (Lee et al.,, 2013). Further studies suggested that the
CCR6/CCL20 axis is implicated in the structural and functional development of the intestinal
immune system. Indeed, knockout CCR6 mice displayed an overall change in intestinal
epithelium architecture compared to their wild-type (WT) counterparts: smaller Peyer
plaques (Varona et al., 2001), reduced number of domes and absence of isolated lymphoid

follicles (McDonald et al., 2007), reduced intestinal M cells, and increased resistance to
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bacteria, which utilize M cells to cross the intestinal lumen, were displayed (Westphal et al.,
2008). Although, in physiological conditions, CCR6/CCL20 axis helps to organize lymphoid
tissues by recruiting lymphoid and myeloid cells, including DCs and macrophages (lto et al.,
2010), this pathway is implicated also in inflammatory conditions, such as IBD. Firstly, genomic
studies of IBD showed that CCR6 polymorphisms are associated with CD while genetic variants
in the CCL20 promoter region are associated to UC (Comerford et al., 2010). The involvement
of CCR6/CCL20 interaction in IBD has been validated also in pre-clinical studies. In TNBS-
induced colitis, CCL20 was increased in the colonic mucosa and the treatment with anti-CCL20
neutralizing antibody reduced the severity of colitis, by inhibiting the recruitment of CCR6*
cells into the lamina propria. In a different study carried out in DSS-induced colitis in mice, the
neutralization of CCL20 or desensitization of CCR6 prevented T and B cell adhesion to micro-
vessels (Comerford et al., 2010). Analysis of CCR67 mice in DSS and TNBS colitis models
showed conflicting results and revealed a complex role for CCR6. Indeed, the effect of CCR6
deletion on colitis depends on genetic factors and on the model used: while CCR67" mice
developed less severe disease in DSS-induced colitis, CCR6 deficiency was sufficient to make
a genetically resistant strain of susceptible mice to TNBS-induced colitis (Varona et al., 2003).
Remaining in the context of knockout experiments, in IL-107- mice affected by chronic colitis,
CCR6 and CCL20 levels were increased compared to WT mice, demonstrating that IL-10
contributes to lower CCR6 levels (Ranasinghe and Eri, 2019). In addition to pre-clinical studies,
other evidence about the implication of CCL20 and CCR6 in IBD pathogenesis is outlined by
the analysis of biopsies performed on IBD patients. In particular, a study performed in 2004
on 114 patients showed that the CCL20 mRNA levels in IBD patients were four times higher
than in healthy controls (Kaser et al., 2004). Later, in a study conducted in 2015 by Skovdhal
et al., CCL20 and CCR6 mRNA expression levels were measured during the course of active
and inactive IBD in 92 patients. The study showed an increase in the levels of the chemokine
and its receptor in patients with active IBD, both in the epithelial cells and in the infiltrating
cells of the lamina propria and a lower level of CCL20 and CCR6 in patients with inactive IBD
and healthy controls (Skovdhal et al., 2015). In the same year, a clinical study, carried out by
Uchida and colleagues on patients affected by UC, showed that CCL20 levels were markedly
higher in pediatric patients than in adult patients, resulting in the need for a more aggressive

drug therapy (Uchida et al., 2015).
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AIM OF THE RESEARCH
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Inflammation is a protective strategy of the immune system in response to harmful stimuli,
such as pathogens, damaged cells or toxic compounds. The host's immune response is crucial
both for the elimination of unwanted stimuli and for the repair of damaged tissues. The
inflammatory response is necessary to be as short-lived and contained as possible in order to
prevent it becoming chronic. Indeed, an unresolved acute inflammatory response may evolve
into a chronic inflammatory disorder, of which IBDs, such as Crohn's disease and ulcerative
colitis, are an example. To date, due to the heterogeneity and complexity of their
pathogenesis, a curative therapy for IBDs is not available, which is the reason why the research
is turning its attention to the search for new potential strategic therapies. To this end, the aim
of my research project was to investigate the pharmacological manipulation of two pathways
that have aroused a growing interest in intestinal inflammation: the EphA/ephrin-A system
and the CCR6/CCL20 axis.

Eph receptor tyrosine kinases, classified in A and B subclasses, and their cell-bound ephrin
ligands participate in many physiological processes in developmental and adult organs. Since
the first evidence of Eph/ephrin system involvement in inflammation (Dixit et al., 1999),
several studies have subsequently demonstrated the molecular mechanisms of Eph/ephrin
involvement in endothelial activation as well as in the recruitment of immune cells (Funk and
Orr, 2013). Among the various districts in which the Eph/ephrin system is involved, in the
intestine this system is involved in the maintenance of homeostasis and architecture of
intestinal epithelium (Perez White and Getsios, 2014) and the study conducted by Hafner and
colleagues demonstrated altered transcriptional levels of some members of Eph/ephrin
system in mucosal lesions of IBD patients (Hafner et al., 2005). The combination of these
premises, coupled with the limited exploration of the Eph/ephrin system involvement in
intestinal inflammation, prompted my research group to perform a large investigation on well
characterized murine models of colitis: the results collected in TNBS-induced colitis showed
that the blockade of B-type system exhibited protective effects, however it had only a minimal
impact in acute and chronic DSS colitis models. On the other hand, the pharmacological
manipulation of A-type system was found to be substantially without effects both in TNBS-
and DSS-induced acute colitis. Within this framework, to complete the investigation on
intestinal inflammation, my aim was therefore to explore the pharmacological manipulation
of EphA/ephrin-A system in chronic DSS-induced colitis. Hence, monomeric EphA2,

corresponding to the soluble extracellular EphA2 domain, was administered to selectively
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block type-A signalling; moreover, ephrin-Al-Fc, unidirectionally stimulating EphA2 forward
signalling and blocking the reverse signalling, and EphA2-Fc, activating ephrin-Al reverse
signal and blocking the forward signalling, were administered as well. Finally, to better
elucidate the role of the EphA/ephrin-A system in the acute phase of the inflammatory
process, the administration of the same recombinant proteins was explored in zymosan-

induced peritonitis.

In the second part of the research project, we focused our attention on the CCR6/CCL20 axis:
the chemokine CCL20 and its cognate receptor CCR6, expressed on immune and non-immune
cells, are essential for leukocyte trafficking under physiological and inflammatory conditions
(Ito et al., 2011). The CCR6/CCL20 axis is progressively recognized to be markedly involved in
IBD pathogenesis regulating, at least in part, the leukocyte recruitment to inflamed tissues
and the balance between effector and regulatory T cells (Lee et al., 2013). These premises
suggest that the interference with leukocyte recruitment at inflammatory sites could be a
possible therapeutic approach against intestinal inflammation, especially in light of the fact
that anti-CCL20 neutralizing antibodies protected against TNBS-induced colitis (Comeford et
al., 2010). However, despite the encouraging background, the CCR6/CCL20 signaling blockade
through small-molecule CCR6 antagonists has never been investigated till now. Therefore,
recently, Prof. Radi’s group of our department has identified the small-molecule MR120
[figure 14] as CCR6 antagonist by combining in silico studies, chemistry and in vitro

functional/targeted assays.

O
N\

O HN CF,

Figure 14: Structure of the compound MR120

In particular, MR120 showed to inhibit in vitro CD4* T cell recruitment induced by CCL20 at
micromolar concentrations (Martina et al., 2022). Given this premise, our aim was now to

assess the potential in vivo anti-inflammatory effects of MR120 in a model of acute
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inflammation and in acute and chronic colitis. Thus, the small molecule was tested in zymosan-
induced peritonitis, in TNBS-induced colitis and in DSS-induced chronic colitis. Starting from
the chemotype of MR120, the project continued by designing and synthesizing additional
derivatives in order to identify new and more potent molecules. The novel synthesized
compounds were investigated for their toxicity and capability to interfere with CCL20-induced
chemotaxis in viability and chemotaxis assays on human peripheral mononuclear cells. Along
with MR120, the most promising compound identified, MR452, was finally tested in T-cell
transfer colitis, a predictive model of T cell-dependent chronic colitis characterized by the

imbalance between regulatory and effector T cells.
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MATERIALS AND METHODS
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In vivo experimental models of inflammation

Animals

Mice were housed and kept under standard conditions at our animal facility (Charles River
Laboratories, Calco, Italy) or bred under specific pathogen-free conditions in a ventilated
cabinet (C.B-17 SCID mice), 12:12 h light—dark cycle, 22-24°C, food and water available ad
libitum.Experimental procedures were performed between 9:00 and 12:00 and between
16:00 and 17:00 and all efforts were made to minimize animals’ suffering. Animal experiments
were conducted according to the guidelines for the use and care of laboratory animals and
they were authorized by the local Animal Care Committee “Organismo Preposto al Benessere

degli Animali” and by Italian Ministry of Health “Ministero della Salute” (DL 26/2014).

Induction and assessment of colitis

TNBS-induced colitis
To reproduce a model of acute colitis, the haptenating agent 2,4,6-TriNitroBenzene Sulfonic
acid (TNBS) was employed. Six days before intrarectal (i.r.) instillation, male CD1 Swiss mice
(8-12 weeks old), weighing 18-22g, were subjected to skin sensitization through cutaneous
application of 50 pL of a 10% (w/v) TNBS solution (5mg/mouse) in 50% ethanol. After 4 hours
fasting with free access to water, colitis was induced by i.r. instillation of the same volume and
concentration of TNBS applied during skin sensitization (Waldner and Neurath, 2009). TNBS
instillation was performed using a PE50 catheter, positioned 3 cm from the anus, in mice kept
in the head-down position for 3 minutes to avoid the leakage of intracolonic instillate. Mice
were suppressed by CO2 inhalation 3 days after TNBS i.r. administration.
Pharmacological treatments
Subcutaneous (s.c.) pharmacological treatments started 8 hours after TNBS i.r. instillation and
were applied twice daily for 3 days. Mice were randomly assigned to the following
experimental groups (n=6-14):

o Sham (S): saline i.r. + DMSO 1% in saline/bid

o Colitis (C): TNBS i.r + DMSO 1% in saline/bid

o MR120: TNBS i.r + MR120 1mg/Kg/bid

MR120 dosage was chosen according to preliminary experiments.
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DSS-induced chronic colitis
Dextran sulfate sodium (DSS) is a hydro-soluble, sulphated polysaccharide responsible for
epithelial destruction and loss of barrier integrity (Kiesler et al., 2015). When cyclically
administered, DSS evoked chronic colitis, characterized by leukocytes infiltration, deep
mucosal lymphocytosis and transmural inflammation.
DSS chronic colitis was induced giving mice free access to a 3% w/V DSS solution in drinking
water for 3 cycles, each one lasting 5 days, interspersed with 9 days of drinking water only
(wash-out period). Sham mice received only drinking water. On the 33rd day, mice were
suppressed by CO2 inhalation.
Pharmacological treatments
Female C57BL/6J mice (8-12 weeks old), weighing 18-22g, were s.c. treated, from day 8 after
the induction of colitis, daily or twice daily until suppression. Animals were randomly assigned
to the following experimental groups (n=7-13):

o Sham (S): drinking water + NaCl 0.9% (saline) 10 mL/Kg/die

o Colitis (C): DSS + saline or 1% DMSO in saline/die

o EphA2: DSS + EphA2 20 ug/Kg/die

o EphA2-Fc: DSS + EphA2-Fc 30 pg/Kg/die

o ephrinAl-Fc: DSS + ephrinAl-Fc 16 pg/Kg/die

o MR120: DSS + MR120 1 mg/Kg/bid
The doses of EphA and ephrin-A proteins were equimolar and chosen according to Giorgio et

al., 2021 and to EphB/ephrinB proteins administered in Grandi, Zini et al., 2019.

T-cell transfer colitis

T-cell transfer colitis is based on the infusion of naive CD4* T helper cells in immunodeficient
mice: T lymphocytes react toward components of the normal intestinal commensal flora and
lead to phlogosis, characterized by transmural inflammation, ulcerations, and leukocyte
infiltration (Powrie et al., 1993).

T-cell transfer colitis was induced in recipients male C.B-17 SCID mice (6 weeks old, weighing
15-25g) by intraperitoneal (i.p.) injection of CD4*CD25 T cells from donor syngeneic male
Balb/c mice (8-10 weeks old), weighing 15-25g. Briefly, using MACS T cell isolation kit (MACS
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Miltenyi Biotec, CA, US), CD4*CD25 T cells were isolated in a two-step procedure. First, the
non-CD4* T cells were magnetically labeled by a cocktail of biotin-conjugated antibodies, as
primary labeling reagent, and then anti-biotin monoclonal antibodies, conjugated to micro-
beads as secondary labeling reagents, were added. The magnetically labeled non-CD4* T cells
were subsequently depleted by separation over a MACS® column, placed in the magnetic field
of a MACS Separator. The flow-through cells were then incubated with CD25-PE and
magnetically labeled with anti-PE micro-beads: CD4*CD25 cells were negatively selected from
the pre-enriched CD4* cell fraction by separation over a MACS® column. Before i.p. infusion,
the purity of the cells was checked by flow cytometry (>98% of the inoculated cells were
CD4*CD25). C.B-17 SCID mice were reconstituted by i.p. infusion of 10 CD4*CD25 cells in 300
uL sterile PBS 100mM, immediately transferred from the SPF ventilated cabinet to a normal
housing environment and fed with non-autoclaved food. Sham mice were i.p. infused with
300 pL sterile PBS containing 10° CD4* T cells. At week 8 post-infusion, mice were suppressed
by CO; inhalation.
Pharmacological treatments
Subcutaneous pharmacological treatments started the second week after T cell infusion and
were applied twice daily until suppression. Recipient C.B-17 SCID mice were randomly
assigned to the following experimental groups (n=6-8):

o Sham (S): CD4* T cell i.p. + DMSO 1% s.c. in saline/bid

o Colitis (C): CD4*CD25 T cell i.p. + DMSO 1% s.c. in saline/bid

o MR120: CD4*CD25 T cell i.p. + MR120 1 mg/Kg/bid s.c.

o MR452: CD4*CD25 T cell i.p. + MR452 1 mg/Kg/bid s.c.

MR452 dosage was chosen according to MR120 dosage.

Colitis assessment

Disease activity index (DAI), determined daily or twice in a week, was evaluated taking into
account body weight, fecal consistency and rectal bleeding. After suppression, the
macroscopic damage of the colonic mucosa was assessed as macroscopic score (MS). Colon
weight and length were measured, and the weight/length ratio was evaluated as parameter
of intestinal wall thickening (Bischoff et al., 2009). Spleen weight was measured and

normalized with respect to body weight (BW): the ratio was expressed as
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spleen(mg)*1000/BW(g). Colon, lungs, spleen, and mesenteric lymph nodes were collected

for subsequent biochemical or flow cytometry analyses.

Evaluation of inflammatory parameters
Disease Activity Index (DAI)
DAI, expressing the severity of the disease, is calculated on the total score resulting from body
weight loss, rectal bleeding and stool consistency according to Cooper’s modified method
(Cooper et al. 1993) (maximal value=9).
The scores were quantified as follows:

o Stool consistency: 0 (normal), 1 (soft), 2 (liquid);

o Rectal bleeding: 0 (no bleeding), 1 (light bleeding), 2 (heavy bleeding);

o Body weight loss: 0 (<5%), 1 (5—-10%), 2 (10-15%), 3 (15-20%), 4 (20—-25%), 5 (>25%).

Colon length and thickness
To evaluate the deposition of fibrotic material induced by the inflammatory state, colon length
and weight were measured, and the thickness was estimated by calculating the ratio weight

(mg)/length(cm) (Bischoff et al., 2009).

Macroscopic Score (MS)
After suppression, the colon was explanted, opened longitudinally, cleaned of the fecal
material, and the macroscopic score was determined by visual inspection of the mucosa
(maximal value=14). MS was calculated based on previously published criteria (Wallace et al.,
1989; Khan et al., 2002), as the sum of the scores assigned as follows (maximal value=14):
o Presence of strictures and hypertrophic zones: 0, absent; 1, 1 stricture; 2, 2 strictures;
3, more than 2 strictures;
o Intraluminal hemorrhage: 0, absent; 1, blood traces; 2, massive bloodshed;
o Mucus: 0, absent; 1, present; 2, heavy present;
o Erythema: 0, absent; 1, presence of a crimsoned area <1 cm2; 2, presence of a
crimsoned area >1 cm2;
o Ulcerations: 0, absent; 1, presence of a necrotic area <0.5 cm2; 2, presence of a
necrotic area < 1 cm2; 3, presence of a necrotic area < 1.5 cm2; 4, presence of a

necrotic area < 2 cm2; 5, presence of a necrotic area > 2 cm2;
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Spleen/body weight ratio
Spleen/body weight ratio was determined as a marker of systemic inflammation. Following
suppression, the spleen was weighed and the weight was normalized with respect to animal

body weight (BW): the ratio was expressed as spleen(mg)*1000/BW(g).

Colonic and pulmonary myeloperoxidase activity (MPO)

Myeloperoxidase (MPO) is a lysosomal protein, characteristic of neutrophil oxidative activity,
released by leukocytes degranulation in response to inflammatory signals. MPO levels are
determined as described by Ivey et al. (1995), and are used as a biomarker of neutrophil
infiltration in the colon and lung tissue, recruitment that is suggestive of local and systemic
inflammation. After being weighed, colon and lung samples were homogenized by sonication
(MSE Soniprep 150, Apeldoorn, NL) in 9 volumes of “A” solution and centrifuged at 12000
rpm, for 20 min, at 4°C. The supernatant was discarded and the pellet was re-homogenized
again in 4 volumes of “B” solution. The samples were frozen-thawed for 10 minutes in liquid
nitrogen and 15 minutes in 37°C water bath for 3 cycles, and then centrifuged at 12000 rpm
for 30 min at 4°C. Then, 15uL of MPO-rich supernatant was made to react with 285uL of
solution “C”. As blank was used “B” solution. The rate of change in the absorbance was
measured spectrophotometrically at 690 nm. One unit of MPO was defined as the quantity of
enzyme able to degrade 1umol of peroxide per minute at 25°C. Data were normalized with
respect to colon or lung edema values [(wet weight-dry weight)/dry weight] and expressed as

U/g of dry weight tissue.

A Solution: NaPO4 buffer (pH 4.7) 0.02M, NazEDTA 0.015M, cocktail of protease inhibitors
(100x) 10pL/mL, EDTA 5mM;

B Solution: NaPO4 (pH 5.4) 0.2M, hexadecyltrimethylammonium bromide (HTAB) 0.5% W/v,
cocktail of protease inhibitors (100x) 10 uL/mL, EDTA 5mM;

C Solution: NaPQ4 buffer (pH 5.4) 0.2M, tetramethylbenzidine (TMB) 1.6mM; H,0; 0.3mM,
Dulbecco’s PBS 40%, N,N-dimethylformamide 12%

ELISA assays for inflammatory cytokines dosage
After homogenization in PBS containing proteases inhibitors cocktail 10uL/mLand EDTA 5mM,

colonic tissue was frozen-thawed for 10 minutes in liquid nitrogen and 15 minutes in 37°C
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water bath for 2 cycles and the samples were then centrifuged at 5000 rpm for 5 min at 4°C.
The supernatant, containing the inflammatory cytokines CCL20, IL-6 and IL-1, was assayed
by means of available commercial ELISA kits [CCL20: Mouse MIP-3a ELISA Kit (Wuhan Fine
Biotech Co., Ltd; Wuhan, Cina); IL-6: Mouse IL-6 ELISA Kit (RayBiotech, Peachtree Corners, GA,
US); IL-1B: Mouse Interleukin 1B ELISA Kit (Cusabio, Houston, TX, USA)]. The absorbance was
measured spectrophotometrically at 450nm and expressed as ng/g of proteins present in each
sample. The protein concentration of each sample was determined through the bicinchoninic
acid (BCA) protein assay kit (ThermoFisher Scientific Inc., Waltham, MA, USA). Briefly, 15uL of
supernatant were made to react with 200uL of BCA mix reagent and, after an incubation of

30 min, the absorbance was determined spectrophotometrically at 550nm.

Reverse Transcription Polymerase Chain Reaction (RT-PCR)
Total RNA was extracted from murine colons using Qiagen RNeasy Protect Mini Kit (Qiagen,
Hilden, DE) and quantified using a NanoQuant PlateTM in an Infinite M Nano Machine (TECAN,
Mannedorf, CH). 1ug of RNA was reverse transcribed into complementary DNA (cDNA) and
amplified using OneStep RT-PCR kit (Qiagen, Hilden, DE), according to the manufacturer’s
protocol. The following primers were used:
o HPRT:
TCAGTCAACGGGGGACATAAA (sense)
GGGGCTGTACTGCTTAACCAG (antisense)
o CCL20:
TCTTGACTCTTAGGCTGAGG (sense)
CAGAAGCAGCAAGCAACTAC (antisense)
o IL-17:
CCCTGGACTCTCCACCGCAA (sense)
TCCCTCCGCATTGACACAGC (antisense)
o INF-y:
TGAACGCTACACACTGCATCTTGG (sense)
CGACTCCTTTTCCGCTTCCTGAG (antisense)

All constructs were amplified applying the thermal cycler conditions suggested by QIAGEN

OneStep RT-PCR Handbook (Qiagen, Hilden, DE). PCR products were separated on 2% agarose
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gels and acquired with ChemiDoc Imaging System following RedSafe staining and analyzed by
Image Lab software, version 5.0. Finally, mRNA levels were normalized with respect to the

levels of hypoxanthine phosphoribosyl-transferase (HPRT) mRNA used as internal control.

Isolation of splenocytes and mesenteric lymph nodes

After suppression, spleen and mesenteric lymph nodes (MLN) were excised and cleaned from
adipose tissue. The tissues were washed with PBS containing 0.6mM EDTA (PBS-EDTA)
(spleen) or with Hank’s Balanced Salt Solution (HBSS) (lymph nodes). Spleen and lymph nodes
were mechanically dissociated through a 70uM cell strainer and suspended in 3mL solution of
PBS-EDTA and HBSS, respectively. Regarding to splenocytes, they were incubated with 1mL of
lysis buffer (NH4Cl 0.15M, KHCO3 10mM and NazEDTA 0.1mM in distilled water) for 1 minute,
in the dark, in order to lyse erythrocytes. PBS-EDTA was used to stop the reaction and wash
the suspension. After centrifugation of spleen and MLN suspensions at 1000 rpm for 10
minutes at 4°C, pellets were respectively resuspended in 5mL and 1mL of cell staining buffer
(PBS containing 0.5% fetal bovine serum and 0.05% sodium azide). Cell suspensions were

stained with fluorescent antibodies.

Flow cytometric analysis

In order to avoid non-specific binding on immune cells, suspensions were incubated with anti-
mouse CD16/32 (1 pg/10° cells/100 pL) for 10 min, in the dark, at 4°C. Then, the following
fluorescent antibodies at the concentration of 0.25 ug/10° cells were used: phycoerythrin-
cyanine 5 (PE-Cy5)-conjugated anti-mouse CD3eg, emitting red fluorescence, fluorescein
isothiocyanate (FITC) anti-mouse CD4, emitting green fluorescence, and phycoerythrin (PE)
anti-mouse CD8a, emitting yellow fluorescence. Cell suspensions were incubated for 1 hour,
in the dark, at 4°C, washed with PBS and the pellet resuspended in cell staining buffer. Cell
viability was checked through propidium iodide (PI) assay: Pl is a red fluorescent dye, not
permeant live cells, able to bind nuclear DNA only of dead or apoptotic cells. Cells were
incubated with Pl 10ug/mL for 1 minute in the dark, at room temperature, immediately prior
to flow cytometry (FACS) analysis.

FACS analysis was made using Guava easyCyte™ and data were elaborated using GuavaSoft
software. The lymphocyte region was identified on the basis of the optical characteristics of

low forward scatter (FSC) and low side scatter (SSC), and T-cell subpopulations were
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determined by counting CD4* and CD8* cells within the CD3* lymphocyte region. Apoptotic or
dead lymphocytes, determined by Pl assay and resulted as PI*, were excluded from the

analysis.

Induction and assessment of peritonitis

Zymosan-induced peritonitis
Zymosan-induced peritonitis (ZIP) is an acute and self-resolving inflammation model obtained
by intraperitoneal administration of zymosan A, which induces all the distinctive markers of
acute inflammation, including leukocytes infiltration and inflammatory mediator synthesis.
ZIP produces a time-dependent extravasation of inflammatory cells in the peritoneal cavity:
neutrophils are the first leukocytes detectable, peaking at 4 hours, while the influx of
monocytes into the peritoneal cavity reaches a peak after 24 hours from zymosan A injection.
Peritonitis was induced following a modification of Thurmond’s method (2004), by injecting
1mg/mouse of zymosan A, dissolved in sterile saline at the concentration of 5 mg/mL, into the
peritoneal space of CD1 Swiss mice, and, after 4 hours, animals were suppressed. In sham
mice, only sterile saline was injected into the peritoneal cavity.
Immediately after suppression, 3 mL of washing liquid composed by cold sterile phosphate
buffer (PBS) containing 3mM EDTA and 25 U/mL heparin was injected into the peritoneal
cavity. The abdomen was massaged for 30 seconds, laparotomy was performed and, after
being collected, the peritoneal lavage was filtered through a 70um cell strainer and subjected
to flow cytometric analysis, myeloperoxidase activity measurement, proteins content assay
and ELISA assays.
Pharmacological treatments
Subcutaneous pharmacological treatments were administered one day before (EphA2, EphA2-
Fc, ephrinA1-Fc groups), or 1 hour before (MR120), or twice, 1 hour before and 2 hours after
(MR120-D), zymosan A i.p. injection. Male (receiving EphA/ephrin-A proteins) and female
(CCR6/CCL20 study) CD1 Swiss mice (8-12 weeks old) were randomly divided in the following
different experimental groups (n=7-20):

o Sham (S): saline i.p. + saline or DMSO 1%

o Peritonitis (Z): zymosan A i.p. + saline or DMSO 1%

o EphA2: zymosan A i.p. + EphA2 50 pg/Kg
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o EphA2-Fc: zymosan A i.p. + EphA2-Fc 75 pg/Kg
o Ephrin-Al-Fc: zymosan A i.p. + ephrin-Al-Fc 50ug/Kg
o MR120 and MR120-D: zymosan A i.p. + MR120 1 mg/Kg in single or double treatment
o Dex: zymosan A i.p. + dexamethasone 3 mg/Kg
The doses of EphA/ephrinA proteins were equimolar to ephrin-Al-Fc and were chosen

according to Vivo et al., 2017.

Evaluation of inflammatory parameters

Flow cytometric analysis of peritoneal lavage

An aliquot of the peritoneal lavage was centrifuged at 2500 rpm, for 15 min, at 4°C and the
pellet resuspended in cell staining buffer. Non-specific binding sites were saturated with anti-
mouse CD16/32 (1 pg/108 cells/100 uL) for 10 min, in the dark, at 4°C. To analyse macrophages
and neutrophils into the peritoneal exudate, the following fluorescent antibodies were used
at the concentration of 0.25 pg/10° cells: FITC anti-mouse F4/80 emitting green fluorescence,
and Peridinin-Chlorophyll-Protein (PerCP) anti-mouse Ly-6G emitting red fluorescence. Cells
were incubated for 1 hour, in the dark, at 4°C, washed with PBS and resuspended in cell
staining buffer for FACS analysis. Cell viability was checked through Pl assay. After double
labelling the cell suspension with anti-Ly6G and anti-F4/80 antibodies, the number of viable
neutrophils was calculated as Ly6G*F4/80 on the total events recorded by the flow cytometer.
FACS analysis was performed using Guava easyCyte™ and data were analyzed using GuavaSoft

software.

Proteins and TNF-a content

After centrifugation of the peritoneal lavage at 2500 rpm for 15 min at 4°C, protein
concentration and TNF-a levels were measured in the supernatant.

The protein concentration of each sample was determined through the bicinchoninic acid
(BCA) protein assay kit (TermoFisher Scientific Inc., Waltham, MA, USA). TNF-a levels were
determined using a commercially available ELISA kit (Mouse TNF-a Uncoated ELISA,
Invitrogen, ThermoFisher, Waltham, MA, US). The absorbance was measured
spectrophotometrically at 450nm. Due to experimental variability over time, data were
normalized with respect to the day’s vehicle-treated group, whose TNF-a levels represented

100%.

41



Myeloperoxidase activity of the peritoneal exudate

MPO activity was investigated into the peritoneal exudate, by applying the same methods
adopted to assay colon and lung tissues in colitis models. Briefly, after centrifugation of an
aliquot of peritoneal lavage, the pellet was homogenized in 300uL of “B” solution, subjected
to the three freezing-thawing cycles and then centrifuged at 12000 rpm, for 30 min, at 4°C.
15uL of MPO-rich supernatant was then made to react with 285uL of “C” solution. “B” solution
was used as blank. The rate of change of absorbance was measured spectrophotometrically
at 690nm. One unit of MPO was defined as the quantity of enzyme able to degrade 1 umol of

peroxide per minute at 25°C. Data were expressed as mU/mL of peritoneal exudate.
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In vitro assays

Human peripheral blood mononuclear cell culture

Human peripheral blood mononuclear cells (PBMCs) were isolated by means of Lympholyte®
density gradient centrifugation starting from the buffy coat, supplied by Dr. Bernuzzi from the
Immunohematology and Transfusion Center of the University of Parma. Briefly, the blood was
diluted 1:1 with PBS, carefully topped on Lympholyte® and centrifuged without braking at
2500 rpm, for 20 min, at room temperature. After the centrifugation, the mononuclear cell
layer at the interface of serum and Lympholyte® was carefully aspirated and washed with PBS.
PBMCs were incubated with lysis buffer to lyse erythrocytes and then washed again with PBS.
Cells were resuspended in freezing medium composed of 90% fetal calf serum (FCS) + 10%

DMSO and stored at -80°C.

Viability assays

The in vitro tolerability of compounds on PBMCs was determined through the Pl assay. To this
end, cells where thawed and cultured for 3 hours in RPMI 1640 medium containing 10% heat-
inactivated fetal bovine serum (FBS) and 1% penicillin-streptomycin (P/S). PBMCs were
collected, centrifuged at 1200 rpm for 4 min at room temperature, and re-suspended in
complete medium (RPMI 1640, 0.5% bovine serum albumin (BSA), 1% P/S): cell viability was
checked through Pl assay. 250K cells were then plated on U-bottom 96-plate (EuroClone,
Milan, IT) in the presence of vehicle (DMSO 0.25%) or the compound under study, tested at
25uM for 4 hours in the incubator. Each condition was run in triplet. The percentage of viable
cells among lymphocytes, identified as negative cells for the red fluorescence given by PI, and
through the gating in the forward scatter (FSC)-side scatter (SSC) dot-plot (FSC low: SSC low),
was calculated with respect to the cells exposed to the vehicle. The compounds preserving

more than 95% cell viability were considered well tolerated.

Chemotaxis assays

After checking viability through PI assay, chemotaxis assay was performed on PBMCs, re-
suspended in complete medium, using a 96-well transwell plate with a 5.0 um pore
polycarbonate membrane (Corning, NY, USA). Migration medium with the compounds in

study (25 uM) or with vehicle (DMSO 0.25%) was added to the upper and the lower chambers;
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CCL20 1000 ng/ml was introduced only in the lower chamber. Each condition was run in
triplicate. After 3h incubation at 37°C and 5% CO,, migrated cells into the lower chamber from
the upper compartment were counted through flow cytometry. The migration index was
calculated by dividing the number of cells that migrated in response to CCL20, in the absence
or presence of the tested compounds, by the number of cells that migrated to standard
migration medium without CCL20. Data were reported as relative migration index, calculated
by dividing the migration index obtained in the presence of the test compound by the

migration index determined in its absence.
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Materials for in vivo experiments

DSS was purchased from Cayman Chemical (Ann Arbor, MI, US), while TNBS, zymosan A,
ethanol, HTAB, 30% hydrogen peroxide, TMB and EDTA from Sigma-Aldrich®, (St. Luis, MO,
US); N,N-Dimethylformamide and DMSO were bought from VWR (Radnor, PA, US), RedSafe
from iNtRON Biotec. (Kirkland, WA, US), proteases inhibitor cocktails from ThermoFisher
(Waltham, MA, US), agarose E from Condalab (Madrid, SP) and heparin was acquired from
Teva Pharmaceuticals (Parsippany, NJ, US). Fluorescent antibodies anti-mouse CD16/32, FITC
anti-mouse F4/80, PerCP anti-mouse Ly-6G, PE anti-mouse CD8, used for flow cytometry, were
purchased from BioLegend® (S. Diego, CA, US), while FITC anti-mouse CD4 and PE-Cy5 anti-
mouse CD3e from affymetrix eBioscience® (S. Diego, CA, US) and PI from Biotium (Fremont,

CA, US).

Materials for in vitro experiments

FCS and RPMI-1640 were purchased from EuroClone (Milan, Italy), while BSA from AppliChem
(Darmstadt, DE), P/S from Dominique Dutscher (Bernolsheim, FR), Lympholyte® from
Cedarlane (Burlington, ON, Canada) and CCL20 from Peprotech (Cranbury, NJ, US).

Drugs

Murine EphA2 (His Tag) was purchased from Sino Biological INC. (Bejing, CN), whereas murine
EphA2-Fc, ephrinAl-Fc from R&D system (Minneapolis, MN, US) and dexamethasone from
Sigma-Aldrich® (St. Luis, MO, US). MR120 and MR452 were synthesized by Professor Marco

Radi’s group of the Department of Food and Drug of University of Parma.

Statistics

All data were presented as mean + SEM. For in vivo experiments, experimental groups were
compared using the analysis of variance, one-way ANOVA or two-way ANOVA (used for
Disease Activity Index analysis) followed by Bonferroni’s post-test or by means of Kruskal-
Wallis test followed by Dunn’s post-test (used for macroscopic score analysis). The statistical
analysis was performed through Prism 5 software (GraphPad Software Inc. San Diego, CA,

USA).
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EphA/ephrin-A modulation

To investigate the effects of the pharmacological manipulation of EphA/ephrin-A system,
EphA2-Fc and ephrin-Al-Fc, activating reverse and forward signalling respectively, and
monomeric EphA2, as inhibitor of the bidirectional signalling, were tested in DSS-induced

chronic colitis and in zymosan-induced peritonitis.

EphA/ephrin-A system in DSS-induced chronic colitis

Inflammatory responses

Vehicle-treated inflamed animals (C) exhibited a clear worsening of the general health status
during DSS exposure; in particular, after the first cycle, DAl score was highly increased
compared to S mice during days 8-11, and later, although lower than the beginning, it
maintained a relevant difference with the non-inflamed group over days 12-19 (P<0.05 vs S).
The sharp worsening of mice conditions in the initial phase of the experimentation was also
reported by the other experimental groups, whose DAI curves were similar to that of C group
and significantly different from the curve of sham mice (P<0.05 vs S). Indeed, the
pharmacological activation of forward and reverse signalling by ephrin-Al1-Fc and EphA2-Fc
was not able to improve the general conditions of mice, DAI curves being superimposable to
that of vehicle-treated mice from day 12 to day 33. Analyzing in detail the results, ephrin-Al-
Fc-treated animals exhibited general worse conditions than sham mice throughout the
experimentation, displaying significantly higher DAI score over days 12-24, on day 26 and in
the last three days (P<0.05 vs S); similarly, the DAI curve evoked by EphA2-Fc-treatment
showed significantly higher scores compared to sham mice until day 22 and in the final three
days (P<0.05 vs S) (Figure 15a). On the contrary, the blockade of EphA/ephrin-A signalling by
the monomeric EphA2 treatment improved the animals’ health conditions, DAI curve
remaining lower than the control one and reporting significantly reduced scores on days 16
and 19 (P<0.05 vs C) (Figure 15a). The beneficial impact of monomeric EphA2 administration
in inflamed animals is also evident from the markedly lower area under the DAI curve with

respect to C mice (P<0.05) from day 12 until the end of the protocol (Figure 15b).
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Figure 15. Curves representing the Disease Activity Index score, assessed during DSS-induced chronic colitis from
day 1 to day 33 (a) and histogram representing the area under DAI curve from day 12 to day 33 (b) in vehicle-
treated normal mice (S) and colitic mice administered with vehicle (C), EphA2-Fc 30 pg/Kg (EphA2Fc-30), ephrin-
Al-Fc 16 pg/Kg (ephrinA1Fc-16) and monomeric EphA2 20 ug/Kg (EphA2-20) (n=7-13 independent values per
group).*P<0.05 vs. S mice; #P<0.05 vs. C mice; one-way ANOVA (Area under DAI curve) or two-way ANOVA

(Disease Activity Index) followed by Bonferroni’s post-test.

The chronic exposure to DSS caused macroscopic alterations locally, in the colon, and
systemically in lungs, spleen, and MLN. In inflamed animals, the colon resulted shorter and
thicker (P<0.05 vs S) (Figure 16a-b) and showed mucosal lesions, according to the
determination of the macroscopic score, which resulted significantly increased with respect
to S animals (P<0.05 vs S) (Figure 16c¢). DSS exposure caused also splenomegaly, as systemic
manifestation of inflammation, demonstrated by the higher value of spleen/body weight ratio
in C mice compared to S animals (P<0.05 vs S) (Figure 16d). The manipulation of EphA/ephrin-

A system by recombinant proteins did not produce beneficial effects on any of the measured
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parameters; however, the blockade of the signalling pathway by EphA2 weakly attenuated the

mucosal lesions (Figure 16c).
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Figure 16. Histograms representing the effects of EphA2-Fc, ephrin-Al-Fc and monomeric EphA2 on chronic DSS-
induced inflammatory responses. Colonic length (a), thickness (b), MS (c) and spleen/body weight (BW) ratio (d)
were assessed in vehicle-treated normal mice (S) and colitic mice administered with vehicle (C) or EphA2-Fc 30
ug/Kg (EphA2Fc-30), ephrin-Al-Fc 16 pg/Kg (ephrinA1Fc-16) and monomeric EphA2 20 pg/Kg (EphA2-20) (n=7-
13 independent values per group). *P<0.05 vs S; #P<0.05 vs C, one-way ANOVA + Bonferroni’s post-test or
Kruskal-Wallis + Dunns’ post-test (MS).

The MPO activity, index of neutrophil recruitment, was determined in the colon (Figure 17a)
and in the lungs (Figure 17b), representing a local and systemic district, respectively. MPO
activity was significantly higher in control mice compared to sham mice (P<0.05 vs S). Except
for the administration of ephrin-Al-Fc, that effectively limited MPO activity in the colon
(P<0.05 vs C) and mitigated that in the lung, the remaining animal groups did not show any

significant difference compared to the control group.

49



a Colonic MPO b Pulmonary MPO
16 40 »

12 « 30 + *

U/g
o sy (o]
—
Led
> |
U/,
o 5 S
—
—
, % .
e
% —

Figure 17. Histograms representing the effects of EphA2-Fc, ephrin-Al-Fc and monomeric EphA2 on
myeloperoxidase activity. Colonic (a) and pulmonary (b) MPO activity was assessed in vehicle-treated normal
mice (S) and colitic mice administered with vehicle (C) or EphA2-Fc 30 pg/Kg (EphA2Fc-30), ephrin-Al-Fc 16 pg/Kg
(ephrinA1Fc-16) or monomeric EphA2 20 pg/Kg (EphA2-20) (n=7-13 independent values per group). *P<0.05 vs
S; #P<0.05 vs C, one-way ANOVA + Bonferroni’s post-test.

Effects on T lymphocytes

The flow cytometry analysis on T lymphocytes and on their subpopulations did not report any
remarkable difference among the experimental groups in the spleen (Figure 18a, b and e). At
variance, the data collected on mesenteric lymph nodes showed that the percentage of T
lymphocytes was significantly lower in the control group than in sham animals (P<0.05 vs S);
among the treated groups, only the administration of ephrin-Al-Fc counteracted this
decrease, the percentage of CD3* cells being reverted towards that of the sham group (P<0.05
vs C) (Figure 18c). As regards the two CD3* subpopulations, only in EphA2-Fc group the
percentage of CD4* cells increased and that of CD8* cells significantly decreased compared to
both sham and control groups (P<0.05) (Figure 18d), leading to the increased ratio between

CD4*and CD8* T cells in the mesenteric lymph nodes (P<0.05) (Figure 18f).
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Figure 18. Histograms representing the effects of EphA2-Fc, ephrin-Al-Fc and monomeric EphA2 on spleen (a-b)
and mesenteric lymph nodes (MLN) (c-d) Percentages of T cells within splenic (a) and MLN lymphocytes (c),
percentages of CD4* and CD8* cells within T lymphocytes in the spleen (b) and MLN (d), and their ratio (e-f) in
vehicle-treated normal mice (S) and colitic mice administered with vehicle (C) or EphA2-Fc 30 ug/Kg (EphA2Fc-
30), ephrin-Al-Fc 16 pg/Kg (ephrinA1Fc-16) and monomeric EphA2 20 pg/Kg (EphA2-20). (n=7-13 independent
values per group). * P<0.05 vs S; #P<0.05 vs C, one-way ANOVA + Bonferroni’s post-test.
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EphA/ephrin-A system in zymosan-induced peritonitis

Inflammatory responses

The flow cytometry assays on the peritoneal exudate collected from mice highlighted a
remarkable recruitment of cells after zymosan A injection in Z mice (P<0.05 vs S). Among the
treated mice, only in the group treated with ephrin-A1-Fc the number of total cells increased
significantly with respect both to sham and control groups (P<0.05 vs S and Z) (Figure 19).
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Figure 19. Histograms representing the effects of EphA2-Fc, ephrin-Al-Fc and monomeric EphA2 on peritoneal
exudate. The number of total cells were determined in vehicle-treated normal mice (S) and in inflamed mice
administered with vehicle (Z), or EphA2-Fc 75 pg/Kg (EphA2Fc-75), ephrin-Al-Fc 50 ug/Kg (ephrinAlFc-50) and
monomeric EphA2 50 pg/Kg (EphA2-20) (n=7-20 independent values per group). ¥*P<0.05 vs S; #P<0.05 vs Z, one-

way ANOVA + Bonferroni’s post-test.

The subsequent comparison on macrophages/neutrophils ratio can be exemplified in the case
of sham and control groups. As seen on dot-plots, in the sham group, macrophages, identified
as F4/80*Ly6G™ cells, prevail over neutrophils, identified as Ly6G*F4/80 cells (Figure 20a),

while in vehicle-treated inflamed animals the ratio is reversed (Figure 20b).
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Figure 20. Dot-plots representing the macrophages, identified as F4/80*Ly6G cells and neutrophils, identified as

Ly6G*F4/80 cells in vehicle-treated normal mice (a) and inflamed vehicle-treated mice (b).

Accordingly, 4h after zymosan A injection, macrophages could not be detected, while the

neutrophil enrolment was clearly elicited in the Z group (P<0.05 vs S). The effect of

polymorphonuclear leukocytes recruitment was noticeably potentiated in ephrin-Al-Fc-

treated group with respect to the control one (P<0.05 vs Z), while in the other experimental

groups no changes were detected with respect to the vehicle-treated animals (Figure 21).
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Figure 21. Histograms representing the effects of EphA2-Fc, ephrin-Al-Fc and monomeric EphA2 on peritoneal

exudate. The number of neutrophils (b), identified as Ly6G*F4/80" cells, were determined in vehicle-treated

normal mice (S) and in inflamed mice administered with vehicle (Z), or EphA2-Fc 75 ug/Kg (EphA2Fc-75), ephrin-

Al-Fc 50 pg/Kg (ephrinA1Fc-50) and monomeric EphA2 50 ug/Kg (EphA2-50) (n=7-20 independent values per

group). *P<0.05 vs S; #P<0.05 vs Z, one-way ANOVA + Bonferroni’s post-test.
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Besides the immune cell recruitment, intraperitoneal injection of zymosan A caused an
inflammatory state characterized by the augmented protein content of the peritoneal exudate
(Figure 22a), increased production of TNF-a (Figure 22b), and elevated MPO activity (Figure
22c) in comparison to the sham group (P<0.05 vs S). The development of the acute
inflammation was counteracted by administration of monomeric EphA2, which was able to
reduce markedly the protein content and the MPO activity, making them comparable to the

normal mice (P<0.05 vs Z).
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Figure 22. Histograms representing the effects of EphA2-Fc, ephrin-Al-Fc and monomeric EphA2 on peritoneal
exudate protein content (a), TNF-a production (b) and MPO activity (c) in vehicle-treated normal mice (S) and in
inflamed mice administered with vehicle (Z), or EphA2-Fc 75 ug/Kg (EphA2Fc-75), ephrin-Al-Fc 50 pg/Kg
(ephrinA1Fc-50) and monomeric EphA2 50 ug/Kg (EphA2-50). (n=7-20 independent values per group). *P<0.05

vs S; #P<0.05 vs Z, one-way ANOVA + Bonferroni’s post-test.
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CCR6/CCL20 axis blockade investigation

MR120, a small-molecule able to inhibit CCR6/CCL20 signalling pathway, was first tested in
two models of acute inflammation, zymosan-induced peritonitis and TNBS-induced colitis, and
in chronic DSS-induced colitis. Considering the promising data obtained from in vivo studies,
a collection of new derivatives around the chemotype of the active MR120 was then
generated and tested in vitro for their tolerability and anti-chemotactic properties on
peripheral mononuclear blood cells (PBMCs). Besides MR120, the most effective anti-
chemotactic derivative, namely MR452, was then tested in vivo in the T-cell transfer colitis

model.

Effects of MR120 in zymosan-induced peritonitis

Inflammatory responses

The flow cytometric analysis showed that the recruitment of immune cells, and in particular
of neutrophils, into the peritoneal cavity, a typical hallmark of peritonitis, turned out to be
remarkably high in all experimental groups in which zymosan A was injected compared to

normal mice (P<0.05 vs S) (Figure 23a-b); on the contrary, the macrophage response was not

detectable.
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Figure 23. Histograms representing the effects of MR120 and dexamethasone on the peritoneal exudate. Total
cells count (a) and neutrophils (b), identified as Ly6G*F4/80" cells, were determined in vehicle-treated normal
mice (S) and in inflamed mice administered with vehicle (Z), MR120 1 mg/Kg single (MR120) or double (MR120-
D) administration, or dexamethasone 3 mg/Kg (Dex) (n=7-20 independent values per group). ¥*P<0.05 vs S;

#P<0.05 vs Z, one-way ANOVA + Bonferroni’s post-test.

55



As regards the other inflammatory parameters, the double administration of MR120 and of
dexamethasone were able to reduce the inflammatory state in the peritoneal cavity. The total
protein content clearly increased in control and MR120 groups with respect to sham mice
(P<0.05 vs S), while it resulted significantly reduced in MR120-D and Dex groups compared to
the Z group (P<0.05 vs Z). The same trend was observed for myeloperoxidase activity, which
was markedly increased in control and MR120 groups compared to the sham group (P<0.05
vs S), and decreased in MR120-D and Dex groups with respect to the control one (P<0.05 vs Z)

(Figure 24a-b).
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Figure 24. Histograms representing the effects of MR120 and dexamethasone on the peritoneal exudate protein
content (a) and MPO activity (b). The inflammatory parameters were investigated in vehicle-treated normal mice
(S) and in inflamed mice administered with vehicle (Z), MR120 1 mg/Kg single (MR120) or double (MR120-D)
dose, or dexamethasone 3 mg/Kg (Dex) (n=7-20 independent values per group). ¥*P<0.05 vs S; #P<0.05 vs Z, one-

way ANOVA + Bonferroni’s post-test.
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Effects of MR120 in TNBS-induced colitis

Inflammatory responses

TNBS enema administration caused a gradual marked worsening of the general health
conditions of vehicle-treated inflamed animals, as reported by the DAI score (P<0.05 vs S).
MR120 treatment was able to improve mice general health status, producing a lower DAI

score on the third day compared to the control group (P<0.05 vs C) (Figure 25).

Disease Activity Index

S e C MR120

DAl score

day 1 day 2 day 3 day 4

Figure 25. Curves representing the Disease Activity Index score, assessed during TNBS-induced colitis from day 1
to day 4, in vehicle-treated sham mice (S) and in colitic mice administered with vehicle (C) or MR120 1 mg/Kg
(MR120) (n=6-14 independent values per group). *P<0.05 vs. S mice; #P<0.05 vs. C mice; two-way ANOVA

followed by Bonferroni’s post-test.

Although TNBS did not affect colonic length (Figure 26a), it augmented the colonic thickness
(Figure 26b), the colitis macroscopic score (Figure 26c), and, as typical of the model, caused a
marked reduction in the spleen/body weight ratio (Figure 26d). MR120 administration did not

modify any of these inflammatory parameters.
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Figure 26. Histograms representing the effects of MR120 on TNBS-induced inflammatory responses. Colonic
length (a), thickness (b), MS (c), spleen/BW ratio (d), were assessed in vehicle-treated normal mice (S) and colitic
mice administered with vehicle (C) or MR120 1 mg/Kg (MR120) (n=6-14 independent values per group). ¥*P<0.05

vs S; #P<0.05 vs C, one-way ANOVA + Bonferroni’s post-test or Kruskal-Wallis + Dunn’s post-test (MS).

Myeloperoxidase activity was markedly increased both in the colon and in lungs,
demonstrating the conspicuous inflammatory state in vehicle-treated animals (P<0.05 vs S).
MR120 administration was able to lower significantly MPO values (P<0.05 vs C), giving a

beneficial impact, both at the local site, in the colon, and systemically, in lungs (Figure 27a-b).
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Figure 27. Histograms representing the effects of MR120 on colonic (a) and pulmonary (b) MPO activity assessed
in vehicle-treated normal mice (S) and in colitic mice administered with vehicle (C) or MR120 1 mg/Kg (MR120)

(n=6-14 independent values per group). * P<0.05 vs S; #P<0.05 vs C, one-way ANOVA + Bonferroni’s post-test

Effects on T lymphocytes

The flow cytometry assays performed on the lymphocytes of the spleen and mesenteric lymph
nodes presented comparable percentages for CD3* cells (data not showed). Considering T
lymphocyte subpopulations analysis, differences emerged in splenic cells, but not in
mesenteric lymph nodes. In the spleen, the percentage of CD4* T lymphocytes markedly
decreased and, conversely, CD8* clearly increased in all inflamed animals, lowering
significantly the CD4*/CD8" ratio compared to non-inflamed animals (P<0.05 vs S) (Figure 28a-
b). On the contrary, no changes were induced by TNBS on MLN T lymphocytes in vehicle- or
MR120-treated mice.
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Figure 28. Histograms representing the effects of MR120 on the subpopulations of spleen and mesenteric lymph
nodes (MLN) CD4* and CD8* T lymphocytes (a-b) and their ratio (c-d) in vehicle-treated normal mice (S) and in
colitic mice administered with vehicle (C) or MR120 1 mg/Kg (MR120) (n=6-14 independent values per group).

*P<0.05 vs S, one-way ANOVA + Bonferroni’s post-test.

Effects of MR120 in chronic DSS-induced colitis

Inflammatory responses

Chronic exposure to DSS led to cyclical worsening of clinical conditions in mice, represented
by the fluctuating trend of DAI: it reached the highest values over days 9-12 and 22-25,
corresponding to the wash-out periods after each DSS cycle, while, after the third cycle of DSS
exposure, colitis was less strong. In particular, vehicle-treated colitic mice exhibited
significantly higher DAI scores over days 8-25 (P<0.05 vs S). The daily administration of the
small-molecule significantly reduced DAI scores at days 11, 12, 18, and 23 compared to the
control group, therefore attenuating the ongoing disease (P<0.05 vs C) (Figure 29a). The

general improvement of the health status of treated mice was also revealed by the area under
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DAI curve (Figure 29b), showing that the AUC of the MR120 group is significantly lower than

that of the control group (P<0.05 vs C).
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Figure 29. Curves representing the Disease Activity Index score, assessed during DSS-induced chronic colitis from
day 1 to day 33 (a) and the histogram representing the area under DAI curve from day 1 to day 33 (b) in vehicle-
treated normal mice (S) and in colitic mice administered with vehicle (C) or MR120 1 mg/Kg (MR120) (n=7-13
independent values per group). *P<0.05 vs. S mice; #P<0.05 vs. C mice; one-way or two-way ANOVA followed by

Bonferroni’s post-test.

According to DAI results, chronic exposure to DSS induced the characteristic signs of local and
systemic inflammation. Colonic length (Figure 30a), thickness (Figure 30b), edema (Figure
30c), macroscopic score (Figure 30d), and spleen/bw ratio (Figure 30e) resulted significantly
higher in the control group (C) compared to the sham group (P<0.05 vs S). Despite the fact
that the shortening and thickening of the colon induced by chronic DSS were not modified

(Figure 30a-b), MR120 administration effectively contrasted the ongoing inflammation,
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highlighted by reduced colonic vascular permeability, lowered macroscopic score, and

splenomegaly (P<0.05 vs C).
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Figure 30. Histograms representing the effects of MR120 on chronic DSS-induced inflammatory responses.
Colonic length (a), thickness (b), edema (c), MS (d), and spleen/BW ratio (e) were assessed in vehicle-treated
normal mice (S) and colitic mice administered with vehicle (C) or MR120 1 mg/Kg (MR120) (n=7-13 independent
values per group). *P<0.05 vs S; #P<0.05 vs C, one-way ANOVA + Bonferroni’s post-test or Kruskal-Wallis + Dunns’

post-test (MS)

Moreover, vehicle-treated animals showed a significant increase of MPO activity compared to
non-inflamed mice, both in the colon and in the pulmonary district (Figure 31a-b) (P<0.05 vs
S), sign of important neutrophils recruitment. Leukocyte oxidative activity was instead
contrasted by MR120 administration: in particular, in the colon, MPO activity was significantly

lower compared to controls (P<0.05 vs C).
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Figure 31. Histograms representing the effects of MR120 on colonic (a) and pulmonary (b) MPO activity assessed
in vehicle-treated normal mice (S) and in colitic mice administered with vehicle (C) or MR120 1 mg/Kg (MR120)

(n=7-13 independent values per group). ¥*P<0.05 vs S; #P<0.05 vs C, one-way ANOVA + Bonferroni’s post-test.

Inflammatory cytokines

As regards the colonic levels of the pro-inflammatory cytokines IL-6 and IL-1B, the cyclic
exposure to DSS especially increased the expression of IL-6 and modestly that of IL-1p in
inflamed mice (P<0.05 vs S), production that was, although not significantly, counteracted by

the treatment with MR120 (Figure 32).
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Figure 32. Histograms representing colonic IL-6 (a) and IL-1p (b) levels in vehicle-treated normal mice (S) and in
colitic mice administered with vehicle (C) or MR120 1 mg/Kg (MR120) (n=7-13 independent values per group).
*P<0.05 vs S; #P<0.05 vs C, one-way ANOVA + Bonferroni’s post-test.

In parallel, also the mRNA levels of IL-17 and INF-y were measured in the colon of S, C, and

MR120 mice. The data obtained from RT-PCR assays did not report relevant variations among
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the groups under examination, although a slight increase in the levels of IL-17 and INF-y could

be detected in DSS-treated animals with respect to S mice (Figure 33a-b).
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Figure 33. Histograms representing the mRNA levels of IL-17 (a) and INF-y (b) of colonic tissue normalized to
HPRT amplification products, in vehicle-treated normal mice (S) and colitic mice administered with vehicle (C) or

MR120 1 mg/Kg (MR120) (n=4 independent values per group).

Effects on T lymphocytes

The flow cytometry analysis performed on the spleen and mesenteric lymph nodes to assess
the percentage of T lymphocytes and their CD4* and CD8* cells subpopulations showed the
consistent decrease of CD3* lymphocytes percentage in the control group compared to the
sham group in both tissues (P<0.05 vs S) (Figure 34a-c). No other difference was observed in

the lymphocyte subpopulations (Figure 34b-d and e-f).

Spleen
a T lymphocytes b T lymphocytes
B CD3+CD4+ ECD3+CD8+

40 = 60 =

35 + 50 .
g 30 +o §
5 25 4 * g 407
o <
< 20 1 2 30 1
S5 2 20 »
X 10 o S

5 10 +

0 0 4

s C MR120 S C MR120

64



MLN

c T lymphocytes d T lymphocytes
EWCD3+CD4+ MCD3+CD8+

60 = 60 =
i

50 + 50 =
$ * § —1
% 40 + § 40 +
2 30 » S 30 +

£
g€ >
= 20 + ~ 20 o
X o
N
10 = 10 +
0 0
s C MR120 s c MR120
e Spleen f Mesenteric lymph nodes
2 = 2
T

o] o]
[a)] [a)
§ 1. I l )
o a
(@] (&)

0 0

S C MR120 s C MR120

Figure 34. Histograms representing the effects of MR120 on T lymphocytes and relative subpopulations of the
spleen (a-b) and mesenteric lymph nodes (MLN) (c-d), and on their ratio (e-f) in vehicle-treated normal mice (S)
and in colitic mice administered with vehicle (C) or MR120 1 mg/Kg (MR120) (n=7-13 independent values per

group). ¥*P<0.05 vs S, one-way ANOVA + Bonferroni’s post-test.
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IN VITRO assays

Viability assays

The effects of the newly synthesized small-molecules CCR6 antagonists on lymphocytes
viability were evaluated through the Pl assay. The analysis performed is exemplified in the
case of the compounds MR46 and MR451. A well tolerated compound maintains the region
of PI"lymphocytes, recognized in the portion delimited by the red ellipse in the dot-plot (Figure
35b), unaltered compared to that of cells exposed to the vehicle (Figure 35a). Conversely, in
the presence of a compound that negatively affects cell viability, the percentage of detectable

lymphocytes within the same ellipse is reduced (Figure 35c).
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Figure 35. Dot-plots representing human PBMCs exposed to vehicle (a), MR46 25uM (b) and MR451 25uM (c).

Most of the new molecules did not produce significant effects on lymphocytes viability at
25uM: 20 compounds, out of 31 derivates, resulted well-tolerated, preserving more than 95%

cells viability after 4 hours of incubation (Figure 36a-b).
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Figure 36a-b. Histograms representing the percentage of PI'lymphocytes in the presence of newly synthesized

molecules at 25uM with respect to cells exposed to the vehicle only.
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Chemotaxis assays

Among the well-tolerated 20 molecules, 14 compounds were selected as representative of
the entire collection and sufficient to sample the chemical space around MR120: they were
tested in the CCL20-induced chemotaxis assay on the same type of cells and at the same
concentration tested in the viability studies.

The analysis performed on the compounds MR46 and MR452 is provided as an example. A
compound devoid of anti-chemotactic activity, as MR46, did not affect the number of
lymphocytes that migrated in the lower chamber (Figure 37b), detectable within the red
ellipse of the dot-plot graph, compared to the condition in which cells were exposed to CCL20
only (Figure 37a). On the other hand, in the presence of MR452 (Figure 37c), the number of
lymphocytes, detectable within the same ellipse, seemingly dropped, revealing the ability of

this molecule to interfere with the chemotaxis of lymphocytes induced by CCL20.
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Figure 37. Dot-plots representing human PBMCs recruited by CCL20, exposed to the vehicle (a), MR46 25uM (b),
or MR452 25uM (c).

Except for 6 inactive compounds, the remaining molecules displayed anti-chemotactic
activity. In particular, MR64, MR392, MR394, and MR446 reduced the migration index by
about 20%, MR416 and MR443 by around 30% and MR444 by around 40%. Finally, the
compound MR452 reduced the migration index by about 60%, strongly antagonizing the

CCL20-induced lymphocytes recruitment (Figure 38).
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Figure 38. Histogram representing the relative migration index with respect to CCL20 of a series of compounds

tested at 25uM.
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CCR6/CCL20 axis blockade in T-cell transfer colitis

On the basis of CCL20-induced chemotaxis assays, among the 14 compounds, MR452
derivative emerged as the most effective one, able to reduce immune cells migration by 60%.
The new molecule, which proved to be well tolerated and effective, was therefore chosen to

be tested in T-cell transfer colitis, together with MR120.

Inflammatory responses

CD4*CD25 cell infusion in immunodeficient mice caused a worsening of clinical conditions,
represented by the increasing DAl score over the weeks, while no changes of the health
conditions were detected in S mice, immunocompromised animals that were infused with
CD4* cells. Vehicle-treated colitic mice showed a marked deterioration of the health status
from the fifth week until the end of the experimental protocol (P<0.05 vs S). The treatments
with MR120 and MR452 were not able to improve the general health status of mice, showing
DAI curves comparable to that of the control group (Figure 39a). The histograms representing
the area under DAI curve show markedly higher values in inflamed animals compared to CD4*-
infused mice (P<0.05 vs S), in particular in the MR452-treated group, whose clinical conditions

appeared worse than those of control mice (P<0.05 vs C) (Figure 39b).
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Figure 39. Curves representing the disease activity index score, assessed in T-cell transfer colitis from week 1 to
week 8 (a) and the histogram representing the area under DAI curve from week 1 to week 8 (b) in vehicle-treated
sham mice (S) and colitic mice administered with vehicle (C), MR120 1 mg/Kg (MR120) or MR452 1 mg/Kg
(MR452) (n=6-8 independent values per group). ¥*P<0.05 vs. S mice; #P<0.05 vs. C mice; one-way ANOVA (Area

under DAI curve) or two-way ANOVA (Disease Activity Index) followed by Bonferroni’s post-test.

Adoptive transfer colitis did not shorten the colon but augmented significantly its thickness
and caused a remarkable increase in the macroscopic score and in the spleen/body weight
ratio in all inflamed experimental groups (P<0.05 vs S). MR120 and MR452 administration to
colitic mice was not able to reduce these local and systemic inflammatory parameters,
showing comparable data with vehicle-treated diseased animals, as reported by histograms

in Figure 40.
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Figure 40. Histograms representing the effects of MR120 and MR452 on T-cell transfer-induced inflammatory
responses. Colonic length (a), thickness (b), MS (c), and spleen/BW ratio (d) were assessed in vehicle-treated
normal mice (S) and colitic mice administered with vehicle (C), MR120 1 mg/Kg (MR120) or MR452 1 mg/Kg
(MR452) (n=6-8 independent values per group). *P<0.05 vs S; one-way ANOVA + Bonferroni’s post-test or

Kruskal-Wallis + Dunns’s post-test (MS).

As regards colonic MPO activity, it resulted markedly higher in vehicle-treated colitic mice
compared to normal mice (P<0.05 vs S) and both treatments reduced, although not
significantly, neutrophils oxidative activity. Conversely, in the lungs MPO activity was found to

be similar among all animal groups (Figure 41a-b).
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Figure 41. Histograms representing the effects of MR120 and MR452 on myeloperoxidase activity. Colonic (a)
and pulmonary (b) MPO activity was assessed in vehicle-treated normal mice (S) and colitic mice administered
with vehicle (C) MR120 1 mg/Kg (MR120) or MR452 1 mg/Kg (MR452) (n=6-8 independent values per group).

*P<0.05 vs S, one-way ANOVA + Bonferroni’s post-test.

Inflammatory cytokines

In vehicle-treated diseased mice, the production of inflammatory cytokines in the colon was
slightly increased with respect to sham mice, especially when CCL20 levels were taken into
consideration (P<0.05 vs S) (Figure 42a). As regards the effects of the small molecules, only
the treatment with MR452 was able to significantly diminish the levels of the chemokine
(P<0.05 vs C) (Figure 42a), while no changes were produced by either compounds on IL-6 or

IL-1P3 colonic release.
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Figure 42. Histograms representing colonic CCL20 (a), IL-6 (b), and IL-1P (c) levels in vehicle-treated normal mice
(S) and colitic mice administered with vehicle (C), MR120 1 mg/Kg (MR120) or MR452 1 mg/Kg (MR452) (n=6-8

independent values per group). *P<0.05 vs S; #P<0.05 vs C, one-way ANOVA + Bonferroni’s post-test.
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As regards the determination of mRNA levels in the colon, the gene transcription of CCL20
was comparable in S and C mice and slightly reduced by the two derivatives (Figure 43a). As
regards IL-17 and INF-y, the gene expression was increased in C mice, especially in the case of
INF-y: both molecules were apparently able to mitigate the augmentation of IL-17 mRNA

levels (Figure 43b), while, as for INF-y, only the modest effects of MR452 could be noticed

(Figure 43c).
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Figure 43. Histograms representing the quantification of mRNA levels of CCL20 (a), IL-17 (b), and INF-y (c) of
colonic tissue normalized to HPRT amplification products, in vehicle-treated normal mice (S) and colitic mice
administered with vehicle (C), MR120 1 mg/Kg (MR120), or MR452 1 mg/Kg (MR452) (n=4 independent values

per group). *P<0.05 vs S, one-way ANOVA + Bonferroni’s post-test.

Effects on T lymphocytes

The flow cytometry analysis performed on spleen and mesenteric lymph nodes revealed the
absence of T lymphocytes in the spleen and the increase of T lymphocytes in the mesenteric
lymph nodes of mice in which colitis was induced. The increase in T lymphocytes percentage
during the inflammatory process was marked in vehicle-treated and MR120-treated mice
compared to sham mice (P<0.05 vs S) (Figure 44). Within CD3* lymphocytes, the predominant
subpopulation was represented by CD3*CD4* T cells, showing comparable percentages in all
the experimental groups: 80.46+3.4% in the sham group, 87.4212.1% in the control group,
87.4612.8% and 77.53+4.7% in the MR120 and MR452 groups, respectively.
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Figure 44. Effects of MR120 and MR452 on mesenteric lymph nodes (MLN) CD3* T lymphocytes in vehicle-treated
normal mice (S) and colitic mice administered with vehicle (C), MR120 1 mg/Kg (MR120) or MR452 1 mg/Kg

(MR452) (n=7-13 independent values per group). *P<0.05 vs S; one-way ANOVA + Bonferroni’s post-test.
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Inflammation is a well-known protective strategy of the organism in response to harmful
stimuli. To be beneficial, the inflammatory response must be as confined and short as possible,
being an emergency process, adequate to remove the stressful agent, but not supposed to
evolve into a permanent phenomenon, as in the case of chronic inflammatory disorders, like
IBDs. In particular, as regards IBDs, the heterogeneity and complexity of the IBDs illness
spectrum have a big impact on therapy effectiveness, to such an extent that nowadays a
curative and definitive approach is not available. In this picture, the pharmacological research
plays a pivotal role in improving the management of this pathological condition and,
consequently, the patients' quality of life. Recently, aiming at identifying novel anti-
inflammatory strategies, a growing interest has been sparked by two different signaling
systems: the Eph/ephrin system and the CCR6/CCL20 axis. In this research project, the
pharmacological manipulation of the EphA/ephrin-A system and of the CCR6/CCL20 axis has
been investigated in different models of intestinal inflammation in order to get a deeper
insight into the role exerted by these signaling pathways in IBD and to possibly identify new

candidate molecules as promising adjuncts to the current therapeutic armamentarium.

Since their discovery and characterization, Eph receptors of both A and B classes and
corresponding ligands, the ephrins, have been shown to be implicated in several
pathophysiological conditions. Since both receptors and ephrins are membrane-bound, the
intracellular message generated is bidirectional and the forward and reverse signals are
mediated by Eph receptors and ephrins, respectively. Eph-ephrin interactions regulate cell
shape, movement, survival, and proliferation, as well as embryonic development and
neoplastic transformation (Taylor et al., 2017). In addition, their potential involvement in the
regulation of inflammatory and immune responses has been slowly emerging in recent years
(Darling and Lamb, 2019). Several studies have pointed out the involvement of the Eph/ephrin
system in different stages of the inflammatory process. First, the vascular permeability, which
plays a central role in inflammation, is, at least in part, regulated by the activation of EphA2
receptors (lvanov and Romanovsky, 2006). Subsequent in vitro studies demonstrated that the
same receptor subtype, once stimulated by its ligand ephrin-Al, induces endothelial cell
activation by enhancing the expression of multiple NF-kB target genes, such as COX-2 or genes
encoding adhesion molecules, including ICAM-1 and VCAM-1 (Funk and Orr, 2013). In

addition, members of the A and B families of the Eph/ephrin system are expressed on
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leukocytes, and their signaling regulates leukocyte recruitment, adhesion to the endothelium,
and subsequent transmigration (Funk and Orr, 2013). Focusing on the gastrointestinal tract,
Eph receptors and ephrins, particularly of B-type, are involved in the organization and
architecture of the intestinal epithelium (White and Getsios, 2014). A study conducted in 2005
through real-time PCR and cDNA microarray analysis by Hafner et al. demonstrated that
EphA2, ephrin-Al, EphB2, and ephrin-B1/B2 expression was up-regulated in the intestinal
mucosal lesions of IBD patients (Hafner et al., 2005). Considering this background and the poor
knowledge about the involvement of the Eph/ephrin system in intestinal inflammation, the
research group wherein | developed my PhD program has recently decided to perform a more
in-depth investigation. To this end, in order to better reproduce the complexity of the human
disease, different preclinical models of colitis were used, namely TNBS-induced colitis and
acute and chronic DSS-induced colitis. Overall, the data showed that the interference with the
forward activation of B-type system, through the administration of EphB1-Fc and of
monomeric EphB4, caused a marked protective effect in TNBS-induced colitis, a model
characterized by the prevalent activation of Thl-type immune responses (Grandi, Zini et al.,
2019). On the contrary, the modulation of EphB/ephrin-B system did not demonstrate anti-
inflammatory properties in DSS-induced acute and chronic colitis, where inflammation is
seemingly primarily driven by innate and Th2-type immune responses, respectively (Zini, 2019
https://www.repository.unipr.it/handle/1889/3799; Giorgio et al.,, 2021). Given the
involvement of EphB/ephrin-B signaling in the maturation and differentiation of naive T cells
into effector T lymphocytes (Coulthard et al., 2012), and the pivotal role played by Thl
lymphocytes in TNBS-induced colitis development, the beneficial effects afforded by B-type
system modulation were achieved presumably by modulating the responses of Th1 cells, like
proliferation, differentiation, or their migration from secondary lymphoid organs towards the
inflamed intestinal tissues (Grandi, Zini et al., 2019).

As regards the A-type system, the administration of recombinant proteins in acute models
(TNBS and acute DSS) evoked only weak beneficial effects. In this framework, aiming to
conclude the investigation about the involvement of the Eph/ephrin pathway in intestinal
inflammation, the pharmacological manipulation of the EphA/ephrin-A system was explored
in DSS-induced chronic colitis, a well-established model of recurrent intestinal inflammation
characterized by face and predictive validity. To this end, the following recombinant proteins

were administered: ephrinAl-Fc, to selectively activate forward signalling and block reverse
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signalling, EphA2-Fc, to selectively activate reverse signalling and block forward signalling, and
monomeric EphA2, used as inhibitor of bidirectional signalling.

In our study, three-cycle drinking of DSS for 33 days produced, as expected, the periodical
trend of increase and decline of colitis severity, corresponding to the alternating phases of
relapses and remission of clinical symptoms and mimicking the typical recurrent flow of
human IBD responses (Bento et al., 2012). Several local and systemic effects were triggered
simultaneously. In the colon, the colitogenic agent caused colon thickening and shortening,
and increased the macroscopic score. Splenomegaly, a sign of spleen workload and of
systemic immune responses activation, was observed. A clear increase in the neutrophilic
oxidative activity, expressed by the augmented myeloperoxidase action, was described in
colon and lung tissues, indicating a remarkable involvement of the innate immune responses.
Consistent with the pathological picture and colonic morphological changes, a reduction in
CD3* T cells percentage was detected in MLNs. Indeed, the migration of immune cells from
secondary lymphoid organs towards injured sites is a classic feature of systemic inflammation
caused by the chronic exposure to DSS, possibly confirming the activation of adaptive immune
responses induced by the repeated administration of the colitogenic agent (Alex et al., 2009).
The blockade of EphA2/ephrin-Al transmission, through the administration of monomeric
EphA2, markedly improved the general conditions of mice compared with vehicle-treated
mice, as shown by the decreased DAl score, especially following the first wash-out period, and
by the reduced area under DAI curve.

Analysis of the effects of the other treatments revealed that EphA2-Fc administration did not
evoke any protective effect, either locally or systemically; on the contrary, it produced a
moderate, although not significant, increase of the score of the macroscopic lesions.
Conversely, ephrin-Al-Fc treatment significantly decreased neutrophil oxidative activity in
colonic tissues and mitigated those in lung tissues. Moreover, ephrin-Al-Fc was able to
counteract T lymphocytes egress from MLN and this finding corroborate the results obtained
in myeloperoxidase analysis of colonic tissues. The reduced T lymphocytes migration from
MNLs to the inflamed tissue may therefore be involved in the reduced innate immune
activation in the colonic tissue.

Taken together, these results suggest that the modestly protective effects shown in recurrent
intestinal inflammation can be attributed to the blockade of EphA/ephrin-A signaling achieved

both through prolonged monomeric EphA2 and, presumably, through ephrin-Al-Fc
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administration. Indeed, the repeated stimulation of EphA2 transmembrane protein by ephrin-
Al-Fc may lead to receptor internalization and loss of the signaling EphA/ephrin-A pathway
(Barquilla and Pasquale, 2014), attenuating the inflammatory responses activated by the
colitogenic agent through the modulation of immune responses. However, it should also be
considered that, in a model of chronic intestinal inflammation, multiple mechanisms are
involved; as a result, a possible protective effect mediated by the pharmacological
manipulation of EphA/ephrin-A system may be weak in the face of a complex pathological
picture.

Aiming at better elucidating the participation of the EphA/ephrin-A system in the
inflammatory process in the acute phase, the same recombinant proteins were tested
following a single administration at a higher dosage in zymosan-induced peritonitis, a model
characterized by strong immune cell recruitment. The intraperitoneal injection of zymosan A
evoked a massive recruitment into the peritoneal cavity of polymorphonuclear cells,
consisting mainly of neutrophils, a marked increase in the total protein content and in the
myeloperoxidase activity of the peritoneal fluid, and the augmented production of TNF-a.
Among the treatments applied, the blockade of EphA/ephrin-A transmission by monomeric
EphA2 produced anti-inflammatory effects by significantly reducing the quantity of proteins
into the peritoneal cavity, presumably by interfering with the endogenous endothelial EphA2
— immune ephrin-Al pathway. Indeed, endogenous EphA2-ephrin-Al signal has been
described to be involved in increasing vascular permeability, either through actin
reorganization in the cytoskeletal apparatus (lvanov and Romanovsky, 2006) or through
abnormal localization of junctional proteins (Funk and Orr, 2013). Similar findings were
obtained in the mesenteric IRl model, in which monomeric EphA2 was effective at high dosage
in limiting the microvascular alterations in the gut, and in diminishing the levels of IL-13 and
histological damage in the lungs (Vivo et al., 2017). Moreover, despite the apparently scant
effect on neutrophil enrolment in the peritoneal cavity, EphA2 greatly limited the innate
immune response activation, by significantly decreasing the oxidative activity of neutrophils
compared to the vehicle-treated group.

On the other hand, the activation of EphA2 forward signalling by ephrin-Al1-Fc did not reduce
the extent of inflammatory responses evoked by the administration of zymosan A. Rather,

ephrin-Al-Fc caused a noticeable leukocyte extravasation compared with the vehicle-treated
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group, promoting the recruitment of leukocytes to the inflammatory site as a consequence of
the acute endothelial EphA2 activation.

By attempting to shed some light on the effects of the pharmacological manipulation of the
EphA/ephrin-A system in intestinal inflammation, we can conclude that the interference with
the EphA/ephrin-A pathway may exert beneficial anti-inflammatory effects in models of acute
and chronic inflammation by impairing the increase of the vascular permeability and the
activation or recruitment of immune cells towards the flogistic sites. In particular, the
blockade of the EphA/ephrin-A transmission can be achieved by the administration of
monomeric EphA2 protein, while EphA2 receptor stimulation by acute ephrin-Al-Fc injection
exacerbated the inflammatory responses; conversely, the repeated stimulation of EphA2
receptor by the chronic administration of exogenous ephrin-Al-Fc may lead to receptor
internalization and interruption of EphA2 signaling, therefore evoking protective effects on its

own.

In the second part of the project, we focused our attention on the involvement and
pharmacological manipulation of the CCR6/CCL20 axis in intestinal inflammation.

The chemokine family comprises small proteins with shared structural characteristics,
essential to direct the migration of immune cells throughout the body thanks to their binding
to different receptors expressed on the leukocyte membrane (Ito et al.,, 2011). Over 20
different types of receptors and over 45 different types of ligands, among which there is a
considerable cross-talk, have been described (Lai et al., 2019). As a result, chemokine
receptors often recognize several chemokines, and, conversely, chemokines often bind to
multiple receptors (Nandi et al., 2014). An exception to this promiscuity is the chemokine
receptor 6 (CCR6), which interacts solely with the chemokine ligand 20 (CCL20) (Baba et al.,
1997), forming an exclusive ligand-receptor pair that has growingly emerged as a potential
exploitable target in the search for novel therapeutic strategies against IBD (Ranasinghe and
Eri, 2018).

The chemokine CCL20, released by immune and non-immune cells especially under
inflammatory conditions, is described to influence the migration of CCR6-expressing cells,
represented mainly by CD4* T lymphocytes, especially Treg and Th17, CD8* T lymphocytes, B
cells, dendritic and antigen-presenting cells, and activated neutrophils (Lee et al., 2013). In

particular, the contribution of the CCR6/CCL20 axis in the pathogenesis of IBD is supported by
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several observations. In clinical studies performed on human IBD, the increased mucosal and
plasmatic expression of CCL20 and CCR6 was evidenced (Kaser et al., 2004; Skovdhal et al.,
2015; Uchida et al., 2015). The same findings were collected in TNBS and chronic adoptive
transfer colitis murine models (Comerford et al., 2010; Ranasinghe and Eri, 2019).
Additionally, different strategies inhibiting this pathway were successful in reducing colonic
damage, as shown in CCR6-knockout animals (Varona et al.,, 2003) or following the
administration of anti-CCL20 neutralizing antibodies (Comeford et al., 2010). To date,
exclusively biological agents have been investigated in preclinical studies and none of them
have been clinically approved yet for IBD treatment; on the other hand, CCR6/CCL20 pathway
blockade through small-molecule CCR6 antagonists has never been explored till now.

On these grounds, recently, by combining drug discovery approaches and synthetic protocols,
in silico studies, and in vitro functional/targeted assays, a small-molecule CCR6 antagonist
(MR120) was discovered. The compound was identified as the most promising derivative able
to inhibit in vitro the CCL20-induced chemotaxis of CD4* memory T cells at 50 UM and to
interfere with both B-arrestin and miniGi recruitment (Martina et al., 2022). Starting from
these encouraging results, we tested the ability of MR120 to attenuate the inflammatory
responses in zymosan-induced peritonitis, a model characterized by the strong neutrophil
enrolment in the peritoneal cavity, a noticeable increase in the total protein content of the
peritoneal fluid and in myeloperoxidase activity. These effects were counteracted by the
double treatment with MR120, which significantly reduced both the total protein content and
the myeloperoxidase activity, showing anti-inflammatory effects comparable to those of the
potent anti-flogistic drug dexamethasone. Given the effectiveness of MR120 in inhibiting
immune cell recruitment in in vitro functional experiments, it is plausible to assume that the
anti-inflammatory effects produced by the small molecule are due to the interference with
the leukocyte recruitment triggered by zymosan A, a cell wall component derived from
Saccharomyces cerevisiae.

These results prompted us to continue the exploration of the potential impact of this
compound in TNBS colitis model in order to obtain a proof of concept for its effectiveness
against intestinal inflammation. In our investigation, TNBS caused a remarkable worsening of
mice general conditions, augmented the colonic thickness, and the colitis macroscopic score.
Colonic and pulmonary myeloperoxidase activity increased consistently, indicating a

conspicuous involvement of granulocytes within the tissues. The treatment with MR120 was
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effective, in particular, in mitigating the macroscopic mucosal lesions and in counteracting the
neutrophil recruitment both in colon and lung tissues, suggesting the ability of MR120 to
modulate the granulocyte response also when dependent to lymphocyte activation, as in the
TNBS-induced colitis model.

To draw a richer picture regarding the potential anti-inflammatory effects of MR120 in
intestinal inflammation, elicited not only in acute but also in chronic conditions, the
compound was then tested in DSS-induced chronic colitis. Besides the effects above
described, in this new set of experiments, the chronic exposure to DSS increased also the
edema of the colon and produced a relevant increase in IL-6 levels, pro-inflammatory cytokine
characteristic of DSS-induced chronic colitis (Perse et al., 2012), along with a slight increase of
IL-1B levels and IL-17 and INF-y mRNA expression levels.

The treatment with MR120 was able to attenuate the recurrent intestinal inflammation by
mitigating both the systemic and the local inflammatory responses. The daily administration
of the small molecule improved significantly mice general conditions, as demonstrated by the
lower area under DAI curve with respect to C mice, and it relevantly decreased the
splenomegaly. Moreover, MR120 significantly decreased the macroscopic score and the
colonic edema, clearly reduced colonic myeloperoxidase activity and attenuated the higher
production of colonic IL-6 levels, showing encouraging local anti-inflammatory actions in
addition to the substantial systemic effects.

Overall, the data collected enable us to draw the conclusion that the ability of MR120 to
counteract, albeit with variable efficacy, the systemic and local inflammatory responses,
sustained by a persistent state of colitis, is consistent with the results obtained by the small
molecule in two models of acute inflammation of the intestinal district induced by the
stimulation of innate and adaptive immune responses.

On the strength of the positive results, the second part of the investigation was dedicated to
identify new and more potent small-molecule CCR6 antagonists, to be selected as efficacious
anti-chemotactic agents and to be subsequently tested in vivo in the T-cell transfer model of
colitis. By applying the previously prepared CCR6 homology model, a targeted collection of
new derivatives was generated around the chemotype of the active hit MR120. Following the
viability assays performed on peripheral mononuclear cells, the new compounds capable of
preserving more than 95% of cells viability at 25 uM were then tested in the chemotaxis assay.

Among the 31 newly synthesized molecules, 14 compounds, out of 20 well-tolerated
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derivatives, were selected as representative of the entire collection and sufficient to sample
the chemical space around MR120, and were tested in CCL20-induced chemotaxis assay on
the same cell type. Among the tested analogues, MR452 showed a distinct ability in interfering
with CCL20-induced chemotaxis, reducing immune cell migration by about 60% at 25 uM.
Once identified the new well-tolerated compound, capable to inhibit the in vitro immune cells
chemotaxis, MR452 was tested in the adoptive colitis model along with MR120. Several
reasons prompted us to test the candidate drugs in this model of chronic colitis. First, although
no model is able to completely resemble IBD, the T-cell adoptive transfer colitis is considered
a model of chronic intestinal inflammation endowed with face, construct and predictive
validity (Valatas et al., 2013). Second, the T-cell transfer model is based on the altered
homeostasis between Treg and Th17 lymphocytes, CD4* cell subtypes expressing the CCR6
receptor, whose balance is finely regulated by the CCR6/CCL20 axis under physiological
circumstances. In IBDs, it is assumed that there is a disproportion of Treg/Th17 cells in favor
of Thl7 cells, and that the increased production of CCL20 by the intestinal mucosa,
documented in IBD patients, contributes to the migration of Th17 lymphocytes to the
intestinal lamina propria, thereby promoting their pro-inflammatory activity and the
development of the inflammatory disorder (Comerford et al., 2010). In the pathological
condition of IBDs, this axis is thus reckoned as active partner in the inflammatory process, and
a model mimicking such unbalance could represent a useful tool to study its pharmacologic
manipulation.

Our investigation lasted 8 weeks and the infusion of CD4*CD25 cells in immunocompromised
mice caused a moderate-to-severe colitis, gradually worsening the clinical conditions over the
weeks, as shown by the increase in DAl score and by the splenomegaly, compared to non-
inflamed mice, which received CD4* cells in toto. Consistent with the fact that the
inflammatory process induced in the T-cell transfer colitis model specifically affects the
intestinal district, thickening of the colonic wall, augmented neutrophils infiltration in the
colon, and mucosal colonic damage were observed. Moreover, along with the mucosal lesions,
a moderate increase of pro-inflammatory cytokines, especially of CCL20, and of mRNA levels
of pro-inflammatory genes, especially INF-y, were detected. In relation to lymphocyte
responses, despite an almost complete absence of T lymphocytes in the spleen, a significant

increase of T lymphocytes, mainly represented by CD3*CD4" cells, was registered in the MLNs
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of mice infused with CD4*CD25 cells, suggesting the contribution of these cells, devoid of
Tregs, in triggering intestinal inflammation.

Despite the favorable premises, the administration of MR120 and MR452 showed a very weak
local protective effect, only modestly mitigating the oxidative action of neutrophils in the
colon, slightly reducing IL-17 mRNA levels, and, only in the case of MR452, counteracting the
increase of CCL20 levels. No systemic beneficial effects were displayed by the two small
molecules. These results seem to indicate that the interference with the CCR6/CCL20 axis has
very limited effects in hindering the gut homing of effector leukocytes and in mitigating their
inflammatory role in a model of Th1/Th17-dependent chronic colitis, suggesting that the
protective actions of the tested CCR6 antagonists mainly rely on the promotion of the
inhibitory activity of Treg cells, whose general suppressive role on T cell responses has long
been documented (Powrie, 2004).

On the whole, the interference with the CCR6/CCL20 signalling pathway by the novel small
molecules elicited a beneficial anti-inflammatory action, both against acute and chronic
flogistic conditions, presumably through the limitation of leukocyte migration to the inflamed
site. This enrolment may be triggered directly by an inflammatory agent, as in zymosan-
induced peritonitis, or secondary to immune adaptive cell activation, as in the case of TNBS-
and DSS-induced colitis, and seems to be controlled by CCR6 antagonists primarily thanks to
the contribution of Treg cells. Future investigations will provide new clues to better elucidate

the pharmacological mechanism of actions of MR120 and of its derivative MR452.
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