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SUMMARY

Despite multiple sclerosis was described by Dr. Jean-Martin Charcot in the 19t
century, it is currently a challenging neurological disorder. The etiology of this
pathology is not fully understood but the degeneration that occurs in myelin sheaths
and neurons in individual suffering from multiple sclerosis is linked to aberrant
presence of immune cells in the lesioned central nervous system. For this reason, in
the present thesis we propose to modulate the inflammatory response to ameliorate
neurological decline and demyelination in experimental autoimmune

encephalomyelitis, a murine model of multiple sclerosis.

The data shown here reveals that the administration of anti-inflammatory
approaches, such as OLT1177 and IL-37, or specialized pro-resolving mediators,
such as Resolvin-D1 or Maresin-1, has therapeutic effects in mice with experimental
autoimmune encephalomyelitis, even if these treatments are initiated at the onset
of the disease. OLT1177, IL-37 and Maresin-1 exerts beneficial effects by reducing
some common aspects of inflammation, such as the production pro-inflammatory
cytokines and the accumulation of immune cells. IL-37 and Maresin-1 also modulate
the inflammatory response in the periphery and alter the polarization of lymphocyte
and macrophage towards a more anti-inflammatory or regulatory phenotype.
Collectively, the results presented here provide novel data that could pave the way

to develop more effective strategies to treat multiple sclerosis.



INTRODUCTION

1. MULTIPLE SCLEROSIS

More than 100 years has passed since Charcot, Carswell, Cruveilhier and others
described the clinical and pathological characteristics of multiple sclerosis (MS).
This disease has originally been defined as a chronic inflammatory disease of the
central nervous system (CNS), leading to focal plaques of primary demyelination
and axonal damage in the white matter of the brain and spinal cord. It manifests
clinically as neurological deficit (Charcot, 1880). 40 years later it was categorized as
an autoimmune disease (Wu and Alvarez, 2011; Baecher-Allan et al, 2018).
However, the aetiology and the pathogenesis of this disease are not yet conclusively
known (Reviewed at Dyment et al., 2004; Trapp and Nave, 2008; Wu and Alvarez,
2011; Tselis, 2012; Didonna and Oksenberg, 2017; Baecher-Allan et al., 2018). This
enigmatic, relapsing and often eventually progressive disorder of the white matter
of the CNS continues to challenge researchers trying to understand the pathogenesis

of the disease and prevent its progression.

MS is a chronic, slowly progressive, inflammatory, demyelinating and degenerative
disease of the CNS characterized by an autoimmune inflammation(Malpass, 2012;
Grigoriadis and van Pesch, 2015; Bjelobaba et al., 2017). The symptoms vary widely,
and affected individuals can experience one or more effects of nervous system
damage This pathology affects about 2.5 million people worldwide, ranking as one
of the most prevalent neurodegenerative diseases (Wekerle, 2008). MS affects
50000 people in Spain, being the second cause of disability in our country after
traumatic lesions (Spanish Society of Neurology 2015). MS typically presents in
adults aged 20-50 years, with a peak of age onset at 30 years old. Women are more
commonly affected with MS than men, with a ratio of 3:1 (female:male) (Reviewed

at Harbo et al,, 2013).



Although the cause of MS is unknown, it is quite clear that complex interactions
between genetic background and environmental factors result in MS presentations.
Thus, a myriad of factors may increase the risk of developing MS: age, sex, family
history, infections, race, climate, some autoimmune diseases or smoking (Correale

etal, 2013; Jorg et al., 2016; Kaminska et al., 2017).

Results from adoptions studies clearly show that adoptive relatives were no more
likely to develop MS than expected from general population (lifetime risk of 0.2%).
Consequently, genetic variants influencing susceptibility from MS have been
explored in studies of siblings or twin concordance. The data from experiments with
siblings of affected individuals (first degree or even dizygotic twins) have shown
that they have a 10- to 20-fold higher risk (2-4%), with monozygotic twins having
an even higher recurrence risk (25%) (Dyment, Ebers and Sadovnick, 2004).

There are about 100 genes or gene loci associated with MS, but the strongest genetic
association resides within the major histocompatibility complex (MHC) in
chromosome 6p21.3. This region contains approximately 160 closely linked genes.
About half of these genes have important roles in the regulation of the immune
system, including the classical human leukocyte antigen (HLA) genes—the class I
genes HLA-A, HLA-B, and HLA-C, and the class Il genes HLA-DPB1, HLA-DQBI,
and HLA-DRB1. Other candidates that link genetics with MS are some
polymorphisms in T-cell receptor beta, CTLA4, ICAM1, SH2D2A, IL-2RA or IL7R,
between others (Genome-wide association studies; GAWSs) (Dyment et al., 2004;

Baranzini and Oksenberg, 2017; Didonna and Oksenberg, 2017).

Nevertheless, the large amount of data on genetic predisposition for autoimmune
diseases can, in most of the cases, only explain a part of the disease risk, supporting
the view that the increasing prevalence of MS is triggered in addition by
environmental factors. For instance, Epstein-Barr virus infection (EBV), smoking,
dietary habits or vitamin D status may all contribute to explain differences in disease
prevalence and incidence of MS (Milo and Kahana, 2010; Correale et al., 2013; Jorg
et al, 2016). Indeed, epidemiological studies have shown a striking trend of MS

toward higher prevalence with increasing latitude and a growing in disease



incidence in developed countries (Figure 1) (Milo and Kahana, 2010; Simpson et al.,

2011).
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Figure 1. Global distribution of MS. There is a greater prevalence in higher latitudes (Extracted from

www.multiplesclerosis.net).

On the one hand, it seems clear that EBV infection plays some role in MS
pathogenesis since the evidence for prior infection in adult-onset MS is essentially
100% and the MS risk is 10 times higher in EBV-positive individuals. Hence, EBV is
the strongest infectious risk factor in MS (Tselis, 2012).

On the other hand, increasing research efforts indicate that nutritional factors have
the capability to potently modulate autoimmune responses and inflammation.
Recent studies present further evidence that the gut microbiome may also play a
role in diseases affecting the CNS, such as MS. The impact of gut microbiota and its
metabolites on the mucosal immune system was shown to modulate extra-intestinal
immune responses by influencing the balance of pro- and anti-inflammatory

immune cell subsets (Jorg et al., 2016; Kirby and Ochoa-Reparaz, 2018).

In addition, there is compelling epidemiological evidence that the risk of developing
MS is increased in association with low levels of sun exposure, possibly because this
is associated with low vitamin D status. Therefore, there is a marked season of birth
effect in MS, consistent with increased risk associated with lower sun
exposure/vitamin D in the late first trimester of pregnancy (Fernandes De Abreu et
al,, 2011). This raises the possibility that early life (in utero) sun exposure can alter
susceptibility to MS development as an adult. The link between vitamin D and MS
risk seems evident since the active form of vitamin D plays an essential role in

lymphocyte activation and proliferation, T-helper cell differentiation, tissue-specific



lymphocyte homing, production of specific antibodies and, ultimately, regulation of

the immune response (Sintzel et al,, 2017).

It is also interesting to explore the role of environment in the unequal gender
distribution of MS. Some studies demonstrated that sex hormones may play an
important role in MS pathogenesis. For instance, experimental data from animal
models and clinical observations in humans are consistent with the hypothesis that
estrogen may influence vitamin D metabolism, and consequently its anti-
inflammatory and neuroprotective functions in the CNS (Correale et al., 2013;

Harbo etal,, 2013).

According to the Overcoming Multiple Sclerosis (OMS) organization, MS is typically
classified in five different types (Figure 2):

- Relapse-Remitting MS (RRMS): is the most common form of MS (65-80%
of people with MS) and typically occurs in young people. In this form of
MS there are unpredictable relapses (exacerbations or attacks) during
which new symptoms appear or existing symptoms become more severe.
Relapses can last for from days to months and after that there is partial or
total recovery. However, relapses become less frequent over the years,
but the recovery is lower after each one. The disease may be inactive for

months or years.

- Secondary progressive MS (SPMS): most patients suffer RRMS before it
progresses to SPMS after some years (about 40% of diagnosed patients
and 80% of people with RRMS). Relapses give way to steady decline in

mobility and progression to disability, usually without discrete relapses.

- Primary progressive MS (PPMS): this form is less frequent than the
previous ones (about 10-15% of diagnosed patients) and it is more
common in middle-aged men. It is characterized by the lack of distinct

attacks, but with slow onset and steadily worsening symptoms. Thus,



there is an accumulation of deficits and disability that may level off at

some point or continue over months and years.

- Progressive-Relapsing MS (PRMS): it is an uncommon form of MS (5%
of diagnosed patients). People experience both progressive neurological

decline and attacks. It is often misdiagnosed as PPMS until relapses start.

- Clinical isolated syndrome (CIS): it is an unusual form of MS (5-20% of
diagnosed people). People suffer one or two attacks with complete
recovery, they do not get worse with time and there is no permanent
disability. If someone with MS has remained mostly functional for 15

years, they are generally considered to have benign MS.
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Figure 2. Types and courses of MS. RRMS is characterized by clearly defined acute attacks with full
recovery. PPMS is characterized by disease showing progression of disability from onset, without
plateaus or remissions or with occasional plateaus and temporary minor improvements. SPMS is the
progression of RRMS in most patients. The disability increases without relapses. PRMS is
characterized by sequelae and residual deficit upon recovery (Lublin and Reingold, 1996).

Since MS is an immune-mediated disease, symptoms are variable and unpredictable.
Symptoms can be different in each type of MS or even vary from person to person.
However, some of them are commonly associated with all types of MS: numbness or
tingling (63.5%) and walking difficulties (50%) are the most common affectations.
People with MS also use to have vision problems (40%), fatigue (40%), weakness
(25%), dizziness (23%), neuropathic pain (20%), muscle spasms (17%), depression

(15%) or cognitive dysfunction (13%). In less proportion, patients could have



bladder (11%) and bowel (6%) dysfunctions (OMS organization) (Ghasemi et al.,
2017).

Pathophysiology

Despite de fact that the aetiology of MS remains elusive, clues to its pathogenesis
have been derived from the basic pathologic characterization of CNS tissues of death
MS patients (Frohman et al., 2006; Bo, 2009). Thus, the MS pathological process
includes breakdown of the blood-brain barrier (BBB), multifocal inflammation,
demyelination, oligodendrocyte loss, reactive gliosis and axonal degeneration

(Trapp and Nave, 2008; Bhise and Dhib-Jalbut, 2016).

a. Central nervous system injuries

MS has been defined as an
inflammatory demyelinating disease,
indicating that the formation of brain
and spinal cord lesions is driven by an
inflammatory process (Pérez-Cerda et
al,, 2016; Bjelobaba et al., 2017). Focal
plaques of primary demyelination,

reflected by complete loss of myelin

(Figure 3), but a partial preservation of Figure 3. Brain undergoing demyelination in a
MS patient. Yellow stars indicate normal-
axons and neurons, are the hallmark of appearing white matter, green dots indicate focal

MS  pathology  (Ludwin, 1978;
Kuhlmann et al., 2002; Bo, 2009).

plaques of demyelination and orange arrows
diffuse changes (Seewan et al. 2009).

Demyelinating plaques are present not only in the white matter, but they are also in
the grey matter, such us the cerebral and cerebellar cortex and the basal ganglia, the
thalamus and the hypothalamus (Bo, 2009). Besides, there are diffuse changes in the
brain (Figure 3), consistent of small perivascular demyelination lesions, axonal
injury and neurodegeneration, microglia activation and astrocytic scar formation in

the entire white and grey matter of the brain and spinal cord. All these events lead



to tissue loss and atrophy in the CNS (David, 2015; Grigoriadis and van Pesch, 2015;
Pérez-Cerda et al,, 2016).

Traditionally, MS plaque classification has been based on temporal progression of
inflammatory destruction of nervous tissue. Thus, acute, chronic active and chronic

silent lesions are thought to occur along a continuous timeline:

The acute MS plaque represents the earliest stage of lesion formation. They are

characterized by robust inflammatory infiltration and demyelination throughout
the lesion. These lesions have diffuse margins of myelin loss, infiltration of immune
cells and parenchymal edema. The degree of oligodendrocyte loss within active
lesions can be variable. Axonal injury can be extensive in acute lesions and glial
reactivity, particularly hypertrophic astrocytes, is noted within the lesions. Dense

glial scarring is not typical of the acute plaque (Genain et al., 1999).

The chronic active lesions are characterized by a region of hypocellularity with loss

of myelin and glial scarring. Lesions borders of chronic plaques are more sharped
that those of acute lesions. Inflammation continues along the outer border, as it
occurs in acute lesions. Thus, borders are populated with activated microglia and
macrophages, vessels demonstrating perivascular cuffing and reactive astrocytes.
Areas of remyelination are often observed on the edge of lesions. Besides, the core
of chronic lesions is typically hypocellular and contains naked damaged axons

(Genain et al.,, 1999).

Finally, chronic silent lesions are characterized by loss of the inflammatory traits.

Remyelination and the presence of oligodendrocyte progenitors are uncommon.
Moreover, there is a complete loss of oligodendrocytes and a variable reduction of

axonal density (Prayson, 2012).

Overall, the gross and histologic features of the MS plaque imply a complex
progression of inflammatory damage culmination in a scarred region of

demyelination (Bo, 2009; Wu and Alvarez, 2011; Pérez-Cerda et al., 2016).

Importantly, histopathological examination of normal apparent white matter
(NAWM) (Figure 3) support the concept that areas outside of plaques also have

pathologic changes: microglial activation, T cells infiltration and perivascular



cuffing. These changes may be also associated with the progression of the disease

(Allen et al., 2001).

Inflammatory CNS injury in MS has been also associated with axonal damage.
Although MS has classically been described as a disease marked by the loss of myelin
in greater proportion to the loss of axons, axonal damage was noted in the earliest
stages of MS lesions (Charcot, 1880). The active areas of MS lesions were found to
contain more transected axons than inactive areas. Moreover, comparisons of
biopsy and autopsy samples from patients with RRMS, SPMS and PPMS suggest that
axonal pathology is greatest within the first year of disease onset. Thus, axonal
damage occurs more likely in areas of active inflammation and early during the
disease (Kuhlmann et al., 2002). Furthermore, patients with higher levels of motor
disability have fewer surviving corticospinal axons travelling through their spinal
cord, demonstrating a direct correlation of axonal damage and disease progression
(Trapp et al., 1998). The mechanisms involved in axonal damage in MS are still

under investigation.

Neuronal loss in MS can be severe and occurs more frequently within the brain.
Neuronal loss in the range of 18-35% has been reported in the cortex, hippocampus,
thalamus and spinal cord (Bo, 2009) caused by the direct immune injury to the grey

matter.

Further, axonal and neuronal survival is directly linked to the trophic support
provided by myelin, which may be particularly relevant during a high metabolic
demand state of neurons exposed to inflammatory stressors (Trapp and Nave,

2008).



2. THE INFLAMMATORY RESPONSE IN MULTIPLE
SCLEROSIS

Since inflammation is the driving force of tissue injury in MS, understanding its
immunological mechanisms is essential for the development of effective therapeutic
strategies. Despite there is an ongoing debate that lingers over the autoimmunity
nature of MS, it is well stablished that the immune system directly participates in
the destruction of myelin and nervous cells (Wu and Alvarez, 2011; Dendrou et al.,

2015; Pérez-Cerda et al., 2016).

MS is believed to be caused by the activation of peripheral autoreactive CD4 T cells
that migrate into the CNS and initiate the disease process. Once in the CNS,
autoreactive effector CD4 T cells are locally reactivated by APCs and recruit
additional T cells and macrophages to establish the inflammatory lesion (Malpass,

2012).

MS lesions also contain CD8 T cells, which are mostly found at the edges of lesions,
and CD4 T cells, which are deeper in the lesions, and, they are also present in the
CSF of patients with MS (Traugott et al., 1983). These cells cause the hallmarks of
MS: myelin loss, oligodendrocyte destruction and axonal damage, leading to
neurologic dysfunction. In parallel, immune-modulatory networks are triggered to
limit inflammation and to initiate repair, which results in, at least, partial

remyelination, associated with clinical remission (Baecher-Allan et al., 2018).

IFNy, produced by Th1 cells, and IL-17, secreted by Th17 cells, are believed to be
pathogenic initiators of MS (Kallaur et al., 2013; David, 2015). In addition, Th17 cells
express IL-21, IL-22 and TNF-a, which regulate B cell activation and plasma cells
generation, augment inflammation via Signal transducer and activator of
transcription 3 (STAT3) activation. Importantly, IL-17-producing T cells are also
believed to co-produce IFNy and IL-17, which may function in disease to activate
resident microglia (Murphy et al., 2010). On the other hand, IL-17 can also be

secreted by non-T cells, such NK cells and astrocytes. Besides, it is believed that IL-



17 plays a crucial role in the breakdown of the BBB by inducing ROS within
endothelial cells (Huppert et al., 2010).

Although much research has focused on CD4 T cells in MS, it appears that CD8 T cells
also play a significant role in human MS (Traugott et al.,, 1983). CD8 T cells isolated
from the CNS, CSF and blood of patients exhibit evidence of oligoclonal expansion,
indicating that these oligoclonal cells have been amplified via antigen-specific
responses (Zang et al.,, 2004). The cytotoxic function of effector CD8 T cells might
play a central role in axonal damage, oligodendrocyte death and neuronal damage.
Pathogenic CD8 T cells might also contribute to pathology by secreting IFNy, [L-17

and granzymes (reviewed at Baecher-Allan et al.,, 2018).

On the other hand, subsets of T cells that modulate immune activation and control
the development of autoimmunity have been identified. At least, two subsets of
CD4+ regulatory cells (Tregs) have been identified and studied in the context of MS:
T regs that express FoxP3 (classic Tregs) and surface molecules that contribute to
their capacity to supress other immune cells proliferation and activation (Lu and
Rudensky, 2009) and Tr1 regulatory cells, that express CD49b+ (non-classic Tregs)
and inhibit cell proliferation primarily via the secretion of IL-10 (Gagliani et al.,

2013; Fan et al., 2018).

Clonally expanded B cells are found in the brain parenchyma, meninges and CSF of
MS patients. These cells are present in the CNS at greater frequency earlier in the
disease. Increased B cell numbers in the CSF correlates with a faster disease
progression. Beyond their potential ability to produce autoantibodies, B cells in the
CNS could act in MS by secreting chemokines/cytokines and by presenting antigens
to T cells. Importantly, B cells can cross the BBB and become long-term CNS
residents in lymph-node-like follicles found in the meninges, which are often
adjacent to cortical lesions. On the other hand, in MS memory cells exhibit enhanced
pro-inflammatory properties and have capacity to drive T cells activation (Reviewed

at Grigoriadis and van Pesch, 2015; Baecher-Allan et al,, 2018).



Reactive macrophages/microglia can mediate cell damage or neuroprotective
effects in MS. This characteristic may contribute to the relapsing-remitting feature
of MS. During the acute phase, microglia and macrophages become classically
activated M1 after activation and they potentially release a large amount of protein
inflammatory cytokines that induce the damage in the CNS. During the second
phase, after the peak, M2 cells are predominant in the CNS, where the release anti-
inflammatory cytokines, implicated in resolving inflammation and tissue repair. In
addition, M2 macrophages can promote the differentiation of Th2 cells and Treg
cells as well as damper Th1 cell activity and pro-inflammatory cytokine release

(Reviewed at Chu et al.,, 2018).

Astrocytes play an instrumental role in the formation of MS lesions through a
multitude of functional changes associated with their activation. Astrocytes are
early responders in nascent white matter lesions, are the main recruiters of
lymphocytes and act themselves as immunocompetent cells that contribute to
innate immunity (Reviewed at Nair et al., 2008; Correale and Farez, 2015).
Moreover, astrocytes not only can adopt a neurotoxic phenotype (A1), but also
confine inflammation through scar formation and can promote neuroprotection and
tissue repair. Astrocytic dysfunction associated with a genetic MS risk variant
further suggests that astrocyte-mediated processes are causative in lesion
pathology. Thus, while MS is driven by dysfunction of the peripheral immune
system, CNS cells such as astrocytes may contribute to MS pathology by targeting
dysregulated immune responses to the CNS (Reviewed at Ponath et al.,, 2018).

Of note, whereas peripheral adaptive immune system (T cells) drives RRMS, the
innate immune system (microglia and astrocytes) with B cells is the primary driver

of progressive forms of MS (Reviewed at Baecher-Allan et al.,, 2018).



3. ANIMAL MODELS OF MULTIPLE SLCEROSIS

Since MS is a complex disease, there is no a single animal model that can capture the
entire spectrum of heterogeneity of human MS. However, the main positive aspect
is that they can surely serve as a testing tool to study disease development and for
novel therapeutic approaches. Thus, there are several established experimental
demyelination models that reflect the heterogeneity of MS and are therefore seen as
suitable to study MS pathogenesis. These models include toxin-induced models,

virus-induced and immune-mediated (Reviewed at Bjelobaba et al., 2018).

There are several agents known to generate demyelination using stereotactic
injections of gliotoxins in the white matter, such as ethidium bromide and

lysolecithin, or systematically administered toxins, such as cuprizone.

Ethidium bromide is an intercalating agent that is toxic for all cells with nuclei and
can be used to create a focal demyelination lesion. Ethidium bromide injection
preferentially compromises mitochondrial DNA in glial cells rather than neurons
and endothelial cells. Ethidium bromide induce apoptosis within the first week after
injection and remyelination starts after six weeks after injection. In this model there
is also an inflammatory response, probably because astrocyte death compromises
the BBB, leading to the infiltration of peripheral inflammatory cells. This model has
been carried out extensively in rats as a demyelinating model (Blakemore, 2005;

Merrill, 2009).

Lysolecithin has detergent-like agent activity, so it can solubilize membranes.
Interestingly, this compound is selective for myelin-producing cells (Hall, 1972). In
this model remyelination is faster, starting 3 weeks after injection. Lysolecithin is
considered a useful model to study demyelination and remyelination in the CNS

(Jeffery and Blakemore, 1995; Bieber et al., 2003).

Cuprizone (oxalic acid) is a well-known copper-chelating agent that is known to be
toxic to myelin sheet. Cuprizone-induced demyelination is a straight forward model

used to investigate brain-intrinsic inflammatory responses, together with



demyelination/remyelination processes (Carlton, 1967; Ludwin, 1978). The
hallmark of the lesions that cuprizone elicits is oligodendrocyte dysfunction and
apoptosis. Activation of microglia starts 2 weeks after treatment and gradually
decreases with the remyelination process. Astrocyte activation persist throughout
the disease. Interestingly, spontaneous remyelination occurs after cessation of

intoxication (Blakemore, 1972).

Considering the relevance of infectious factors contributing to MS, suitable animal
models that involve virus-induced demyelination were developed. The best
characterized virus-induced demyelination model is Theiler's murine
encephalomyelitis (TMEV). TMEV infection induces axonal damage that precede
demyelination. Then, axonal damage aggravates immune cells to recruit pro-
inflammatory mediators to generate demyelination. The pitfall of this model is that
experiments are time-consuming and demyelination and remyelination occur

simultaneously (Tsunoda et al., 2016).

The most studied animal model of MS is the experimental autoimmune
encephalomyelitis (EAE), in which autoimmunity to CNS components is induced in
susceptible mice through immunization with self-antigens derived from myelin

proteins.

The model was firstly described in monkeys (Rivers et al., 1933). They were
immunized with rabbit brain extracts and developed paralysis associated to
perivascular infiltrates and demyelination in the brain and spinal cord. Experiments
were also performed in other animal species, but mice resulted the best model to
evaluate monophasic, RRMS and progressive forms of MS. Moreover, depending on
mice strain, age and gender the development of the disease is different (Reviewed

at Procaccini et al,, 2015).



EAE can be induced through two different approaches: active immunization with

myelin peptides or passively transferred encephalitogenic T cells.

In actively induced EAE, susceptible strains of mice (SJL/]J, C57Bl/o or NOD) are
subcutaneously immunized with a myelin-related antigen or peptide emulsified in
complete Freund’s adjuvant (CFA), a mineral oil-based adjuvant supplemented with
heat-inactivated mycobacteria, or incomplete Freund’s adjuvant (IFA), without
mycobacteria supplementation. The ratio antigen/adjuvant is of crucial importance
for the EAE development. CFA promotes Th1l immune response while IFA induces
Th2-dominated response. CFA also increases BBB permeability (Reviewed at

Constantinescu et al., 2011; Procaccini et al., 2015; Bjelobaba et al., 2018).

To generate disease, mice require additional injections of pertussis toxin, a virulence
factor of Bordetella pertussis. This toxin is thought to facilitate immune cell entry to
the CNS, as well as to promote proliferation and cytokine production by T cells and
break T cell tolerance, but the mechanisms are unknown (Bittner et al., 2014).
Immunization leads to the priming of myelin-specific T cells in the secondary
lymphoid organs. Activated T cells undergo maturation and clonal expansion, thus
forming a large pool of myelin-specific CD4+ T cells in the periphery. Later, they
differentiate into effector cells and leave the lymphoid organs to pass into the blood
circulation. The entry of those cells to the CNS is accompanied by adhesion
molecules, cytokines and chemokines, together with their receptors. All this leads to
disintegration of BBB. Within the CNS, effector cells become reactivated after they
recognize antigens or APCs (microglia/macrophages, astrocytes). These events are
followed by secretion of pro-inflammatory mediators attracting huge numbers of
effectors T cells and mononuclear cells in the CNS, resulting in gliosis, demyelination
and axonal loss, mainly seen at the peak of the disease. The most pronounced
changes are observed in the spinal cord, while only sparse inflammation is seen in
the brain. Functional deficits, such as tail and hind limb paralysis, occurs (Reviewed

at Constantinescu et al., 2011; Procaccini et al., 2015; Bjelobaba et al., 2018).



Another way to induce EAE is accomplished with the adoptive transfer by
inoculating naive mice with activated myelin antigen-specific T cells harvested from
the periphery (lymph nodes and/or spleen) of active EAE-immunized mice. Passive
EAE proves to be valuable in evaluating the central role of CD4+ T cells during
disease. This model is also useful for studying the effector phase of the disease in the
absence of adjuvant. EAE develops faster and more homogeneously, which has
questionable relevance to MS. Moreover, it is possible to manipulate the T cells in
vitro with a variety of inflammatory molecules prior to transfer, which allows
studying the influence of different subtypes of T cells involved in the disease
(Reviewed at Constantinescu et al., 2011; Procaccini et al., 2015; Bjelobaba et al,,

2018).



4. CURRENT THERAPIES FOR MULTIPLE SCLEROSIS

The current US Food and Drug administration (FDA) and European Medicines
Agency (EMA) approved some treatments for MS. The main goal of MS therapy is the
reduction of clinical relapses and the decreased accumulation of CNS lesions, as well
as to delay the evolution from RRMS to PPMS. To fulfil this aim, a two-fold strategy
has been widely adopted: (i) a short-term treatment with glucocorticoids to reduce
the accumulation of disease burden after a relapse, and (ii) a long-term treatment
with disease-modifying drugs (DMDs), which prevent relapses slowing MS
progression. However, due to the heterogenous patterns of MS, most of these
treatments result ineffective in an elevated number of RRMS patients and all them
have powerful side-effects (Maker-Clark and Patel, 2013; Wagner and Goverman,
2015). Indeed, there is basically any treatment for the progressive phenotypes of MS
(Reviewed at Thompson, 2017; Tur and Montalban, 2017).

Glucocorticoids have short-term effects on the speed of functional recovery in
patients with acute attacks of MS. Thus, these molecules are used in the treatment

of acute exacerbations in RRMS (Sloka and Stefanelli, 2005; Lattanzi et al., 2017).

Glucocorticoids have a wide variety of immune modulatory mechanisms of action:
inhibition of antigen presentation, anti-inflammatory effects (reduction of edema
and arachidonic acid metabolites), a decrease in the pro-inflammatory cytokine
expression and the inhibition of lymphocyte proliferation. Indeed, the high doses
needed, and the prolonged use of glucocorticoids carry side effects that include
osteoporosis, metabolic syndrome, stomach ulcers, cataracts and muscle weakness

(Sloka and Stefanelli, 2005; Lattanzi et al., 2017).

In a simplified scenario, approved long-term MS therapies can be grouped in four

main categories: immunomodulators (IFN-f, Glatimer acetate, Dimethyl fumarate



and Daclizumab), inhibitors of immune cell trafficking (Natalizumab and
Fingolimod), inhibitors of cell replication (Teriflunomide, Mitoxantrone) and
promotors of immune cell depletion (Alemtuzumab, Ocrelizumab and Cladribine)

(Reviewed at Baecher-Allan et al., 2018).

All these drugs have demonstrated the reduction in annualized relapse rate in RRMS
(Tramacere et al., 2015; Filippini, 2017; Hauser et al., 2017). Unfortunately, such
meaningful advances are still lacking for those suffering from progressive forms of
MS. Just the Ocrelizumab may cause a reduced disease progression in PPMS

(Montalban et al.,, 2017; Thompson, 2017; Tur and Montalban, 2017).

Table 2. Disease-modifying drugs for MS. All these drugs have been approved by the FDA and EMA

(modified from Baecher-Allan et al. 2018).

DRUG TARGET MECHANISM OF ACTION SIDE EFFECTS
(Approval)
Binds to type I IFN Inhibits T cz.ell division, H.latrl).( Flu-hke.
IFN-B metallo-proteinase, BBB migration symptoms, liver
receptor on human . . .
(1993) cells and pro-inflammatory cytokines. toxicity and
Induces T and B regulatory cells depression
Random polymers Competes with peptide binding to
Glatimer of glutamic acid, pet bep & Idiosyncratic
acetate lysine, alanine and MHC, increases IL-10, IL-4 and reactions
. . TGFp. Induces CD8 and T regs and ’
(1997) tyrosine bind to causes Thi to Th? shift lymphadenopathy
MHC
Causes nucleotide crosslinking and B
. . DNA strand breaks. Inhibits one marrow
Mitoxantrone Interferes with ! suppression,
) ymphocyte and monocyte i
(2000) DNA repair ; . . cardiomyopathy
migration, B cell function and and leukaemia
secretion of TNFaq, IL-2 and IFNy
Natalizumab CD49d, the a4 Blocks B and T cell migration into tff{ee]a(fs;;i:(;?l (t)ffe
(2004) subunit of VLA4 the CNS. Blocks VLA4 binding to CNS. infusion
integrin VCAM-1 and fibronectin -
reactions
Sequesters lymphocytes in lymph
Fingolimod Sphinosine-1- nodes by 1r.1h.1b1t1ng ly.mph.ocyte . Bra-dycardla,
phosphate egress. Inhibits the migration of infection, macular
(2010) o
receptor dendritic cells to secondary edema
lymphoid organs
Teriflunomide . Inhibits InhlblFS pyrlmldl.ne synthesis, Halr thln.nl.ng,
(2012) dihydroorotate secretion of pro-inflammatory liver toxicity,
dehydrogenase cytokines and T cell activation teratogenesis




(Continues Table 2)

Dimethyl Activates the Nrf2 transcriptional Flushing,
fumarate Nrf2 pathway athwa lvmphopenia
(2013) p y ymphop
Alemtuzumab CD52 on T an'd B Autoimmune
cells (humanized Depletes B and T cells .
(2014) diseases
mADb)
Daclizumab CD25, anti-IL-2R iriezear;;fnlilt'_ztslﬁi;lfl{l nfuth;loei%}sl lt\Ihlg Liver toxicity,
(2016) (humanized mAb) & Y S AUg skin reactions
cell activity
Ocrelizamab CD20+ B cells Depletes CD2.0+ B cells. Reduces Ipfuswp
. pathogenic B cell antigen reactions, risk of
(2017) (humanized mAb) .
presentation breast cancer
Depletes immune cells by inducing
Cladribine Adenosine lymphocyte apoptosis. Sustained Infection,
(2017) deaminase reduction in CD4 and CD8 T cells lymphopenia
and transient reduction of B cells
Sphingosin-1- Prevents leukocyte infiltration in Headache, slow
Siponimod phung the CNS. Binds to oligodendrocytes heart rate,
phospahte . o
(2019) receptor and astrocytes modulating dizziness, nose or
p damaging cell activity throat infections

Thus, enormous progress has been made in the understanding of MS and it has

allowed to uncover treatments for MS, especially in the relapsing and inflammatory

stages. However, there are two current keys unanswered in MS: how to avoid the

side effects of DMDs and how to treat and better understand the progressive form

of the disease. For that reason, further investigation is needed in this field.



5. INTERLEUKIN-1 FAMILY

There are 11 members of the IL-1 family (IL-1F) and 10 members of receptors.
Among the 11 members, 7 members have pro-inflammatory actions (IL-1a, IL-1f,
IL-18, IL-33, IL-360, IL-36f3 and IL-36Y); three cytokines act as a receptor antagonist
(IL-1Ra, IL-36Ra and IL-38) to block the pro-inflammatory signalling of IL-1c, IL-13
and IL-36; and finally, only one IL-1F family cytokine, IL-37, is known to act as an
anti-inflammatory agonist with critical functions to contain inflammation (Garlanda

etal, 2013).

In this thesis, we focused our attention in IL-1f3, IL-18 and IL-37.

IL-1 was the first interleukin to be identified. It was purified in 1977 by Charles
Dinarello, but it was not until 1984 when was discovered that IL-1 consists in two

different proteins: IL-1a and IL-1p.

IL-1 is the most important mediator in the inflammatory response due to its potent
pro-inflammatory activity. It is also known to be involved in a variety of cellular
activities, such as cell proliferation, differentiation and apoptosis (Dinarello, 1997).
Subsequent studies have allowed to demonstrate the contribution of IL-1 to the

course of many diseases, such as MS (Reviewed at Gabay et al., 2010).

Human IL-1p, as other eight in IL-1F, is located on chromosome 2 at the band of q13
(Lafage et al., 1989). IL-1B is not constitutively expressed but its expression is
induced upon stimulation by inflammatory signals. IL-1B is expressed in the
cytoplasm as 31 kDa pro-form and is then processed and released from cells by a
mechanism involving caspase-1 (see below “NLRP3 inflammasome-dependent
secretion of IL-1B and IL-18"). Thus, IL-1pB is biologically inactive and must be
converted to the mature 17 kDa IL-1f to acquire the ability to bind its receptors
(Reviewed at Krumm, Xiang and Deng, 2014).

Despite IL-1a and IL-1B are encoded by different genes, they bind to the same
receptor, which is IL-1 receptor type 1 (IL-1R1). After binding to IL-1p3, the receptor



associates with the co-receptor IL-1RAP forming a high affinity complex that
mediates the innate immunity reactions (Arend et al., 1998). In response to this
binding, a complex sequence of combinatorial phosphorylation and ubiquitination
events results in activation of NF-kf3 signalling and the JNK and p38 mitogen-
activated protein kinase pathways, which, cooperatively, induce the expression of
canonical IL-1 target genes (such as IL-6, IL-8, MCP-1, COX-2, MAPK) by

transcriptional and post-transcriptional mechanisms (Weber et al., 2010).

IL-18 was firstly described in 1989 as “INFy-inducing factor” (Nakamura et al,,
1989). IL-18 also plays an important role in host innate and acquired immune
defense, with its activity being modulated in vivo by its naturally occurring

antagonist IL-18 binding protein (IL-18BP) (Dinarello, 1999).

The gene of IL-18 is located on chromosome 11, unlike IL-1p. However, IL-18 is
closely related to IL-1f in that both are first synthetized as inactive precursors and
IL-18 also required caspase-1 to be processed as a 18kDa mature protein and bind
to its receptors (see below “NLRP3 inflammasome-dependent secretion of IL-13 and
IL-18"). However, unlike IL-1f, IL-18 precursor is constitutively expressed in nearly
all cells in healthy humans and animals (Lee et al., 2004 ). Thus, the activity of [L-18
is balanced by the presence of the high affinity protein IL-18BP (reviwed at
Dinarello, 2007). The imbalance between IL-18 and IL-18BP has been related to
many diseases. Besides, the biology of IL-18 is greatly similar to IL-1 (Dinarello,
1999).

IL-18 forms a signalling complex by binding to IL-18Ra chain, which is the ligand
binding chain for mature IL-18. Then, this association recruits the coreceptor IL-
18R, triggering the signalling pathway that includes the degradation of [xB and the
release of NFkB (Born et al., 1998; Dinarello, 1999; Wu et al., 2003).



The NLRP3 inflammasome-dependent secretion of IL-1 and IL-18

Inflammasomes are a group of cytosolic protein complex that are formed to mediate
host immune response to microbial infection a cellular damage. Assembly of an
inflammasome triggers proteolytic cleavage of procaspase-1 into active caspase-1,
that converts the precursors of IL-1p and IL-18 into mature biologically active

proteins (Reviewed at Shao et al., 2015; He et al., 2016).
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protein apoptosis-associated speck-like protein (ASC) and pro-caspase 1 (Figure 4).
The NLRP3 inflammasome is activated by a wide variety of particles, crystals,
bacterial toxins, ATP, mitochondrial damage, ROS, as well as virus, bacteria, and

fungi (Reviewed at Shao et al,, 2015).

INTERLEUKIN-37

IL-37 was first discovered and identified through computational sequence analysis
(Kumar et al., 2000). Then, IL-37 was classified as the 7th cytokine of IL-1 family (IL-
1F) (Dunn et al.,, 2001). More recently, other studies led by professor Charles A.
Dinarello found that IL-37 can suppress both innate (Nold et al., 2010a) and

adaptive immunity (Luo et al., 2014). Thus, in the recent years IL-37 has been found



to play an important regulatory role in the development of a variety of inflammatory

diseases and tumours (Reviewed at Cavalli and Dinarello, 2018).

Human IL-37 gene is located on chromosome 2 with a length of 3.617 kb and it is a
part of the large IL-1 gene cluster, in remarkably proximity to the regulatory regions
for IL-1o and IL-1f genes (Busfield et al., 2000; Kumar et al., 2000; Pan et al., 2001).
This specific location is likely critical to the role of IL-37 as a master regulator of
inflammatory responses: IL-37 could be simultaneously transcribed that IL-1a and
IL-1B genes limiting the detrimental consequences of inflammation (Sharaf et al,,

2014).
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Figure 5. Human IL-37 transcripts and IL-37 isoforms
abundance of each one remain (Cavalli & Dinarello 2018)

(Figure 5), but the differences in

the activity and  relative

poorly understood. IL-37 is an immature precursor peptide and each isoform is
converted from an inactive precursor state to an active state by the cleavage of
caspase-1 during expression. All subtypes regulate each other to form relatively
stable state. IL-37b is the most complete of these isoforms (exons 1, 2, 4, 5 and 6)
and it is also the most abundant and studied. IL-37b has an intact exon end with the
largest molecular weight and the most complex biological functions (Busfield et al,,

2000; Kumar et al.,, 2000; Pan et al., 2001).

It is important to highlight that no mouse gene homologue to human /L-37 has been
identified. However, the first exon of IL-37 is present in mouse, but there is no open
reading frame. Divergent evolutionary pathways due to selective pressure from
divergent pathogens may account for the absence of this gene. Therefore, it was
necessary to generate a transgenic mouse expressing the human IL-37 (hIL-37tg) to

facilitate the studies in pathological murine models (Nold et al., 2010a).



IL-37 expression has been described across several human tissues and cell lines.
Among immune cells, [L-37 is expressed mainly in monocytes and macrophages
(81%-91% of IL-37+ PBMCs) but also in T cells, B cells, plasma cells (6%-8%) and
DCs (1%-2%). IL-37 was also detected in human tissues such as liver, lung, thymus,
bone marrow, lymph nodes, placenta, testis, uterus and tumour tissue (reviewed at
Jia, Liu and Han, 2018). However, the detection of IL-37 at protein levels is almost

impossible so far in hIL-37tg mice due to the high homology with others in IL-1F.

However, IL-37 expression is very low in healthy human tissues because its mRNA
is quite unstable under normal conditions and can be easily degraded. Interestingly,
stability of IL-37 mRNA is significantly enhanced under severe inflammatory

conditions (Bufler et al., 2004).

The studies of Bulau et al.,, 2014 and Nold-Petry et al.,, 2015 have uncovered that IL-
37 can exert its anti-inflammatory activity via two different mechanisms:

extracellular (receptor-mediated) and intracellular (nuclear function) pathways.

Although it is assumed that IL-37 acts primarily as a secreted mediator by binding
to extracellular receptors, as occurs with the members of IL-1 family including IL-

1a, IL-1B IL-33 or IL-36, IL-37 can be also translocated to the nucleus.

IL-37b has one cleavage site located in the exon 1, between amino acids D20
(aspartic acid) and E21 (glutamic acid), which is recognized by caspase-1. Upon
caspase-1 cleavage, IL-37 translocates to the nucleus. Indeed, around 20% of the
total IL-37 protein translocates to the nucleus where interacts with phospo-SMAD3
and suppresses the transcription of pro-inflammatory cytokines without altering
the expression of those that exert anti-inflammatory effects (Figure 6)(Bulau et al.,

2014; Lietal,, 2019).



In addition, the precursor of IL-37 can be externalized. IL-37 has a second cleavage
site located in the exon 2 between amino acids F45 (phenylalanine) and V46
(valine). The presence of this second cleavage site suggests that other proteases may
process IL-37. This hypothesis is supported by the fact that the cell lines
overexpressing the complete form of IL-37b yield a soluble cytokine starting at V46.
In contrast with the first cleavage site, caspase-1 inhibitors do not prevent the
generation of this second processed IL-37 form. Indeed, IL-37 can be externalized in
both forms, pro- (full length) or mature (cleaved at V46), and both forms binds to

extracellular receptors (Nold-Petry et al., 2015b).

In general, cytokine receptors have at least two receptor chains that oligomerize
during ligand-induced signalling. Although initial experiments suggested that IL-37
may act as an antagonist of IL-18Ra, this was then discarded due to low binding
affinity of this cytokine with IL-18Ra. Now it is known that mature IL-37 binds to
the IL-18Ra and this complex recruits the co-receptor single immunoglobulin IL-1
receptor related protein (SIGIRR; also known as IL-1R8) which was previously
considered an orphan receptor (Figure 6) (Nold-Petry et al., 2015a). Unlike other IL-
1 receptor family members, SIGIRR has a non-canonical function: it inhibits innate
immunity by reducing IL-1 and toll like receptor-dependent inflammation trough
different mechanisms (Reviewed at Cavalli and Dinarello, 2018). The interaction of
IL-37 with IL-18Ra-SIGIRR complex dampens intracellular pro-inflammatory
pathways, such as inhibition of kinases such as the MAPK (MAPK), JNKs and NF-
k3 pathway, and stimulates activation of the anti-inflammatory STAT3, Mer and

PTEN and starvational effects on the mTOR pathway (Nold-Petry et al., 2015a).
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Figure 6. Mechanism of action of IL-37 (Cavalli and Dinarello 2018).

Effects of IL-37

Several studies have uncovered that the expression of IL-37 modulates the
activation of many signalling phosphokinases and triggers the balance towards anti-

inflammatory pathways (Reviewed at Cavalli and Dinarello, 2018).

On the one hand, there are many mediators that transduce pro-inflammatory signals
whose activation is remarkably reduced by IL-37 (up to 80%): FAK, STAT3, mTOR,
p53, STAT1, p38, paxillin, Syk, SHP-2 and PKB. On the other hand, experiments in
hIL-37tg mice have revealed the induction of anti-inflammatory mediators such as
the phosphatase PTEN, which inhibits the PK3 kinase, mTOR, MAPK, and FADK
pathways. Those findings showed that [L-37 can supress innate immunity by
reducing the production of pro-inflammatory cytokines such as IL-1q, IL-1p, IL-8,
IL-17, IL-23, TNFa or IFNy and chemokines such as MIP-2/CXCL2, CCL12/MCP-5
and BCA-1/CXCL13. IL-37 also inhibits the expression of M-GSF and GM-CSF but

increase the production of TGFB1, which is an immunosuppressive factor. IL-37 can



also supress the innate immunity by inhibiting the activation of NLRP3 (Reviewed

at Cavalli and Dinarello, 2018).

Regarding to the adaptive immunity, IL-37 can reduce the expression of MHC-II and
costimulatory molecules such as CD40 on the surface of DCs, decreasing their ability
to activate CD4+ and CD8+ T cells, but enhancing the differentiation of Treg cells
(Luo etal,, 2014).

Researchers have described several human pathological conditions in which the
levels of IL-37 were increased in an attempt to suppress the inflammatory response,
such as rheumatoid arthritis (serum), chronic obstructive pulmonary disease,
systemic lupus erythematosus or hepatitis B or C infection, between others.
However, the levels of IL-37 in these pathologies are probably insufficient to greatly
improve the symptoms. In contrast, lower levels of IL-37 compare to healthy
subjects characterize patients with a wide range of inflammatory conditions such as
psoriasis, asthma, rheumatoid arthritis (synovia) or periodontal disease, reflecting
again a failure to induce sufficient levels to mitigate disease severity (Reviewed at

Jiaetal, 2018).

Nonetheless, it has been widely reported that IL-37 has a protective role in several
experimental conditions such as colitis (McNamee et al.,, 2011a), diabetes type 2
(Cavalli et al, 2017), invasive pulmonary aspergillosis (Moretti et al., 2014),
oncogenesis (Henry etal., 2015), arthritis (Ye etal.,, 2015; Cavalli et al., 2016), calcific

aortic valve disease (Zeng et al., 2017) and spinal cord injury (Coll-Mir¢ et al., 2016).



6. RESOLVING THE INFLAMMATION

In response to injury or infection, specialized leukocytes migrate to
infected/damaged sites to neutralize and eliminate the injury stimuli. This
requirement is perhaps the most obvious but undeniably critical one for acute
inflammation to resolve. For many years, resolution of inflammation was considered
a passive phenomenon, purely associated with the removal of inflammatory stimuli,
end of chemoattractant production and dilution of chemokine gradients over time,
leading to the egress of white blood cells and re-establishment of tissue function
(Robbins and Cotran, 1979). However, several studies from Serhan’s lab at Harvard
University showed that the resolution of inflammation is an active process encoded
at the onset of inflammation and brought about by the biosynthesis of active
mediators, which act on key events of inflammation to promote the return to
homeostasis. Hence, resolution of inflammation involves a program of unique

pathways, mediators and cell subtypes (Serhan et al., 2010).

Therefore, resolution is defined as the interval from maximum leukocyte infiltration

to the point when they are cleared from the tissue (Serhan et al., 2007) (Figure 7).
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Figure 7. Function of SPMs in acute inflammation resolution. The interval from maximum leukocyte
infiltration to the point when they are cleared from the tissue is known as “resolution of inflammation”.
The lipid mediator switch is necessary to go over acute inflammation to resolution phase (Serhan et al.,
2007).

Evidence that the resolution of inflammation is, in fact, an active process came from
studying acute self-limiting responses. In resolving inflammatory exudates (e.g.

pus), cell-cell interaction lead to the generation of active signals that limit neutrophil



recruitment to the tissue and enhance the engulfment of neutrophils by

macrophages, promoting the return to tissue homeostasis (Serhan et al., 2007).

The most important point in this active resolution process is the lipid-mediator
class-switching in exudates (Figure 7). By this process, prostaglandins (PGs) and
leukotrienes (LTs), that are pro-inflammatory molecules involved in the initiation
phase of inflammation, activate the translation of mRNAs encoding enzymes that are
necessary to produce immunoresolvents during resolution phase. These PGs are
important in upregulating the expression of 15-lipoxygenase type 1 (15-L0OX-1), the
initiating enzyme in the lipid mediator biosynthesis (Figure 6) (Levy et al., 2001).

Active resolution also evokes specialized signalling pathways, including NF-«xf3 and
ATP metabolism. In addition to local processes, systemic mechanisms, for example
the release of anti-inflammatory hormones and the induction of neural mechanisms,
such as the cholinergic anti-inflammatory pathway, have been demonstrated to

have a key role in actively suppressing inflammation (Buckley et al., 2013).
In short, there are some key steps in the resolution of inflammation (Figure 8):

a. Clearance of the inciting stimuli and normalisation of chemokine
gradients.

b. Silencing of intracellular pro-inflammatory signalling pathways (NF-«xf3
or AP-1) and suppressing the expression of pro-inflammatory cytokines
(e.g. IL-1B, iNOS or IL-6).

c. Release of pro-resolving mediators: overexpression of anti-inflammatory
cytokines (IL-4 and IL-10) and a shift in lipid mediator biosynthesis from
pro-inflammatory to specialized pro-resolving lipid mediators (SPMs).

d. Apoptosis of PMNs and their efferocytosis by tissue and monocyte-
derived macrophages.

e. Regulation of edema.

f. Induction of exit phagocytes: incorporation of these myeloid cells into the
local population or their recirculation via lymphatic system or blood.

g. Initiation of healing processes: culmination of resolution is the return to

tissue homeostasis.



Failure of resolution has been defined in terms of insufficiency or inadequacy
leading to chronic inflammation, excess tissue damage and dysregulation of tissue
healing, including fibrosis. Nowadays, excessive inflammation is widely appreciated
as a unifying component in many chronic diseases, such as vascular diseases,
metabolic syndrome, neurological diseases and many others, so it becomes as a
public health concern (Buckley et al, 2013). For that reason, understanding
endogenous control points within the inflammatory resolution may give new views

on disease pathogenesis and treatment approaches.
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Figure 8. Lipid mediators in the acute response and resolution. Lipid mediators play pivotal
roles in the vascular response and leukocyte trafficking, from initiation to resolution. SPM stimulate
cellular events that counter-regulate pro-inflammatory mediators and regulate PMN response,
leading to resolution (Serhan, 2014).

Lipid mediator class switching

In a classical acute inflammatory response, proinflammatory lipid mediators, such
as eicoisanoids (PGs and LTs), are generated during the initial phase of the
inflammatory response through enzymatic modification of arachidonic acid (AA)
(omega-6 fatty acid) by cyclooxygenases 1 or 2 (COX-1, COX-2) and lipoxygenase 5
(5-LOX) (Figure 8). These pro-inflammatory molecules have important roles in
initiating leukocyte trafficking and stimulating blood flow changes as well as

increasing vasopermeability an edema, all these facts leading to neutrophil influx to



the site of inflammation. Indeed, PGs and LTB4 are involved in the initiating steps
that permit leukocytes to leave the vessels and get in to the damaged tissue via

diapedesis (Figure 8).
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Figure 9. Lipid mediator biosynthesis in resolution of acute inflammation. 5-LOX and COX-1/2 convert
AA to PGs or LTs, 12/15-LOX converts EPA and DHA into SPMs. AA can also be converted directly in
an SPM due the synthetase activity of 12/15-LOX (Serhan et al, 2007).

Thereby, the biosynthesis of the resolution-phase mediators in sensu stricto is
initiated during lipid-mediator class switching, in which PGs and LTs switch to
produce SPMs. In this process, the omega-3 fatty acids [ecoisapentaenoic acid (EPA)
and docosahexaenoic acid (DHA)], enriched in marine oils ingested by diet, compete
with AA reducing pro-inflammatory eicosanoids. It means that 12/15-LOX converts
EPA and DHA into SPMs instead of 5-LOX and COX-1/2 converting AA to PGs or LTs
(Figure 8) (Levy etal., 2001). Moreover, AA can also be converted directly in an SPM
due the synthetase activity of 12/15-LOX (Figure 9) (Serhan and Sheppard, 1990).

In the other hand, some SPMs antagonize the signalling of LT by acting as a partial
agonist/antagonist to their receptors (Colas et al., 2016). For that reason, omega-3
fatty acids have long been held to display anti-inflammatory properties (Levy et al.,
2001).

Of note, inhibition of PG biosynthesis is linked to a reduction of SPMs and a delay in
the termination of inflammation in experimental systems (Fukunaga et al., 2005).

Thus, these studies demonstrated that the acute inflammatory response is a



coordinated process with the initiation and termination phases being intricately

linked.

The identification of signals that control the termination of inflammation have
uncovered a genus of mediators that are produced via the conversion of essential
fatty acids (omega-3 and omega-6). Given their potent actions and exclusive
chemical structures these mediators are known as SPMs (Reviewed at Serhan, 2014;

Serhan et al., 2015).

This super family of lipid mediators is composed of four main families: Lipoxins
(LX) (derived from AA: C20:4n6), resolvins (Rv) (derived from docosapentaenoic
acid (DPA): C22:5n3, DHA: C22:6n3 or EPA: C20:5n3), protectins (PD) (derived
from DPA or DHA) and maresins (MaR) (derived from DPA or DHA) (Reviewed at
Serhan, 2014; Serhan et al.,, 2015).

There are some important points to distinguish a pro-resolving mediator from an
anti-inflammatory one (Reviewed at Serhan, 2014; Serhan et al., 2015):

1. Counter-regulates mediators that summon leukocytes to inflamed site.

2. Dampen pain.

3. Stimulate monocyte recruitment.

4. Activate macrophages in a manner that enhance efferocytosis of apoptotic

granulocytes and promote the clearance of tissue debris.

Lipoxins

LXs are a series of trihidroxytetraene-containing bioactive eicosanoids that were
first isolated from human leukocytes in the mid-1980s. Two LXs have been

identified so far: LXA4 and LXB4 (Serhan, 1997).

These lipid mediators are generated through cell-cell interactions by a process

known as transcellular biosynthesis. During the first biosynthetic step of LX



biosynthesis, the enzyme LOX inserts molecular oxygen into AA. This can be
achieved by three different routes, as it is showed in figure 10 (Edenius et al., 1990;
Levy et al., 1993). The first pathway in figure 10 is mediated by the exogenous
administration of aspirin, which irreversible acetylates COX-2. The LXs resulted

after the addition of aspirin are known as aspirin-triggered LXs (ATLs) (Claria and

Serhan, 1995).
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Figure 10. Routes of lipoxins synthesis. In the first pathway, arachidonic acid is converted to ATLs (15-epi-
LXA4 and 15-epi-LBA4 via the action of epithelial or endothelial COX-2 in the presence of aspirin, which is
followed by the action of 5-LO. Moreover, LXA4 and LXB4 are generated from AA in a transcellular manner
involving neutrophils, platelets, and resident tissue cells, such as epithelial cells. AA is transformed by the
sequential action of LOX into LXA 4 or LXB 4 with 15-hydroxyeicosatetraneoic acid (15-HETE) as the
intermediate (Brick et al. 2003).

LXA4 and ATLs elicit their multicellular responses via receptor of LXA4 (ALX), which
was first identified due to the sequence homology with the formyl peptide receptor-
like-1 (FPRL1). The ALX is a specific G-protein couple receptor isolated and cloned
in human, mouse, and rat tissues. This receptor has been recently coined ALX/FPR2
by the international nomenclature committee. The human ALX/FPR2 is highly
expressed in myeloid cells and at a lower manner in lymphocytes, dendritic cell and
resident cells (Reviewed at Bennett and Gilroy, 2016). LXB4 has not been identified

yet.

LXs are anti-inflammatory at nanomolar concentrations, controlling neutrophil,
eosinophil and monocyte entry to sites of inflammation. LXs also stimulate
macrophages to ingest and clear neutrophils, elevate the levels of some anti-

inflammatory cytokines (such as TGF-B1), which downregulates many pro-



inflammatory pathways. LXs counteract the fibrotic response, improving tissue

remodelling (Reviewed at Bennett and Gilroy, 2016).

E-resolvins

E-resolvins is a family of SPMs constituted by three members produced from EPA:
resolvin E1 (RvE1l: 5S,12R,18R-trihydroxy-EPA), resolvin E2 (RvE2: 5S,18R-
dihydroxy-EPA) and resolvin E3 (RvE3: 17R,18R/S-dihydroxy-EPA) (Figure 11)
(Reviewed at Chiang and Serhan, 2017).
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Figure 11. Resolvins E biosynthetic pathway. Biosynthesis of E-series resolvins is initiated with
molecular oxygen insertion at carbon-18 position of EPA, which is converted to bioactive E-series
members resolvin E1, resolvin E2 and resolvin E3 (Chiang and Serhan 2017).

Biosynthesis of E-series resolvins is initiated with molecular oxygen insertion at
carbon-18 position of EPA, resulting first in some intermediates and finally in RvE1,
RvE2 or RvE3, as it is illustrated in figure 11. Animal studies have revealed that
RvE1, RvE2, and RVE3 are synthesized by PMN leukocytes and cause the inhibition
of leukocyte /neutrophil migration associated with a reduction in the release of pro-
inflammatory cytokines and an increase in phagocytic activity of macrophages,

which in turn cause tissue cleaning (Reviewed at Chiang and Serhan, 2017).



It has been shown that the anti-inflammatory effects of RvE1 and RvVE2 could be
attributed to their ability to bind to the GPCR ChemR23, and LTB4 receptor 1, which
is a receptor of the pro-inflammatory LTB4 (Arita et al., 2005; Schwab et al., 2007).

D-resolvins

The biosynthetic conversion of DHA to D-series resolvins (RvD1-RvD6) involves
different lipoxygenation steps. The first step is the conversion of DHA to 1-
hydroperoxydocosahexaenoic acid (17S-H(p)DHA) by 15-LOX. This intermediate
can be converted in several compounds through different pathways (Figure 12)
(Reviewed at Chiang and Serhan, 2017b). Besides, an aspirin-triggered D-series
resolvins were also identified (Reviewed at Chiang and Serhan, 2017b; Dalli and

Serhan, 2018).

RvD1 is the best characterized of this family. It is produced by neutrophils and has
a potent anti-inflammatory and pro-resolutory effect. RvD1 stops neutrophils
infiltration to lesioned site and enhance macrophage efferocytosis in the later stages
of inflammatory response, as well as it has been described that RvD1 is able to
reduce pain. Likewise, RvD2Z is known to modulated leukocyte-endothelium
interactions, to modify cytokine and eicosanoid profiles (reduce IL-17, PGE2 and
LTB4) and also to reduce pain (Reviewed at Ji et al., 2011; Dalli and Serhan, 2018).
However, how each RvD exert its biological actions is still poorly understood, but it
seems that many of them act through G-protein couple receptors (Reviewet at

Recchiuti, 2013).

It is known that the ALX/FPR2 receptor mediates the actions of the RvD1, RvD3 and
their aspirin triggered epimers. This receptor is expressed in leucocytes, microglia,
endothelial cells and epithelial cells. In addition, activation of the orphan receptor
GPR32 (present in PMNs, monocytes and vascular endothelial cells) by RvD1 leads
to regulation of many miRNA involved in the orchestration of acute inflammation
and it also mediates the expression of pro-inflammatory cytokines, such as IL-1f3 or
IL-18. Additionally, this receptor is involved in regulating macrophage phenotype
and function. GPR32 activation also mediates biological actions of RvD3, RvD5 and

their epimers. GPR32 is usually activated by RvD5 in the context of bacterial



infections and it leads to enhanced phagocytosis in human macrophages and
downregulation of several pro-inflammatory genes, including NF-kf3, TGF- and
TNF-o. GPR18 is a receptor for RvD2; its activation leads to an increase in
intracellular cAMP as well as CREB, ERK1/2 and STAT3 phosphorylation (Reviewed
at Krishnamoorthy et al., 2012; Recchiuti, 2013; Dalli and Serhan, 2018).
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Figure 12. Resolvin D series biosynthetic pathway. Resolution metabolome activates 17-
lipoxygenation of DHA; 175-HpDHA is converted to resolving-epoxide intermediates by 5-LOX, that
are transformed to D-series resolvins, which each carry potent actions (Chiang and Serhan 2017).

Protectins

DHA also serves as a precursor for the biosynthesis of PDs enzymatically converted
following the steps showed in figure 13 (Reviewed at Serhan et al., 2006; Chiang and
Serhan, 2017b; Dalli and Serhan, 2018).

One specific DHA-derived lipid mediator, 10,17S-docosatriene, was termed
protectin D1 (PD1). When generated in neural tissue, however, this compound is
called neuroprotection D1 (NPD1) (Bazan, 2006). PDs are distinguished by their
potent bioactivity; PD1 exhibits tissue-specific bioactivity, as in humans is
synthesised by peripheral blood mononuclear cells and Th2 CD4+ T cells, microglial

cells and peripheral blood cells, while in mice it has been isolated from exudates and



brain cells (Hong et al., 2003; and reviewed at Chiang and Serhan, 2017b; Dalli and
Serhan, 2018).

Same than RvDs, PD1 exerts potent immunomodulatory effects that include
inhibiting neutrophil migration and Toll-like receptor mediated activation,
suppression of Th2 inflammatory cytokines and eicosanoids, as well as it blocks T-
cell migration in vivo and promotes T-cell apoptosis and neuroprotection
(Mukherjee et al., 2004; Ariel et al., 2005; and reviewed at Chiang and Serhan,
2017b; Dalli and Serhan, 2018).

Maresins

Maresins (macrophage mediators in resolving inflammation) are derived from DHA.
These SPMs are produced by macrophages and include three different families:
maresin 1 (MaR1), maresin 2 (MaR2) and maresin conjugate in tissue regeneration
(MCTR), depending on the enzymatical pathway (Figure 13) (Serhan et al., 2015b;
Chiang and Serhan, 2017a; Ohuchi et al., 2018).

MaR1 appears in later stages of the inflammatory response and it is released by
resolutory macrophages. MaR1 has potent bioactions limiting PMN infiltration and
enhancing macrophage phagocytosis and efferocytosis (Serhan et al., 2012; Dalli et
al., 2013). It is also known that MaR1 is involved in shorten resolution interval and
supresses oxidative stress (Sun et al, 2017). Similarly to other SPMs, MaR1
counterregulates proinflammatory chemical mediators, controls pain and enhances
tissue regeneration (Reviewed at Serhan et al,, 2006; Chiang and Serhan, 2017b;
Dalli and Serhan, 2018). Besides, the 13S,14S-epoxy-maresin intermediate possess
regulatory functions and stimulates the pro-inflammatory to anti-inflammatory

switch of macrophages and inhibits the production of LTs (Dalli et al., 2013).

MCTRs have recently been uncovered as a new series of bioactive peptide-lipid-
conjugated mediators (Figure 13) that are produced during the later stages of self-
resolving infections. Researchers identified these mediators from human milk,
mouse exudates and human macrophages (Reviewed at Dalli et al., 2016; Chiang and

Serhan, 2017b).
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Figure 13. Protectins and maresins biosynthetic pathway. 17-HpDHA is precursor to 16,17-
epoxide-protectin intermediate that is converted to PD1 and related protectins. The maresins
pathway is initiated by the lipoxygenation of DHA to yield 13S,14S-epoxy-maresin. This intermediate
is then enzymatically hydrolyzed to maresin 1 or via a soluble epoxide hydrolase to maresin 2.
13S,14S-epoxy-maresin is also a substrate for GSTM4 and LTC4S yielding MCTR1, which is then
converted to MCTR2 and to MCTR3 (Chiang and Serhan 2017).

The production of all these SPMs families is regulated in a time, organ and stimulus
dependent manner, and their relative concentration to classic eicosanoids are also
dependent on these factors. For example, in cerebrospinal fluid from patients with
MS, PGEZ and RvD1 are present in similar concentrations (~1pg/mL). In
experimental model of eye infections, LXA4 concentrations were between 2- and 10-
fold higher than those of PGE2. The production of eicosanoids and SPM is also
regulated in a sex-dependent manner: LXA4 concentration in females was elevated
when compared to males during experimental eye infections, whereas RvD and RvE
are elevated during experimental inflammation in humans (Reviewed at Dalli and

Serhan, 2018).

To sum up, in figure 14 there is a summary of SPMs precursors, biological actions

and the targeted cell types.
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Figure 14. SPMs precursors, actions and targeted cell types. The precursors essential polyunsaturated fatty
acids (AA, EPA, DHA) are converted by leukocytes to separate chemically distinct families of mediators that
stimulate active resolution responses of different cell types and tissues (Buckley et al., 2014).

Defective resolution programs and CNS disease

Since it has been identified that the induction of the synthesis of SPMs is crucial for
an efficient resolution of the inflammatory response (Reviewed at Serhan, 2014;
Chiang and Serhan, 2017b; Dalli and Serhan, 2018), previous studies in our
laboratory were focus on the assessment of the SPMs levels after spinal cord injury
(Francos-Quijorna et al,, 2017). In this study has been shown that the CNS milieu is
characterized by a defective and delayed induction of SPMs, involving those derived
from AA, DHA and EPA pathways. This inability to generate a resolution conducive
environment is contrasted by a high expression of PGE2, a hall mark of pro-
inflammatory activity. This data indicates that the lipid mediator class switching
from pro-inflammatory to pro-resolution mediators does not occurs in the injured
spinal cord. Furthermore, they found that MaR1 administration significantly
improved locomotor recovery and mitigated secondary injury progression in a
clinical relevant model of spinal cord injury (Francos-Quijorna et al., 2017). In the

same line, in our laboratory has been demonstrated that amyotrophic lateral



sclerosis patients have increased levels of PGs and LTs and also a defective synthesis

of SPMs in the spinal cord as compared to controls (unpublished data).

Related to MS, there is a study demonstrating that SPMs pathways were regulated
differentially in the cerebrospinal fluid of MS patients, depending on MS severity.
They found that patients with highly active MS had increased 15-HETE and PGE:
levels, which are products of 15-LOX and COX-2. However, LXA4 levels were not

increased in these patients (Priiss et al,, 2013).

Agents that target pro-inflammatory mediators have dominated the pharmacopoeia
for inflammatory diseases for more than 100 years. Their aim is to limit the
recruitment of leukocytes into the damaged tissue. Although many existing anti-
inflammatory therapies are very useful to alleviate inflammation, they evoke some
unwanted effects. For example, they are quiet immunosuppressant and are
associated with increased susceptibility to infections (Reviewed at Vandewalle et
al., 2018). Importantly, although anti-inflammatory drugs are able to minimize the
infiltration of leukocytes, they fail to stimulate their clearance from the tissue. This
is a striking difference with the pro-resolutory therapies, since SPM do not only act
as anti-inflammatory agents, but also, they stimulate the clearance of accumulated
leukocytes from the challenged tissue. Highlight that most of the anti-inflammatory
therapies block, directly or indirectly, the expression or activity of lipoxygenases.
This is critical since these are key enzymes involved in the production of SPMs.
Therefore, although anti-inflammatory agents can dampen the inflammatory
response in the acute phase, they can also hamper the resolution response at later
stages, and thus, further chronifying the immune response (Schwab et al., 2007; and

reviewed at Chiang and Serhan, 2017b; Dalli and Serhan, 2018).



HYPHOTESIS AND OBJECTIVES

In this thesis we hypothesized that the modulation of the inflammatory response
will ameliorate the neurological decline, clinical signs and tissue damage in

experimental autoimmune encephalomyelitis, a murine model of multiple sclerosis.

Therefore, the main goal of the present thesis is to investigate whether
administration of anti-inflammatory molecules or resolution agonists ameliorates
the pathogenesis of experimental autoimmune encephalomyelitis in mice. To
address this general aim, the thesis has been divided in three chapters with the

following specific objectives:

Chapter 1. OLT1177 (Dapansutrile), an NLRP3 inflammasome inhibitor,

ameliorates experimental autoimmune encephalomyelitis.

- To study whether the prophylactic inhibition of NLRP3, with an OLT1177-
enriched diet, prevents functional deficits and demyelination in the spinal
cord of mice with experimental autoimmune encephalomyelitis.

- To assess the effects of prophylactic treatment with an OLT1177-enriched
food on cytokine levels in plasma and spinal cord after in mice suffering from
experimental autoimmune encephalomyelitis.

- To study whether mice fed the prophylactic OLT1177-enriched diet show
reduced immune cell counts in the spinal cord and blood of experimental
autoimmune encephalomyelitis mice.

- To investigate whether therapeutic administration of OLT1177 by oral
gavage exerts ameliorates symptomatology of mice with experimental

autoimmune encephalomyelitis.

Chapter 2. IL-37 exerts therapeutics effects in experimental autoimmune

encephalomyelitis.

- To assess whether IL-37 expression is induced in the central nervous system
of transgenic mice carrying human IL-37b isoform after experimental

autoimmune encephalomyelitis.



To evaluate whether the transgenic expression of human IL-37 decreases
functional deficits and demyelination after experimental autoimmune
encephalomyelitis

To study the effects of transgenic expression of IL-37 on inflammation in mice
with experimental autoimmune encephalomyelitis

To assess whether the components of the IL-37 extracellular receptor IL-
18Ra/SIGIRR are expressed in the mouse spinal cord under physiological
conditions and after induction of experimental autoimmune
encephalomyelitis

To study the importance of the extracellular function of IL-37 to
experimental autoimmune encephalomyelitis.

To investigate whether the extracellular function of IL-37 is induced in MS
individuals.

To address whether exogenous administration of recombinant human IL-37
protein mediates therapeutic effects in experimental autoimmune

encephalomyelitis.

Chapter 3. Administration of Maresin-1 ameliorates the physiopathology of

experimental autoimmune encephalomyelitis.

To analyse whether the enzymes involved in the synthesis of specialized pro-
resolving lipid mediators are induced in multiple sclerosis individuals and
experimental autoimmune encephalomyelitis mice.

To assess whether exogenous administration of specialized pro-resolving
lipid mediators (Maresin-1, Resolvin-D1 or Resolvin-E1) minimizes the
symptomatology of experimental autoimmune encephalomyelitis in mice.
To study the effects of exogenous delivery of MaR1 on inflammation in mice

with experimental autoimmune encephalomyelitis



MATERIALS AND METHODS

All experimental procedures were approved by the Universitat Autonoma de
Barcelona Animal Experimentation Ethical Committee (CEEAH 2878) and followed
the European Communities Council Directive 2010/63/EU, and the methods were

carried out in accordance with the approved guidelines.

Human samples from MS individuals and healthy donors were gently provided by
the tissue bank of the Research Center of the University of Montreal Hospital Center-

Multiple Sclerosis Clinic (Canada).

Brain normal appearance white matter (NAWM) regions and active lesions tissue
samples were obtained from 6 SPMS and 1 RRMS individuals (Table 3). The median
age at death was 50 years (range from 26 to 65 years). Regions of interest for RNA

isolation were dissected manually from 50 um cryosections per block.

Table 3. Human brain active lesions and NAWM samples.

ID Sample Sex Age Type of MS
AB50 F 55 SPMS
AB56 F 50 SPMS

AB103 M 48 SPMS
AB172 F 60 SPMS
AB154 F 49 SPMS
AB184 M 65 SPMS
AB187 M 26 RRMS

In addition, blood samples were collected from 11 selected patients with clinically
definite MS characterized by RRMS (7 patients), SPMS (3 patients) and CIS (1
patient) (Table 4). Their ages ranged from 27 to 65 years (mean age: 43 years). At
time of investigation no patient was on treatment with steroids or
immunosuppressive substances. 7 healthy volunteers were included as controls

(HC); their ages ranged from 24 to 42 years (mean age: 35 years). A written



informed consent was obtained from patients and healthy donors in accordance
with the local ethics committee. Peripheral blood mononuclear cells (PBMCs) were
isolated from blood samples collected in EDTA-coated Vacutainer tubes (BD
Biosciences, Oakville, ON, Canada) using a Ficoll density gradient (Amersham

Biosciences) as described previously (Arbour et al., 2003).

Table 4. Human PBMCs samples.

ID Sample Sex Age Type of MS
MS-SS F 63 RRMS
MS-ND F 45 RRMS
MS-MB F 36 RRMS
MS-GH M 65 SPMS
MS-PD M 31 RRMS
MS-LD F 45 SPMS
MS-NV F 44 RRMS
MS-SF F 60 SPMS
MS-MP F 34 CIS

MS-MAL M 27 RRMS
MS-NP F 27 RRMS
HC-JD M 25 HC
HC-JL M 44 HC
HC-XA M 37 HC
HC-CH F 30 HC
HC-MC M 27 HC

HC-BoA F 42 HC
HC-HX F 37 HC

Experiments were performed in adult (8-10 weeks) females or males C57Bl1/6] mice
(Charles River), as well as in transgenic mice expressing human IL-37b in
homozygosis (hIL-37tg; gently provided by Professor Charles Dinarello, University
of Colorado, USA), sigirr knockout (sigirr KO; kindly provided by Professor Cecilia
Garlanda from Humanitas University, Italy), or double transgenic hIL-37tg x sigirr
KO), and their respective wildtype littermate mice. Mice were randomly distributed

in groups of 5-6 mice per cage.

All the mice were housed with food and water ad libitum at room temperature of

22+2°C under 12:12h light-dark cycle.



Mice (8-10 weeks old; Charles River Laboratories) were sedated with intramuscular
injection of a mixture of ketamine (22mg/kg) (Imalgen 1000, Merial) and xylazine
(2.5mg/kg) (Rompun, Bayer). EAE was actively induced by subcutaneously
immunization with 300pug of myelin oligodendrocyte glycoprotein peptide 35-55
(MOG35-55 MEVGWYRSPFSRVVHLYRNGK, Thermo Fisher Scientific, MA, USA) in
200pul Complete Freund’s Adjuvant (CFA) (Difco, MI, USA) supplemented with
4mg/mL of heat inactivated Mycobacterium tuberculosis (Difco, MI, USA) solved.
Intraperitoneal (i.p.) injections of 400ng of pertussis toxin (Sigma-Aldrich, ON, USA)
in 100pl sterile saline were administered at the time of induction and again 48 h

later.

Mice were daily scored from day 0 to day 21 after induction of EAE. The researcher
was blind to experimental groups during the functional evaluation. A 6-point scale

(Table 5) was used to evaluate the clinical signs of EAE:

Table 5. EAE scoring scale.

0 normal walking, upright tail.
0.5 partially paralyzed tail, no other symptoms.

1 fully paralyzed tail, no other symptoms.

mild hind limb weakness, quick righting reflex (<5 seconds), paralyzed tail.
Hindlimbs will be weight-bearing and the gait will be minimally affected.
severe hind limb weakness, slow righting reflex (>5-10 seconds) or inability to
3 right. Hindlimbs will be splayed laterally, gait affected and unable to bear
weight.

3.5 severe hind limb weakness and partial paralysis of hind limb.

4  complete paralysis of at least one hind limb.

complete paralysis of one or both hind limbs and trunk weakness. Mice are

i usually found in a curled position lying on their side.

5 complete paralysis of one or both hind limbs, forelimb weakness or paralysis.

6 mouse is found death by EAE.



Once mice reach grade 3, food was placed inside the cage and long nozzles were
attached to the water bottles. Mice at grade 5 were sacrificed if they remained at this

clinical for more than 24 hours.

EAE-induced mice were randomly assigned to the treatment and control

experimental groups.

OLT1177 (Dapansutrile)

Oral OLT117 administration

EAE-mice were fed either a OLT1177-enriched diet or standard food diet from the
day same of the EAE induction. The composition of the food was identical, except
that OLT1177 enriched food contained either 3.75 g or 7.5 g of OLT1177 per
kilogram of food. Standard and OLT1177 enriched food were prepared by Research
Diets (New Brunswick, NJ, USA). Food and water were provided ad libitum for the
entire length of the study 23 days post EAE induction.

Intraperitoneal OLT1177 administration

OLT1177 solubilized with sterile saline and administered intraperitoneally (i.p.),
daily until the end of the study (21 days). Two different administration protocols
were tested: (i) 200 mg/kg of OLT1177 once per day starting at the day of the EAE
immunization; (ii) the 60 mg/kg dose of OLT177, twice a day, starting at the day of

the EAE induction. Control mice were administered saline at the days

Oral gavage OLT1177 administration

60 mg/kg of OLT1177 solubilized with distilled water and were administered daily,
twice per day, by oral gavage. Treatment was initiated on the first day the animals
displayed the first signs of EAE until the end of the follow up. Control mice were

administered distilled water at the same days.



Recombinant human IL-37 protein

Mice were daily treated i.p. with 1 pug of native#6-218[.-37 protein, or with the mutant
monomeric forms IL-37P73K [L-37Y85A jn 200ul of sterile saline (0.9% NacCl) or
vehicle (0.9% NaCl) starting from the first day of the clinical signs until the end of
the study 21 days after induction. The dose was stablished according previous

studies in the lab (Coll-Mir¢ et al., 2016).

Specialized pro-resolving mediators

Mice were randomly assigned to the treatment and control experimental groups.
Daily i.p. injections of 1 ug of either RvD1, RvE1 or MaR1 in 200pl of sterile saline
(0.9% NaCl) or vehicle (0.9% NaCl + 10% EtOH) were done starting from the first
day of the clinical signs until the end of the study 21 days after induction. The dose

was stablished according previous studies in the lab (Francos-Quijorna et al.,, 2017).

Total RNA was isolated from postmortem human brain active lesion and normal
appearance white matter (NAWM), as well as, from spinal cords harvested of EAE
mice harvested at different stages of the disease, using the RNeasy Lipid Tissue Mini
Kit (Qiagen) following the manufacturer’s procedures. Total RNA was also extracted
from PBMCs collected from MS patients and healthy donors using the QIAamp RNA
Blood Tissue Mini Kit (Qiagen) according to the guide protocol.

RNA was retro-transcribed using the cDNA Reverse Transcription Kit (Applied
Biosystems). cDNA human libraries were analysed using a Bio-Rad CFX384 (CFX
Manager V3.1) The expression of human IL-37 and murine gapdh (table 7) was
analysed using SYBR Green III technology (Bio-Rad) and the custom design primers.
The expression of mouse and human genes (sigirr, il-18re, 12-lox, 15-lox and gapdh)

(table 8) was analysed using a Bio-Rad CFX384 (CFX Manager V3.1).

All data ware analysed using the 222Ct method.



Table 6. TagMan specific primers for human samples.

Gene Reference
IL-37 Hs00367201_m1

IL-18 Hs01555410_m1
SIGIRR Hs00222347_m1
IL-18R«x Hs00977691_m1
15-LOX Hs00993765_g1
GAPDH Hs02786624_g1

Table 7. SYBR Green specific primers.

Gene Forward primer Reverse primer
5" CTT AGA AGA CCCGGC TGG 5’ TGT GAT CCT GGT CAT GAA
Human IL-37
AAG 3’ TGCT 3
. 5" TCA ACA GCAACT CCCACT 5 ACCCTGTTG CTG TAG CCG
Murine gapdh
CTTCCA 3 TAT TCA 3’

Table 8. TagMan specific primers for mice samples.

Gene Reference
sigirr MmO01275624_g1
il-18ra Mm00515178_m1
12/15-lox Hs00993765_g1
gapdh Hs02786624_g1

EAE mice were euthanised 21 days post-immunization with an overdose of
pentobarbital sodium (Dolethal) and transcardially perfused with 4%
paraphormaldehyde (PFA) in 0.1M of phosphate buffer (PB). Then, lumbar
segments of spinal cords were harvested, post-fixed in 4% PFA for 2 hours in ice and
cryoprotected in 30% sucrose in 0.1M PB at 42C for at least 48 hours. Then, spinal
cords were embedded in TissueTek OCT (Sakura), cut in transversal sections
(15um-thick) with a cryostat (Leica) between L3 and L5 segments and serially

picked up on gelatine-coated glass slides. Samples were stored at -202C.



Sections were stained with Luxol Fast Blue (LFB) (Sigma Aldrich) to assess the
myelin loss. Briefly, after a graded dehydration, sections were placed in 1mg/mL of
LFB solution in 96% ethanol and 0.05% acetic acid overnight at 372C and protected
from light. Then, slides were washed with 96% ethanol, rehydrated with distilled
water and placed in a 0.5mg/mL Li2CO3 solution in distilled water for 3-5 minutes
at room temperature. Finally, sections were washed in distilled water, dehydrated
serially again and mounted in DPX mounting medium (Sigma Aldrich). To assess the
demyelinated area in the spinal, 6 random images per mice were captured at 10X
magnification with an Olympus BX51 and the attached Olympus DP73 Camera. The

total demyelinated area within the spinal cord was measured with Image | software.

C57Bl/6 and EAE mice were euthanatized with an overdose of pentobarbital sodium
(Dolethal) and transcardially perfused with 60 mL of sterile saline (0.9% NaCl).
Then, spinal cords were harvested and rapidly frozen with liquid nitrogen. Protein
isolation from the spinal cord samples and cytokine quantification was performed
as we described previously (Amo-Aparicio et al, 2018). Briefly, tissue was
homogenized mechanically, and total protein was isolated using a specific protein
extraction buffer (25 mM HEPES, IGEPAL 1%, 0.1 MgClz, 0.1M EDTA pH=8, 0.1M
EGTA pH=8, 0.1 PMSF, 10ul/ml of Protease Inhibitor cocktail (Sigma) and 1 pill of
PhosphoStop). Then, protein concentration was determined with a DC Protein Assay
(Bio-Rad). Protein homogenates were concentrated to 4ug/ul using MicroCon
Centrifugation Filters (Millipore) and finally, protein levels of customer-designed
mix of cytokines were analysed using a custom-designed Milliplex Cytokine

Magnetic Bead Panel on a MAGPIX system (EMD Millipore).

Female hIL-37tg mice and WT littermates were euthanised at peak of EAE with and
overdose of pentobarbital sodium (Dolethal). To analyse the different immune cells,

the spinal cord and lymph nodes tissues processed as we previously described in



Amo-Aparicio et al. 2018. Briefly, these tissues were cut in small pieces and
enzymatically dissociated incubating them 30 minutes at 372C in 1mL of HBSS
without Ca%*/Mg2* and 0.1% collagenase and 0.1% DNase. Then, samples were
mechanically disintegrated by passing them with DMEM-10% FBS through a 70pum
cell strainer. After two washes, cell suspension was split into different 1.5mL
microcentrifuge tubes according to the number of antibody combinations. For
extracellular staining, samples were incubated with the primary antibodies (table
9) for 1h at 42C in soft agitation, washed with 10% FBS-DMEM and centrifuged twice
at 300g for 10 min at 4°C to remove debris.

For extracellular staining, samples were incubated with the primary antibodies

(Table 9) for 1h at 4°C in soft agitation.

Table 9. FACS primary extracellular antibodies.

Epitope Fluorochrome Dilution Manufacturer
CD45 PerCP 1:300 BioLegend
CD11b PE, PE-Cy7 1:300 BioLegend
CD11c 488 1:300 BioLengend
F4/80 PE, APC 1:300 eBioscience
Ly6C FITC 1:300 BD Bioscience
Ly6G PE 1:300 BD Bioscience
CD3 FITC, APC, PerCP 1:300 eBioscience
CDh4 APC-Cy7 1:300 eBioscience
CD8 APC 1:300 eBioscience
CD49b PE 1:300 BD Bioscience
CD24 PE 1:300 Invitrogen
CDh16/32 PE 1:300 BioLegend

Samples were then fixed with 1% PFA. For intracellular staining, cells were fixed
with 1% PFA and permeabilizated with Permeabilization Wash Buffer (Biolegend),
except for those stained against FOXP3, which were permeabilizated using FoxP3
Transcription Factor Staining Buffer Set (eBioscience). Samples were them
immunostained with the intracellular antibodies (table 10) for 1h at 4°C and

incubated for 45 minutes



Table 10. FACS primary intracellular antibodies.

Epitope Fluorochrome Dilution Manufacturer
FoxP3 PE-Cy7 1:400 eBioscience
tBet PerCP 1:400 eBioscience
RORy APC 1:400 eBioscience
GATA3 PE 1:400 eBioscience
IFNy 488 1:200 eBioscience
IL-17A 488 1:200 eBioscience
IL-10 488 1:200 eBioscience
IL-4 PE-Cy7 1:200 Biolegend
iNOS Alexa 647 1:400 Abcam

[sotype-matched samples were always used to avoid nonspecific binding signals.

Samples were analysed on a FACS Canto Flow Cytometer (BD Bioscience). Immune

cell populations were defined according to the expression of different markers

(table 11) (Coll-Miré et al., 2016; Francos-Quijorna et al., 2016, 2017; Amo-Aparicio

et al,, 2018) using Flow]o® software V.10.

Table 11. Definition of immune cell populations.

IMMUNE CELL POPULATION ANTIBODY COMBINATION
Macrophages CD45high, CD11b*, F4/80+*
Microglia CD45'ow, CD11b*, F4/80+

Anti-inflammatory
macrophages/microglia
Pro-inflammatory
macrophages/microglia
Neutrophils
Lymphocytes
T helper cells
T cytotoxic cells
B cells
Classic T regulatory cells
Non-classic T regulatory cells
Th1 cells
Th2 cells

Th17 cells

CD45+, CD11b+, F4/80, Ly6Cnes
CD45+, CD11b*, F4/80-, Ly6Chigh or
CD45+, CD11b+, F4/80+, CD16/32+, iNOS*
CD45hieh, CD11b+, F4/80-, Ly6G*
CD45high, CD11b-, CD3*
CD3+, CD4+
CD3-, CD8*

CD45high, CD11b-, CD3-, CD24+
CD3+, CD4+, FOxP3+
CD3+, CD4+, CD49b*

CD3+, CD4-, tBet*, (IFNy*)
CD3+, CD4+, GATA3", (IL-4+/IL-10+)
CD3+, CD4+, RORy*, (IL-17A%)



Data are shown as mean # standard error of the mean (SEM). The Kolmogorov-
Smirnov test was used to check normality. Paired or unpaired t test was used for the
comparison between two different groups (gene expression, histological analysis or
FACS analysis). One-way ANOVA was used for the comparison of three different
groups with post-hoc Bonferroni’s test for multiple comparisons (cytokine assay,
FACS analysis in chapter 1). EAE clinical score was analysed by using repeated
measures two-way ANOVA with post-hoc Bonferroni’s test for multiple

comparisons. Differences were considered significant at p<0.05.



RESULTS

CHAPTER 1

OLT1177 (Depansutrile), a selective NLRP3 inflammasome inhibitor,
ameliorates experimental autoimmune encephalomyelitis

pathogenesis



OLT1177 (Depansutrile), a selective NLRP3 inflammasome
inhibitor, ameliorates the pathogenesis of experimental

autoimmune encephalomyelitis

Alba Sanchez-Fernandez!-2, Robert B. Barrows3, Damaris B. Skouras 3, Charles A.
Dinarello*> and Ruben Lopez-Vales!-2

IInstitut de Neurociencies and Departament de Biologia Cel-lular, Fisiologia i Immunologia,
Universitat Autonoma de Barcelona, Bellaterra, Spain.

ZCentro de Investigacion Biomédica en Red de Enfermedades Neurodegenerativas (CIBERNED)
30latec Therapeutics LLC, NewYork, NY 10065, USA

4Department of Medicine, University of Colorado Denver, Aurora, CO 80045, USA

SDepartment of Medicine, Radboud University Medical Center, 6500 Nijmegen, The Netherlands

ABSTRACT

IL-1f and IL-18 are pro-inflammatory cytokines that are linked to inflammation.
Activation of the NOD-like receptor protein 3 (NLRP3) inflammasome is required
for the maturation and secretion of IL-1 and IL-18 and, thus, plays a key role in the
pathogenesis of many inflammatory conditions, including multiple sclerosis (MS).
OLT1177™ (dapansutrile) is a newly developed drug that is safe in humans and
inhibits specifically the NLRP3 inflammasome. In the present study, we investigated
whether OLT1177 exerts therapeutic effects in experimental autoimmune
encephalomyelitis (EAE), a mouse model of MS. We found that EAE mice fed an
OLT1177-enriched diet prophylactically were significantly protected against
functional deficits and demyelination. We also demonstrated that prophylactic
administration of OLT1177 led to marked reduction (~2-3 fold) in the protein levels
of IL-1B and IL-18, as well as, IL-6 and TNFq, in the spinal cord of EAE mice.
Moreover, prophylactic treatment with OLT1177 significantly attenuated the
infiltration of CD4 T cells and macrophages in the spinal cord. We also demonstrated
that oral administration of OLT1177, starting at disease onset, resulted in significant
amelioration of the clinical signs of EAE. Overall, these first data suggest that

OLT1177 could have clinical benefit for the treatment of MS in humans.



INTRODUCTION

Cytokines are critically involved in the course of a myriad of inflammatory diseases,
such as MS (Becher et al, 2017). MS is a chronic, neuroinflammatory and
demyelinating disease of the central nervous system (CNS) that affects around 2.5
million people worldwide. The etiology of MS is still poorly understood, but it is well
established that demyelination and further neurodegeneration are linked to
neuroinflammation since infiltrated and activated resident immune cells are
presentin all stages of MS and in all patients (Lassmann etal., 2007; Wu and Alvarez,

2011; Dendrou et al., 2015; Popescu and Lucchinetti, 2016).

Clinical studies have shown that progression of MS correlates with the dysregulation
of some cytokine networks within the CNS (Becher et al., 2017; Palle et al., 2017).
IL-1P and IL-18 are two members of the IL-1 family with broad pro-inflammatory
actions (Dinarello et al, 2012; Hewett et al, 2012) and both are significantly
elevated in MS patients (Losy and Niezgoda, 2001; Nicoletti et al., 2001; Heidary et
al., 2014; Rossi et al., 2014a). Pharmacological blockade or genetic removal of IL-1f3
or IL-18 resulted in protection against the development of experimental
autoimmune encephalomyelitis (EAE), the murine model of MS (Symons et al. 1987;

Baker et al. 1991; Chung et al. 2009; Lévesque et al. 2016).

IL-1B and IL-18 are produced as inactive precursors and require the cleavage by
caspase-1 to become active (Yang et al, 2019). The activation of caspase-1 is
mediated by the oligomerization of multi-protein complexes, known as
inflammasomes (Martinon et al, 2002; Franchi et al., 2009). To date, several
inflammasomes have been described. Nonetheless, the NLRP3 is the most

extensively studied.

The contribution of the NLRP3 inflammasome to human diseases has been
demonstrated by studies revealing constitutively active forms of NLRP3 by
mutations within the Nlrp3 locus. The mutations correlate to autoinflammatory
syndromes, such as Muckle-Wells syndrome (MWS), cryopyrin-associated periodic
syndrome and familial cold autoinflammatory syndrome (Feldmann et al., 2002;
Ting et al,, 2006). NLRP3 inflammasome has been related to many human diseases

such as gout and type II diabetes, among others (Conforti-Andreoni et al,, 2011;



Menu and Vince, 2011; Strowig et al.,, 2012). NLRP3 inflammasome also play a
critical role in EAE pathogenesis since Nlpr3-deficient mice undergo milder EAE
severity (Gris et al., 2010; Inoue and Shinohara, 2013). Similarly, administration of
MCC950, a small NLRP3 inflammasome inhibitor, has shown efficacy in a relapsing-
remitting EAE mouse model (Coll et al., 2015a; Khan et al., 2018), suggesting the

NLRP3 inflammasome as a new potential target for the treatment of MS.

OLT1177 (dapansutrile) is a specific inhibitor of the NLRP3 inflammasome.
OLT1177 is active in vivo and limits the severity of endotoxin-induced inflammation
and joint arthritis (Marchetti et al., 2018b). This drug was initially formulated as a
candidate for the topical treatment of degenerative arthritis and subsequently the
oral form was developed. Just as the topical gel, the oral capsules also are
demonstrating that dapansutrile is safe and well-tolerated in humans (Marchetti et
al, 2018b, 2018a). In the current study, we assessed whether OLT1177 exerts
therapeutic effects in a chronic model of EAE. We revealed that oral administration
of OLT1177 mediated marked anti-inflammatory actions and ameliorated EAE

severity in mice.



MATERIALS AND METHODS

Chronic experimental Autoimmune Encephalomyelitis

All experimental procedures were approved by the Universitat Autonoma de
Barcelona Animal Experimentation Ethical Committee (CEEAH 2878) and followed
the European Communities Council Directive 2010/63/EU, and the methods were

carried out in accordance with the approved guidelines.

Female adult C57BL/6 (8-10 weeks old; Charles River Laboratories) were sedated
with intramuscular injection of a mixture of ketamine (22mg/kg) (Imalgen 1000,
Merial) and xylazine (2.5mg/kg) (Rompun, Bayer). Experimental autoimmune
encephalomyelitis (EAE) was actively induced by subcutaneous immunization with
300pg of myelin oligodendrocyte glycoprotein peptide 35-55 (MOGss-ss
MEVGWYRSPFSRVVHLYRNGK, Thermo Fisher Scientific, MA, USA) in 200pul
Complete Freund’s Adjuvant (CFA) (Difco, MI, USA) supplemented with 4mg/mL of
heat inactivated Mycobacterium tuberculosis (Difco, MI, USA). Intraperitoneal (i.p.)
injections of 400ng of pertussis toxin (Sigma-Aldrich, ON, USA) in 100pl sterile
saline were also administered at the day of induction and again 48 h later. All the
mice were housed with food and water ad libitum at a room temperature of 22+2°C

under 12:12h light-dark cycle.

Drug administration

EAE-induced mice were randomly assigned to the OLT1177 treatment and control

experimental groups. OLT1177 was administered orally or intraperitoneally.

Oral OLT117 administration

EAE-mice were fed either an OLT1177-enriched diet or standard food diet from the
day same of the EAE induction. The composition of the food was identical, except
that OLT1177-enriched food contained either 3.75 g or 7.5 g of OLT1177 per
kilogram of food. Standard and OLT1177-enriched food were prepared by Research



Diets (New Brunswick, NJ, USA). Food and water were provided ad libitum for the
entire length of the study, or 23 days post EAE induction.

Intraperitoneal OLT1177 administration

OLT1177 solubilized with sterile saline and administered intraperitoneally (i.p.),
daily until the end of the study (21 days). Two different administration protocols
were tested: (i) 200 mg/kg OLT1177 injected once per day starting on the day of the
EAE immunization; and (ii) 60 mg/kg OLT177 injected twice a day starting on the

day of the EAE induction. Control mice were administered saline on the same days.

Oral gavage OLT1177 administration

OLT1177 was solubilized with distilled water and administered daily (60 mg/kg),
twice per day, by oral gavage. Treatment was initiated on the first day the animals
displayed the first signs of EAE until the end of the follow up. Control mice were

administered distilled water on the same days.

Functional Evaluation

Mice were scored daily from day O to day 21 after induction of EAE. The researcher
was blind to the experimental groups during the functional evaluation. A 6-point
scale was used to evaluate the clinical signs of EAE: 0=normal walking, 0.5=partially
paralyzed tail, 1=fully paralyzed tail, 2=mild hind limb weakness, quick righting
reflex, 3=severe hind limb weakness, slow righting reflex, unable to bear weight,
3.5=severe hind limb weakness and partial paralysis of hind limb, 4=complete
paralysis of at least one hind limb, 4.5=complete paralysis of one or both hind limbs
and trunk weakness, 5=complete paralysis of one or both hind limbs, forelimb

weakness or paralysis, 6=mouse is found death by EAE.

Histological analysis

EAE mice were euthanised at either day 21 or 23 post-immunization with an

overdose of pentobarbital sodium (Dolethal) and transcardially perfused with 4%



paraformaldehyde (PFA) in 0.1M phosphate buffer (PB). Lumbar segments of spinal
cords were harvested, post-fixed in 4% PFA for 2 hours and cryoprotected in 30%
sucrose in 0.1M at 4°C for at least 48 hours. Spinal cords were embedded in
TissueTek OCT (Sakura), cut in transversal sections (15um-thick) with a cryostat
(Leica) between L3 and L5 segments and serially picked up on gelatine-coated glass

slides. Samples were stored at -202C.

Sections were stained with Luxol Fast Blue (LFB) (Sigma Aldrich). Briefly, after a
graded dehydration, sections were placed in 1mg/mL of LFB solution in 96% EtOH
and 0.05% acetic acid overnight at 3792C and protected from light. Then, slides were
washed with 96% EtOH, rehydrated in distilled water and placed in a 0.5mg/mL
Li2COs3 solution for 3-5 minutes at room temperature. Finally, sections were washed
in distilled water, dehydrated again in 100% EtOH and mounted in DPX (Sigma
Aldrich). To assess the demyelinated area in the spinal cord, 6 random images per
mice were captured at 10X magnification with an Olympus BX51 and the attached
Olympus DP73 Camera. The total demyelinated area within the spinal cord was

measured with Image ] image analysis software.

Cytokine Protein Expression

EAE mice were euthanised 3 days after EAE onset with an overdose of pentobarbital
sodium (Dolethal). Blood (500 pl) was obtained by cardiac puncture and centrifuged
at 25000g for 10 min at room temperature to collect plasma separately from blood
cells. Then, mice were transcardially perfused with 60 mL of sterile saline (0.9%
NaCl). Spinal cords were harvested and rapidly frozen in liquid nitrogen. Protein
isolation from the spinal cord samples and cytokine quantification was performed
as we described previously (Amo-Aparicio et al., 2018). Protein levels of 6 cytokines
(IL-1B, IL-18, IL-6, KC, TNFa and IL-10) were analysed using a custom-designed
Cytokine Magnetic Bead Panel (Invitrogen) on a MAGPIX system (Millipore).



Fluorescence Activated Cell Sorting (FACS)

Immune cell infiltration was determined in the spinal cord of EAE mice at disease
peak. Mice were euthanised with an overdose of pentobarbital sodium (Dolethal)
and transcardially perfused with 60 mL of sterile saline (0.9% NaCl). Spinal cords
were collected, cut in small pieces and enzymatically dissociated in 1mL of Hank's
Balanced Salt Solution (HBSS) without Ca%*/Mg2+* containing 0.1% collagenase and
0.1% DNase for 30 minutes at 37°C. Then spinal cords were mechanically
disintegrated by passing it with Dulbecco’s Modified Eagle Medium (DMEM)-10%
fetal bovine serum (FBS) through a 70pm cell strainer to obtain a cell suspension

(Amo-Aparicio et al., 2018).

Cell suspensions were split into different 1.5mL microcentrifuge tubes according to
the number of antibody combinations. Cells alone and isotype-matched control
samples were generated to control for nonspecific binding of antibodies and for
autofluorescence. For extracellular staining, the following antibodies from
eBioscience were used at a 1:300 concentration: CD45-PerCP, CD11b-PE or -PE-Cy7,
F4/80-PE or -APC, Ly6C-FITC, Ly6G-PE, CD3-FITC-APC-PerCP; CD4-APC-Cy7, CD8-
APC, CD49b-PE, CD24-PE. Samples were incubated with the primary antibodies for
1h at 4°C in soft agitation, washed with DMEM-10% FBS, centrifuged twice at 300g
for 10 min at 42C to remove debris and then fixed with 1% PFA. For intracellular
staining, the following antibodies from eBioscience were also used at 1:300
concetration: FoxP3- PE-Cy7, tBet-PerCP, RORy-APC and GATA3-PE. After
extracellular staining, cells were fixed and permeabilizated using FoxP3
Transcription Factor Staining Buffer Set (eBioscience) for 40 min at 4°C. Then,
samples were immunostained with the intracellular antibodies over nigh at 42C.

Finally, stained cells were washed with PBS twice and fixed with 1% PFA.

Samples were analysed on a FACS Canto Flow Cytometer (BD Bioscience) and all

data were processed using Flow]o® software V.10.

Statistical analyses

Data are shown as mean #* standard error of the mean (SEM). The Kolmogorov-

Smirnov test was used to check normality. Two tailed Student’s t test was used for



the comparison between two different groups (histological analysis). One-way
ANOVA was used for the comparison of two different doses and the control
condition with post-hoc Bonferroni’s test for multiple comparisons (cytokine assay,
FACS analysis). EAE clinical score was analysed by using two-way repeated
measures ANOVA with post-hoc Bonferroni’s test for multiple comparisons.

Differences were considered significant at p<0.05.



RESULTS

OLT1177 administration in daily diet ameliorates neurological decline and

nervous tissue damage in EAE mice

We first aimed at investigating whether oral prophylactic treatment with OLT1177
led to beneficial effect in EAE. For this purpose, mice were fed a standard or
OLT1177-enriched diet at two doses (3.75 gor 7.5 gof OLT1177 per kg of food) from
the day of the immunization until the end of the experiment. We found that both
OLT1177 doses ameliorated the neurological deficits of EAE disease, although only
the low OLT1177 dose reached statistical significance (Figure 1A, B). We also
observed that EAE mice fed the OLT1177 diet tended to show reduced weight loss,
a feature associated with the disease progression. However, this effect was not

statistically significant or believed to be an effect of the OLT1177(Figure 1C).
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Figure 1. OLT1177-enriched food enhances functional and histological outcomes in
EAE. (A-B) Graph showing the evolution of the EAE clinical score (A), as well as, the
cumulative and maximum EAE score (B) of mice fed a standard diet or a diet supplemented
with 3.75 g or 7.5 g of OLT1177 per kg of food. (C) Plot showing the percent of weight of
mice fed the standard and OLT1177-enriched food (3.75 g/kg or 7.5 g/kg). (D-E) Graph
showing the quantification of demyelination in the lumbar spinal cord of mice fed the
standard food, 3.75 g/kgor 7.5 g/kg OLT1177 at 23 days after induction. (D) Representative
spinal cord sections from each experimental group (E). #p<0.05 7.5g/kg vs standard diet;
*p<0.05; **p<0.01; ***p<0.001 3.75g/kg vs. Standard food. Two-way RM ANOVA,
Bonferroni’s post hoc test in A and C (n=11 per group); One-way ANOVA, Bonferroni’s post
hoc testin B (n=11 per group) and D (n=8 for Standard food and n=11 for 3.75 g/kg and 7.5
g/kg OLT1177). Data shown as mean+sem.



Next, we studied whether OLT1177 protected against demyelination. In line with
functional outcomes, histological analysis revealed that spinal cords from mice fed
the lower OLT1177 dose diet had ~2-fold reduced demyelination than mice
receiving the standard food (Figure 1D-E). The higher OLT1177 dose also led to
slight protection against myelin loss, but this effect was not statistically significant

(Figure 1D-E).

OLT1177-enriched diet modulates the inflammatory response in the spinal

cord of EAE mice

We next sought to investigate whether OLT1177 attenuated inflammation in EAE
mice. With this aim, we first studied whether mice fed the OLT1177-enriched food
(3.75 g or 7.5 g of OLT1177 per kg of food) reduced cytokine levels in the blood
plasma and spinal cord of EAE mice at 3 days after disease onset. In the spinal cord,
protein levels for IL-1p and IL-18 in the spinal cord were significantly reduced in
mice fed the low OLT1177 diet compared with mice fed the standard diet (Figure
2B), corroborating the NLRP3 inhibition. As expected, in plasma, these analyses
revealed that OLT1177 no change in the concentration of any of the 6 cytokines
assessed samples (Figure 2A). Moreover, the lower dose of OLT1177 also reduced
the levels of TNFa and IL-6 but did not affect the levels of the anti-inflammatory, IL-
10 (Figure 2A). The high dose of OLT1177 also significantly decreased the protein
levels of IL-1B and TNFa in the spinal cord but did not attenuate the levels of IL-18
or IL-6 (Figure 2B). These data suggest that OLT1177 mediates anti-inflammatory
actions in the CNS of EAE mice.
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Figure 2. OLT1177-enriched food attenuates the protein levels of pro-inflammatory
cytokines in the spinal cord of EAE mice. A-B Protein levels of 1L-1p, IL-18, IL-6, KC,
TNFa and IL-10 in the plasma (A) and in the spinal cord (B) in EAE mice fed standard food,
3.75 g/kgor 7.5 g/kg OLT1177. *p<0.05; **p<0.01; ***p<0.001 vs. Standard food. One-way
ANOVA, Bonferroni’s post hoc test (n=4 per group). Data shown as mean +sem.

We then studied whether the reduction of cytokines in the spinal cord of EAE mice
mediated by OLT1177 attenuated the accumulation of immune cells in the CNS at
the peak of the disease or altered their phenotype. Flow cytometry analysis revealed
that mice fed the low OLT1177-enriched diet showed ~2-fold reduction in the
infiltration of T cells, which was due to decreased counts of CD4 rather than CD8 T
cells. The low OLT1177 dose also reduced the accumulation of macrophages, but did
not significantly decreased the counts of microglia, neutrophils or B cells (Figure 34,
Supplementary figure S1A-F). Mice fed the high OLT1177-enriched diet also
attenuated the accumulation of CD4 T cells, but in contrast to the low dose, it did not
reduce the number of macrophages in the spinal cord (Figure 3A, Supplementary

figure S1A-F). None of the two doses of OLT1177 tested led to alteration in the



polarization of CD4 T cells, as revealed by the expression of the transcription factors
that identify Th1 (tBet), Th2 (GATA3), Th17 (RORy) and the classical (FoxP3) and
non-classical (CD49b) regulatory CD4 T cells (Figure 3B, Supplementary figure S2A).
Similarly, OLT1177 did not modify the proportion of pro-inflammatory (Ly6Chigh)
and anti-inflammatory (Ly6Cl°w) macrophages (Figure 3C, Supplementary figure

S2B).
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Figure 3. OLT1177-enriched food reduces the accumulation of immune cells in the
spinal cord of mice at the peak of EAE. A-C Graphs showing the counts of different
immune cell subsets in the spinal cord (A), the percent of CD4+ T cells expressing the
transcription factors CD49b, FoxP3, tBet, GATA3 or RORy (B) and the percent of different
macrophage subsets according to Ly6C expression (C) in the spinal cord of mice fed
standard food, 3.75 g/kg or 7.5 g/kg OLT1177 at the peak of EAE. (C). *p<0.05; **p<0.01 vs.
Standard food. One-way ANOVA, Bonferroni’s post hoc test (n=4 per group). Data shown as
meanzsem.
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Effects of therapeutic administration of OLT1177 in EAE mice

We next sought to investigate whether OLT1177 mediates beneficial effects when
administrated in EAE mice after disease onset. Since EAE mice undergo weight loss
after disease onset due to reduced food intake, we aimed at delivering the OLT1177
by oral gavage once mice showed the first signs of the disease. For this purpose, and
since the above described data reveal that OLT1177 losses efficacy at high doses, we

first tested the effectivity of the prophylactic effects of two different OLT1177



administration regime in EAE: (i) single daily administration of OLT1177
(200mg/kg mouse) from the day of the immunization; (ii) twice-daily
administration of OLT1177 (60mg/kg mouse) from the day of the induction. These
experiments revealed that, similar to the OLT1177-enriched food data, the high dose
(200 mg/kg; i.p.) of OLT1177 did not prevent neurological decline of EAE, while the
low dose of OLT1177 (60mg/kg; i.p) given twice a day ameliorated functional
deficits and demyelination (Figure 4B-D).
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Figure 4. Effects of prophylactic treatment of OLT1177 EAE mice. A-B Average EAE
clinical score of mice treated with single-daily i.p. administration of 200 mg/kg (A) or 60
twice-daily administration of 60 mg/kg OLT1177 (B). C-D, Graph showing the
quantification of demyelination in the lumbar spinal cord of mice treated with both
OLT1177 doses. (C) Representative images of lumbar spinal cord tissue sections stained
against LFB from EAE treated with vehicle, single-daily 200 mg/kg and twice-daily 60
mg/kg of OLT (D). *p<0.05; **p<0.01; ***p<0.001 vs. Vehicle. Two-way RM ANOVA with
Bonferroni’s post hoc testin A (n=12 in vehicle and n=10 in OLT1177) and B (n=9 in vehicle
and n=10 in OLT1177); Unpaired t-test in C (n=9 in vehicle and n=10 in OLT1177). Data
shown as mean+sem.

We then tested whether the twice-daily oral gavage (60mg/kg mouse) of OLT1177,
starting at disease onset, attenuated the clinical signs of EAE. We observed that mice
treated with OLT1177 showed reduced neurological deficits despite treatment was
initiated at disease onset. Indeed, mice treated with OLT1177 showed a reduction
in ~1 point in the EAE score compared to mice given with vehicle (Figure 5A).
Furthermore, OLT1177 also significantly reduced the cumulative and maximum

clinical score in EAE (Figure 5B). In accordance to functional data, we also observed



that OLT1177 protected against demyelination as revealed the histological analysis
of LFB stained spinal cords (Figure 5C-D). These data support the beneficial effects
of the therapeutic administration of OLT1177 in EAE.
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Figure 5. Oral administration of OLT1177 mediate therapeutic effects in EAE. (A-B)
Plot showing the course of the EAE clinical (A) and cumulative and maximum clinical EAE
score (B) of mice treated with twice-daily oral gavage of OLT1177 (60 mg/kg) or vehicle
from disease onset. (C) Graph showing the quantification of demyelinating in the spinal cord
of vehicle- or OLT1177- treated mice. (D) Representative LFB stained lumbar spinal cord
sections from OLT1177- and vehicle-treated mice at 21 days post-immunization. *p<0.05;
*¥p<0.01; ***p<0.001 vs. vehicle. Two-way RM ANOVA with Bonferroni’s post hoc test in A
n=10 for vehicle and n=7 for OLT1177). Unpaired t-test in B (n=10 for vehicle and n=7 for
OLT1177) and C (n=9 in vehicle and n=7 in OLT1177). Data shown as mean*sem.



DISCUSSION

MS is a highly disabling disease of the CNS that affects approximately 2.5 million
people worldwide (Dendrou et al., 2015; Bhise and Dhib-Jalbut, 2016; Popescu and
Lucchinetti, 2016). There are currently some available therapies in the clinic for the
treatment of MS. However, most of them show poor efficacy, especially in
individuals who suffer from progressive MS. Moreover, they also have several side

effects (Wagner and Goverman, 2015; Pérez-Cerda et al.,, 2016).

Although the aetiology of MS is still unknown, inflammation has a key implication in
its physiopathology (Dendrou et al., 2015; Grigoriadis and van Pesch, 2015). Pro-
inflammatory cytokines, such as IL-1p or IL-18, have been extensively reported in
mouse models to contribute to the pathogenesis of MS and EAE (Symons et al., 1987;
Shi et al,, 2000; Losy and Niezgoda, 2001; Nicoletti et al., 2001; Chung et al., 2009;
Heidary et al.,, 2014; Rossi et al., 2014b; Lévesque et al.,, 2016). In this scenario,
OLT1177 may emerge as an effective and safe candidate to treat this disease.
OLT1177 is an active moiety discovered during the investigation of synthetic
reactions containing chlorinating agents and methionine. OLT1177 inhibits the
NLRP3 inflammasome, a macromolecular structure needed for the processing and
release of IL-1p and IL-18, and has been shown in Phase 1 and 2 clinical trials to be
safe when administered orally (and topically) in humans (Marchetti et al., 2018a;

Yang etal,, 2019).

In the current study, we reported that both oral an intraperitoneal OLT1177
administration exerted protective effects on functional and histological outcomes in
EAE mice when given prophylactically. We uncovered that oral administration of
OLT1177 to EAE mice decreased the concentration of pro-inflammatory cytokines
in the spinal cord and the infiltration of immune cells. Importantly, therapeutic
treatment of OLT1177 resulted in protection against neurological decline and

demyelination when administered orally.

Previous reports revealed that OLT1177 inhibits specifically the NLRP3
inflammasome, and thus, prevents the autoproteolytic activation of caspase-1,
needed for the processing and release of IL-1p and IL-18 (Marchetti et al., 2018a).
Caspase-1, together with IL-1p and IL-18, are increased in MS patients (Losy and



Niezgoda, 2001; Nicoletti et al., 2001; Ming et al., 2002; Heidary et al., 2014; Rossi et
al., 2014b). Pharmacological or genetic inhibition of either IL-1f or IL-18 protected
against the pathogenicity of EAE (Symons et al.,, 1987; Baker et al., 1991; Shi et al,,
2000; Chung et al., 2009; Lévesque et al., 2016) suggesting an important role of
NLRP3 in the pathogenesis of EAE. This is further supported by experiments using
NLPR3-deficient mice, which displayed reduced EAE severity (Gris et al., 2010). To
our knowledge, there are two previous studies demonstrating that the
pharmacological inhibition of the NLRP3 inflammasome, using a small molecule tool
compound, MCC950, reduced functional impairments in a model of relapsing-
remitting EAE when given prophylactically (Coll et al., 2015b; Khan et al., 2018). To
this extent, we also showed the efficacy of the prophylactic inhibition of the NLRP3
inflammasome by OLT1177 in a model of chronic EAE, which is a more challenging

condition (Thompson, 2017; Tur and Montalban, 2017).

A previous report demonstrated that mice fed an OLT1177-enriched diet reduced
the clinical signs of arthritis (Marchetti et al., 2018b). Here, we revealed that EAE
mice fed alow dose of OLT1177-enriched food (3.75 g/kg food) displayed enhanced
functional and histopathological outcomes in a chronic model of EAE. These effects
were likely due to the ability of this drug to reduce NLRP3 inflammasome activation,
as revealed the lower protein levels of IL-1p and IL-18 in the spinal cord of EAE mice.
These data are consistent with the previous studies demonstrating the ability of this
drug to reduce IL-1pB and IL-6 levels in human monocyte-derived macrophages
stimulated with LPS but also in animal models of arthritis (Marchetti et al., 2018a,
2018b). The low dose of OLT1177 showed greater efficacy in reducing EAE
pathogenesis than the high dose when given in the diet and intraperitoneally.
However, until the pharmacokinetics results have confirmed exposure levels
between the low and high doses of OLT1177, no conclusions can be made regarding
a dose response. Notwithstanding, mice fed with low OLT1177 dose in the diet
significantly decreased the protein levels of both IL-1 and IL-18 in the spinal cord
of EAE mice while the high OLT1177 dose reduced only IL-1(, but not [L-18. We also
found that both doses of OLT1177 in the diet led to marked attenuation of the levels
of TNFa in the spinal cord parenchyma of EAE mice, but only the low dose reduced

significantly the protein levels of IL-6. OLT1177 seems to mediate its helpful effects



by acting preferably in the CNS of EAE mice, since it did not alter cytokine
concentrations in the blood. However, until the pharmacokinetics results have
confirmed exposure levels between the low and high doses of OLT1177, no
conclusions can be made regarding a dose response. Importantly, OLT1177 did not
reduced the protein levels of IL-10 in the spinal cord or blood of EAE mice, indicating
that this drug is not altering the natural anti-inflammatory mechanisms to contain

inflammation.

The modulation of the pro-inflammatory milieu in the spinal cord of EAE mice has
remarkable outcomes since cytokines play a critical role in the mobilization of
immune cells from the periphery, as well as in altering their phenotype (Becher et
al., 2017; Caravagna et al,, 2018). Indeed, we found a link between the reduction of
pro-inflammatory cytokines and decreased infiltration of immune cells into the
spinal cord of EAE mice fed the OLT1177-enriched food. CD4 T cells and
macrophages populations were specially reduced in the spinal cord by OLT1177.
Other immune cell subsets were also affected, such as T cytotoxic lymphocytes, B
cells or microglial cells, albeit the reduction was not statistically significant.
However, OLT1177-enriched diet did not altered the infiltration of neutrophils,
contrary to previous reports on joint inflammation (Marchetti et al., 2018b), and did
not modify the phenotype of CD4 T cell or macrophage. In line with our functional
and histological results, the dose of 3.75 g of OLT1177 per kg of food resulted in
more pronounced effects on the infiltration of immune cells than the higher
OLT1177 dose (7.5 g/kg food), which may be directly related to the cytokine levels
in the spinal cord. However, until the pharmacokinetics results have confirmed
exposure levels between the low and high doses of OLT1177, no conclusions can be

made regarding a dose response.

Importantly, we also showed that oral administration of OL1177 reduced the clinical
severity of EAE when treatment was initiated after disease onset. In these
experiments, OLT1177 was administered by gavage and not directly in the diet
because EAE mice show reduced food intake as a consequence of the disease. To our
knowledge, this is the first study demonstrating the efficacy of therapeutic
treatment in EAE with a selective NLRP3 inhibitor in clinical development, i.e.,

OLT1177. OLT1177 could have clinical relevance since it mimics a more suitable



clinical scenario for MS patients. Importantly, oral OLT1177 has satisfactorily
overcome a phase I safety trial in humans (Marchetti et al., 2018a) and it is currently
in a phase II clinical trials for acute gout flare (Jansen et al., 2019), heart failure and

rare disease which could be paving the way to clinical translation.

Overall, our data provide clear evidences that oral administration of OLT1177 exerts
potent anti-inflammatory effects in EAE mice by inhibiting NLRP3 inflammasome
and mediates beneficial effects when administered prophylactically and
therapeutically in this model. This study therefore suggests that OLT1177 may

constitute a novel safe and effective approach for the treatment of MS in humans.
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$1. OLT1177 enriched food reduces the accumulation of immune cells in the spinal
cord of mice at the peak of EAE. A-F, Representative dot plots showing neutrophils (A),
macrophages and microglia (B), T lymphocytes (C), B cells (D), T helper cells (E) and T
cytotoxic cells (F) in the spinal cord of mice fed the standard food or OLT117 enriched diet
(3.75 g/kg or 7.5 g/kg food)
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S2. OLT1177 enriched food did not modify the phenotype of lymphocytes nor

macrophages in the spinal cord of EAE mice.

(A) Representative flow cytometry

histograms characterising the expression CD4 T cells polarization markers in the spinal
cord of mice fed the standard food or OLT117 enriched diet (3.75 g/kg or 7.5 g/kg food) at
EAE disease peak. (B) Representative dot plots showing different macrophage subsets in
the spinal cord from the same animals based on the expression of Ly6C.
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ABSTRACT

Interleukin 37 (IL-37) is one of the eleven members of the IL-1 family and broadly
suppresses innate inflammation and acquired immunity. IL-37 mediates its
biological effects by acting as dual-function cytokine in that IL-37 signals via the
extracellular receptor complex IL-18Ra/SIGIRR, but also translocates to the
nucleus. We recently demonstrated that IL-37 exerts potent anti-inflammatory
actions in the spinal cord after traumatic injury and ameliorates functional deficits.
However, whether IL-37 has similar beneficial actions in neuroinflammatory
diseases remains to be elucidated. Here, we investigated the role of IL-37 in
experimental autoimmune encephalomyelitis (EAE), a mouse model of multiple
sclerosis (MS). We demonstrated that transgenic expression of IL-37 protected
against neurological deficits and myelin loss, and markedly reduced the
inflammatory response. We also found that the components of the extracellular
receptor for IL-37 were expressed in the spinal cord in physiological conditions and
during EAE, and that the beneficial effects of IL-37 in EAE were completely lost in
the lack of its extracellular activity. We also uncovered that the IL-37 surface
receptors were expressed in peripheral blood mononuclear cells and in the brain
white matter from MS patients but IL-37 was not efficiently induced. Remarkably,
we demonstrated that administration of various forms of recombinant human IL-37
protein exerted potent therapeutic actions in EAE mice when treatment was
initiated at disease onset. Taking together, this study presents novel data indicating
that IL-37 exert anti-inflammatory and therapeutic actions in EAE by functioning as
a extracellular mediator, and that this natural mechanism to prevent inflammation

is defective in MS patients.



INTRODUCTION

MS is the most common demyelinating disease of the CNS and affects more than 2.5
million individuals worldwide (Wekerle, 2008). The etiology of MS has not been
defined yet, but it is thought to be autoimmune due to the presence of T cells
directed against antigens detected in the myelin sheaths. Moreover, the presence of
autoantibodies to myelin antigens in the cerebrospinal fluid of MS patients suggests

an autoimmune ethiology (Noseworthy et al., 2000).

IL-1 family includes some prototypic cytokines that promote acute and chronic
inflammation in a broad spectrum of diseases (Dinarello et al., 2012; Hewett et al,,
2012). The IL-1 family consists of 11 members: 7 of them have pro-inflammatory
properties (IL-1a, IL-1B, IL-18, IL-33, IL-36a, IL-36p and IL-36y) and 3 more
members act as receptors antagonists, blocking the pro-inflammatory signalling of
IL-1 and IL-36 (Dinarello, 2018). The last member, IL-37, is the only cytokine from
this family that exerts potent suppressive actions on innate (Nold et al., 2010a) and
adaptive immunity (Luo 2014). [L-37 exert anti-inflammatory actions by acting as a
ligand for the extracellular receptor complex IL-18Ra/SIGIRR (Nold-Petry et al.,
2015a), as well as, by translocating to the nucleus via caspase-1 cleavage and

binding to SMAD3 (Bulau et al., 2014; Li et al.,, 2019).

Unlike other members of the IL-1 family, the open read frame for the IL-37 homolog
is lacking in the mouse, and thus, it was necessary to generate a knock in mouse
expressing human IL-37b (hIL-37tg) to investigate the role IL-37 in animal models
of disease. hIL-37tg mice have shown resistant against many pathological
conditions, such as colitis (McNamee et al., 2011a), obesity-induced inflammation
(Ballak et al., 2014) or candidiasis (van de Veerdonk et al., 2015). Besides, treatment
with recombinant human IL-37 protein showed also anti-inflammatory actions after
aspergillosis (Moretti et al,, 2014) or rheumatoid arthritis (Moretti et al.,, 2014;
Cavalli etal., 2016).

Little is known about the role of IL-37 in the central nervous system. We previously
reported that IL-37 exerted potent anti-inflammatory action after spinal cord
contusion injury in mice. Importantly, hIL-37tg mice displayed significant resistance

against functional deficits and demyelination after spinal cord injury (Coll-Miré et



al, 2016). However, whether IL-37 has similar therapeutic effects in

neuroinflammatory conditions, such as MS, has not been addressed yet.

In the present study, we investigated whether IL-37 mediates anti-inflammatory
and therapeutic actions in experimental autoimmune encephalomyelitis (EAE), a
mouse model of MS. We demonstrated that transgenic expression of IL-37 mediated
potent anti-inflammatory actions in EAE and protected mice from functional deficits
and demyelination and that the beneficial effects of IL-37 in EAE are dependent on
its extracellular function. We also revealed that this natural anti-inflammatory
mechanism is dysregulated in MS patients. Importantly, administration of
recombinant human IL-37 protein markedly reduced EAE pathogenesis. These
findings revealed that IL-37 could be employed as a new approach for the treatment

of MS.



MATERIALS AND METHODS

Human Samples

To assess gene expression, we used post-mortem MS patients fresh-frozen brain

shaves from active lesions and normal apparent white matter (NAWM).

To analyse gene expression from human peripheral blood mononuclear cells

(PBMCs) we used blood samples from MS patients and healthy controls.

All the human samples were kindly provided by Alexandre Prat.

Mice

All experimental procedures were approved by the Universitat Autonoma de
Barcelona Animal Experimentation Ethical Committee (CEEAH 2878) and followed
the European Communities Council Directive 2010/63/EU, and the methods were

carried out in accordance with the approved guidelines.

Experiments were performed in adult (8-10 weeks) females or males C57Bl/6 mice
(Charles River), transgenic mice expressing human IL-37b) in homozygosis (hIL-
37tg), sigirr deficient mice (sigirr KO), hIL-37tg-sigirr KO mice, and their respective
wildtype littermates. Mice were randomly distributed in groups of 5-6 mice per
cage. All the mice were housed with food and water ad libitum at room temperature

of 22+2°C under 12:12h light-dark cycle.

EAE Induction

Mice were sedated with intramuscular injection of mixture of ketamine (22mg/kg)
(Imalgen 1000, Merial) and xylazine (2.5mg/kg) (Rompun, Bayer). EAE was actively
induced by subcutaneously injection in each flank at the base of the tail of 100ul of
3mg/mL of myelin oligodendrocyte glycoprotein peptide 35-55 (MOGss-s5) in
Complete Freund’s Adjuvant (CFA) (Difco, Detroit, MI, USA) supplemented with
4mg/mL of heat inactivated Mycobacterium tuberculosis (Difco, Detroit, MI, USA).



Immediately after induction, and on day 2, mice received an intraperitoneal (i.p.)

injection of 400ng of pertussis toxin (PTX) in 100pl sterile saline (0.9% NaCl).

EAE Clinical Signs Evaluation

Mice were daily scored from day 0 to day 21 after induction of EAE. The researcher
was blind to experimental groups during the functional evaluation. A 6-point scale
was used to evaluate the clinical signs of EAE: O=normal walking, 0.5=partially
paralyzed tail, 1=fully paralyzed tail, 2=mild hind limb weakness, quick righting
reflex, 3=severe hind limb weakness, slow righting reflex, unable to bear weight,
3.5=severe hind limb weakness and partial paralysis of hind limb, 4=complete
paralysis of at least one hind limb, 4.5=complete paralysis of one or both hind limbs
and trunk weakness, 5=complete paralysis of one or both hind limbs, forelimb

weakness or paralysis, 6=mouse is found death by EAE.

Recombinant human IL-37 protein administration

Female C57Bl16/] mice were treated with daily injections (i.p) of 1pug of native IL-
3746-218 or the mutated monomeric forms IL-37P73K or [L-37Y85A in 200 pl of saline.
The different recombinant human IL-37 protein forms were administered when
mice showed the first signs of the EAE disease, and then daily until the end of the
follow up. Control mice were treated with 200 pl of saline following the same

protocol.

Real-time Quantitative PCR Assay (qPCR)

Total RNA was isolated from postmortem human brain active lesion and NAWM, as
well as, from spinal cords harvested of EAE mice harvested at different stages of the
disease, using the RNeasy Lipid Tissue Mini Kit (Qiagen) following the
manufacturer’s procedures. Total RNA was also extracted from PBMCs collected
from MS patients and healthy donors using the QIAamp RNA Blood Tissue Mini Kit
(Qiagen) according to the guide protocol.



RNA was retro-transcribed using the cDNA Reverse Transcription Kit (Applied
Biosystems). cDNA human libraries were analysed using a Bio-Rad CFX384 (CFX
Manager V3.1) and TagMan-designed primers (ThermoFisher Scientific) for the
following human and mouse genes: [L-37b (Hs00367201_m1), SIGIRR
(Hs00222347_m1), IL-18Ra (Hs00187256_m1), GAPDH (Hs02786624_g1), gapdh
(Mm03302249_g1), sigirr (Mm01275624_g1), il-18ra (Mm00516053_m1).
GAPDH/gapdh was used as a housekeeping gene for human and mouse samples,

respectively. All data were analysed using the 222Ct method.

Histological analysis

Female hIL-37tg mice and WT littermates were euthanised at 21 days postinduction
with and overdose of pentobarbital sodium (Dolethal) and, then, transcardially
perfused with 4% paraphormaldehyde (PFA) in 0.1M of phosphate buffer (PB).
Lumbar segments of spinal cord were harvested, post-fixed in 4% PFA for 2 hours
in ice and cryoprotected in 30% sucrose in 0.1M PN at 4°C for at least 48 hours.
Then, spinal cords were embedded in Tissue-Tek®OTC (Sakura, Japan), cut in
transversal sections (15um-thick) with a cryostat (Leica) between L3 and L5
segments and serially picked up on gelatine-coated glass slides. Samples were

stored at -20°C.

Sections were stained with Luxol Fast Blue (LFB) (Sigma Aldrich). Briefly, after a
graded dehydration, sections were placed in 1mg/mL of LFB solution in 96%
ethanol and 0.05% acetic acid overnight at 379C and protected from light. Then,
slides were washed with 96% ethanol, rehydrated with distilled water and placed
in a 0.5mg/mL Li2CO3 solution in distilled water for 3-5 minutes at room
temperature. Finally, sections were washed in distilled water, dehydrated again and
mounted in DPX mounting medium (Sigma Aldrich). To assess the demyelinated
area in the spinal cords, 6 random images per spinal cord were captured at 10X
magnification with an Olympus BX51 and the attached Olympus DP73 Camera. The
total demyelinated area in the spinal cord was measured with Image ] image analysis

software.



Cytokine Protein Expression Assessment

Female hIL-37tg mice and WT littermates were euthanised 3 days after the onset of
EAE with an overdose of pentobarbital sodium (Dolethal) and transcardially
perfused with 60 mL of sterile saline (0.9% NaCl). Then, spinal cords were harvested
and rapidly freeze to -802C with liquid nitrogen. To assess the protein levels of
cytokines, spinal cord were processed as it is detailed in Amo-Aparicio et al. 2018.
Briefly, tissue was homogenized in HEPES and then protein concentration was
determined with a DC Protein Assay (Bio-Rad). Protein homogenates were
concentrated to 4pg/ul and finally, protein levels of IL-4, IL-10, IL-1a, IL-1p, IL-6,
TNF-a, [FNy, IL-17A, CSF-3, CCL-5, CCL-2, CXCL-2 and CXCL-10 were analysed using
a custom-designed Milliplex Cytokine Magnetic Bead Panel on a MAGPIX system

(Affymetrix, eBioscience).

Fluorescence Activated Cell Sorting (FACS)

Female hIL-37tg mice and WT littermates were euthanised at peak of EAE with and
overdose of pentobarbital sodium (Dolethal). To analyze the different immune cells,
the spinal cord and lymph nodes tissues processed as we previously described in
Amo-Aparicio et al. 2018. Briefly, these tissues were cut in small pieces and
enzymatically dissociated incubating them 30 minutes at 372C in 1mL of HBSS
without Ca%*/Mg?* and 0.1% collagenase and 0.1% DNase. Then, samples were
mechanically disintegrated by passing them with DMEM-10% FBS through a 70pum
cell strainer. After two washes, cell suspension was split into different 1.5mL
microcentrifuge tubes according to the number of antibody combinations. For
extracellular staining, samples were incubated with the following primary
antibodies from eBioscience for 1h at 4°C in soft agitation at a 1:300 concentration:
CDA45-PerCP, CD11b-PE or PE-Cy7, F4/80-PE or -APC, Ly6C-FITC, Ly6G-PE, CD3-
FITC-APC-PerCP; CD4-APC-Cy7, CD8-APC, CD49b-PE, CD24-PE. Samples were
then fixed with 1% PFA. For intracellular staining, cells were fixed with 1% PFA and
permeabilizated with Permeabilization Wash Buffer (Biolegend), except for those
stained against FOXP3, which were permeabilizated using FoxP3 Transcription

Factor Staining Buffer Set (eBioscience). Samples were them immunostained with



the intracellular antibodies (eBioscience) for 1h at 42C and incubated for 45
minutes. FOxP3- PE-Cy7, tBet-PerCP, RORy-APC, GATA3-PE. Then these samples
were stained at room temperature with secondary antibodies as described above.
Samples were finally analysed on a FACS Canto Flow Cytometer (BD Bioscience) and

all data were processed using Flow]Jo® software V.10.

Statistical analyses

Data are shown as mean * standard error of the mean (SEM). Paired or unpaired
Student’s t test was used for the comparison between two different groups (human
gPCR, histological analysis, cytokine levels, accumulation of immune cells). Mean
clinical score follow-up was analysed by using two-way ANOVA repeated measures
with post-hoc Bonferroni's test for multiple comparisons. Differences were

considered significant at p<0.05.



RESULTS

Transgenic expression of IL-37 reduces neurological deficits and protects

against demyelination in the spinal cord of EAE mice.

Since the role of IL-37 in demyelinating diseases of the CNS is still poorly
understood, we first sought to explore whether this cytokine exerted beneficial
effects in EAE mice. Since the open frame of the IL-37 orthologue is not present in
rodents, we induced EAE in hIL-37tg mice and wildtype littermates (WT). We found
that IL-37 transcripts were detected at very low levels in the spinal cord of hIL-37tg
at physiological conditions, but they were significantly increased (~7 fold) at the

peak and chronic phase of the disease, but not at the onset (Fig. 1A).
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Figure 1. The transgenic expression of IL-37 protects against functional deficits and
myelin loss in the spinal cord of mice with EAE. (A) Graph showing the levels of IL-37
mRNA in the spinal cord of hlL-37tg mice at different phase of EAE disease. (B) Clinical
score of females and (C) male hIL-37tg mice and WT littermates. (D) Graph showing the
quantification of the area of demyelination in the spinal cord of hIL-37tg and WT
littermates at 21 days post induction. (E) Representative images of lumbar spinal cord
from hIL-37tg mice and WT littermates at day 21 after EAE induction. *p<0.05; **p<0.01;
***p<0.001 vs. control. One-way ANOVA with Bonferroni post hoc testin A (n=4 per time
point); Two-way repeated measures ANOVA with Bonferroni’s post hoc test in B (n=15
WT; n=14 hIL-37tg) and C (n=9 per group); Unpaired t-test in D (n=15 WT; n=14 hlL-
37tg). Data shown as meantsem.

Knowing that the expression of IL-37 was successfully induced in the spinal cord
upon EAE induction, we next evaluated its contribution to disease. We

demonstrated that female hIL-37tg mice showed significant reduced functional



deficits compared to WT mice (Fig. 1B). Indeed. At the end of the follow up hIL-37tg
female mice showed a reduction of about 1.5 points in the EAE clinical score. Similar
beneficial effects were found in male hIL-37tg mice upon EAE induction. However,
the onset of EAE disease occurred significantly earlier in male mice expressing IL-

37 (Fig. 1C).

We then evaluated whether the enhancement in functional outcomes of female hIL-
37tg mice after EAE induction was linked to myelin preservation. Histological
analysis of lumbar spinal cords harvested at the end of the follow up (21 days post
induction) revealed that the area of demyelination was decreased ~50% in the hIL-

37tg mice (Fig 1D-E).

IL-37 attenuates inflammation in mice with EAE

We next studied whether IL-37 mediated suppressive actions on inflammation in
EAE. For this purpose, we first measured the protein levels of several cytokines in
the spinal cord at day three after disease onset. Luminex assay revealed that
transgenic expression of IL-37 significantly reduced the protein levels of 5 pro-
inflammatory cytokines (IL-1o, IL-18, IL-6, TNF-a and IFNy), all of them linked to
development of EAE pathophysiology (Figure 2A). Since cytokines coordinate the
recruitment and activation of immune cells into the CNS parenchyma, we next
evaluated whether transgenic expression of IL-37 reduced the accumulation of
immune cells in the spinal cord at the disease peak. Flow cytometry analysis showed
that hIL-37tg mice had significant lower counts of T cells (CD3+), including CD4 and
CD8 T cells, macrophages (CD45high, CD11b+, F4/80+) and activated microglial
cells (CD45low, CD11b+, F4/80+) than WT mice (Figure 2B, Supplementary figure
S1A, S1C-E). IL-37, however, did not attenuated the number of B cells (CD45+,
CD11b-, CD3-, CD24+) and neutrophils (CD45+, CD11b+, F4/80-, Ly6G+) (Figure
2B, Supplementary figure S1B, S1F). Highlight that transgenic expression of IL-37
reduced ~2 fold the proportion of pathogenic Thl Cells (CD3+CD4+tBet+) and
increased the proportion of classical regulatory CD4 cells (CD3+CD4+FoxP3+) in the
spinal cord (Figure 2C, Supplementary figure S2A). Moreover, IL-37 also reduced



the proportion of CD16/32+ and iNOS+ macrophages ~20% (Figure 2D,
Supplementary figure S2B), although it did not alter the expression of Ly6C in
macrophages (Figure 2E, Supplementary figure S2C). These data suggest that IL-37
not only reduced the counts of immune cells in the spinal cord but also it modulated

their phenotype towards a more anti-inflammatory state.
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Figure 2. IL-37 reduces the inflammatory response in the spinal cord of mice at the
peak of EAE. (A) Protein level profile of cytokines (IL-4, IL-10, IL-1a, IL-1f, IL-6, IL-17A,
IFNy, TNFa) and chemokines (CXCL-2, CXCL-10, CCL-2, CCL-5, CSF-3) in the spinal cord
of hIL-37tg relative to WT at the peak EAE. (B) Number of infiltrated immune cells and
(C) percentage of CD4+ T cells expressing the transcription factors CD49b, FoxP3, tBet,
GATA3 or RORYy in the spinal cord of WT and hIL-37tg mice at the peak of EAE. (D)
Percentage of macrophages expressing the pro-inflammatory markers CD16/32 and
iNOS or (E) Ly6C in the spinal cord of WT and hIL-37tg mice at the peak of EAE. *p<0.05;
*#p<0.01; ***p<0.001 vs. WT. Unpaired t-test (n=4 per group). Data shown as
mean*sem.



Leukocytes (lymph nodes) Dendritic cells (lymph nodes)
__60
=) ~ 51
< e
S 4]
2 40 z
3 2 34
5 -
—_ o
g 20 o 24 *
E R 1]
2 ﬁ i C . - u E 1
i [ - 1 < ol
&) &) ) ) ) A2 R
c?}\ c.?}\ c?}\ o“:\'\ @Q'q, Q‘\\\ WT hiL-37tg
A, A A @ § ©
& F P & &
O e o \&\rzf’ <
C D
CD4+ Th cells (lymph nodes) Monocytes (lymph nodes)
50+ 60+
40 —
a £ 4 =
< 40
o 304 g
= c . —
20 2 —
s 20+
N i
04 0
CD49b  FoxP3 tBet GATA3 RORy LyBCheh LyBC™ Ly6Clov
E F
Leukocytes (blood) CD4+ Th cells (bood)
80 80
= T
Z 60 60
L]
o <
(5] [m)]
w5 40 3 40
3 * | s
E 20 L ’l‘ 20- ﬂ
z T _
U e A 1iN IR Y
@ o & C) 5 A2 CD49b  FoxP3 tBet GATA3  ROR
c?‘\\ c?}\ oe}\ 0§‘ fo& QS& " '
A A A Q L\ &
¢ & ¢ A
9 &) ¢ ‘@Q x
G
Monocytes (blood)
60
g L = 1
£ 404 T
o
g T
=
< 20
-+
0

LyBCren Ly6C Ly6C'e

Figure 3. IL-37 attenuates the proliferation of immune cells in the lymph nodes of
transgenic mice at the peak of EAE. (A) Number of immune cells in the lymph nodes and
(E) blood of WT and hIL-37tg mice at the peak of EAE. (B) Number of dendritic cells in the
lymph nodes. (C) Percentage of CD4+ T cells expressing the transcription factors CD49b,
FoxP3, tBet, GATA3 or RORy in lymph nodes and (F) blood. (D) Percentage of monocytes
expressing Ly6C in lymph nodes and (G) blood. *p<0.05; **p<0.01; ***p<0.001 vs. WT.
Unpaired t-test (n=4 per group). Data shown as mean+sem.



We then assessed whether the reduced accumulation of immune cells in the spinal
cord of hIL-37tg mice in EAE was due to a central or peripheral effect of this
cytokine. With this aim, we first assessed the immune cell counts in the lymph nodes
and blood at EAE disease peak. Similar to the spinal cord, flow cytometry analysis
demonstrated that hIL-37tg mice had significant reduced count of CD4 T cells in the
lymph nodes (Figure 3A), suggesting that this cytokine attenuated the expansion of
this T cell subset. However, IL-37 did not altered polarization of this CD4 T cells
(Figure 3C). IL-37 also reduced the number of macrophages and dendritic cells
(CD45+, CD11b+, CD11c+) (Figure 3B), which is compatible with reduce T cell
priming observed in the spinal cord (Figure 2C). The proportion of monocytes
expressing Ly6C remained unaltered in lymph nodes (Figure 3D). In the blood
samples, we found that IL-37 did not decreased the numbers of the different
leukocyte population (Figure 3E), but importantly, increased the proportion of non-
classical regulatory CD4 T cells (Figure 3F). The proportion of monocytes expressing

Ly6C remained unaltered in blood (Figure 3G).

Extracellular function of IL-37 is critical for mediating beneficial effects in EAE

As reported before, [L-37 is a dual-function cytokine that can mediate its biological
effects by acting as a extracellular cytokine (Nold-Petry et al, 2015b) or by
translocating into the nucleus (Nold et al., 2010a). Here, we the sought to uncover

the importance of the extracellular function of IL-37 in EAE.

For this purpose, we firstly characterized the expression of IL-37 receptor complex
in the spinal cord in different phases of EAE. We found that both components, il-18ra
and sigirr, were expressed in the CNS at physiological conditions and over EAE
disease progression (Figure 4A and 4B), although il-18ra transcripts significantly

increased in the peak and chronic phase of EAE.
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Figure 4. The protective role of IL-37 against EAE is mediated by its extracellular
pathway. A-B, Graphs showing the relative expression the il-18r«a (A) and sigirr (B) in the
spinal cord of mice undergoing EAE compare to naive. C-D, Clinical score of WT, hIL-37tg,
sigirr KO and hIL-37tg x sigirr KO mice showed as mean clinical score (C) and as maximum
and cumulative score (D). E-F, Graph showing the quantification of demyelinating areas
in the spinal cord of WT, hIL-37tg, sigirr KO and hIL-37tg x sigirr KO mice at 21 days post-
induction (E) and representative images of these spinal cords (F). *p<0.05; **p<0.01;
*#%p<0.001 vs. WT. One-way ANOVA in A and B (n=3 in onset and n=4 in the other
groups). Two-way ANOVA with repeated measures, Bonferroni’s post hoc test in C
(n=21in WT, n=16 in hIL-37tg, n=14, n=14 in sigirr KO and n=14 in hIL-37tg x sigirr KO).
One-way ANOVA in D (n=21 in WT, n=16 in hIL-37tg, n=14 in sigirr KO and n=14 in hIL-
37tg x sigirr KO) and E (n=20 in WT, n=16 in hIL-37tg, n=13 in sigirr KO and n=13 in hIL-
37tg x sigirr KO). Data shown as meanzsem.

Knowing that the components of the IL-37 receptor complex are expressed in the
spinal cord we aimed at evaluating to what degree the extracellular function of IL-
37 is important to mediate its beneficial effects in EAE. For this purpose, we crossed
hIL-37tg mice with sigirr KO mice. This double transgenic mouse expresses the
human form of IL-37b in homozygosis, but this cytokine only has nuclear functions
since it lacks one of the components of IL-37 receptor complex. EAE induction in
sigirr KO mice revealed that the lack of this receptor does not alter EAE progression.

However, the beneficial effects of IL-37 were completely lost in the lack sigirr



(Figure 4C-D). In line with functional data, histological analysis revealed that the
protective actions of IL-37 against demyelination were abrogated in the absence of
sigirr (Figure 4E-F). Thus, these experiments provide clear evidence that the

extracellular function of IL-37 is crucial to confer protection against EAE.

IL-37 is not induced in MS patients

Since IL-37 plays a beneficial role in EAE, we next study whether this anti-
inflammatory mechanism was present in MS patients. For this purpose, we assessed
the expression of IL-37 and its extracellular receptors in PBMCs of MS patients and

healthy controls, as well as, in active lesions of post-mortem MS patients brain

samples.
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Figure 5. Although IL-37 mRNA is barely detected in patients of MS, its extracellular
receptors are expressed. (A-C) Graphs showing the expression of IL-37 and its
extracellular receptors in PBMCs and (D-F) brain in patients of MS and healthy controls.
Unpaired t-test in A, B and C (n=7 in healthy controls, n=11 in MS). Paired t-test in C, D and
E (n=6 per group). Data shown as mean+sem.

gPCR analysis revealed that IL-37 transcripts were barely detectable in PBMC from
healthy controls, and that the levels of this anti-inflammatory cytokine were not
increased in MS patients (Figure 5A), despite the components of its receptors were
expressed (Figure 5B-C). Similarly, IL-37 was detectable at very low levels in NAWM

of MS brains. Strikingly, IL-37 levels tended to decrease in the brain active lesions,



except in two of the patients who showed a marked increase in the transcripts of
this cytokine (Figure 5D). In line with the PBMC data, IL-18Ra and SIGIRR were also
expressed in the NAWM of brain MS samples, and that the levels of IL-18Ra tended
increased in active lesions (Figure 5E-F). These data reveal that the components of
the IL-37 receptors are present in the PBMC and brain of MS individuals but IL-37 is

deficiently induced.

Administration of recombinant human IL-37 protein reduces neurological

deficits and demyelination in EAE mice

To study whether IL-37 may have therapeutic potential in MS, we administered
recombinant human IL-37 protein in EAE mice, starting at disease onset. Since IL-
37 can form dimers, which have reduced anti-inflammatory actions (Ellisdon et al.,
2017; Eisenmesser et al., 2019), we tested the efficacy of the native IL-37 (IL-374¢
218) but also two mutant monomeric forms (IL-37P73K and [L-37Y854) that cannot
dimerize. We found that daily administration of 1ug of native IL-3746-218, J[,-37D73K
or IL-37Y85A from the onset of EAE enhanced functional outcomes and protected
against demyelination (Fig. 6A-D). Among the three recombinant IL-37 proteins, the
mutant monomeric form IL-37P73K showed the greatest efficacy at both, functional
and histological level, although this did not reach statistical significance compared
to IL-3746-218 and IL-37Y85A (Fig. 6A-D). Overall, these data support the therapeutic

actions of exogenous administration of recombinant human IL-37 protein in in EAE.
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Figure 6. The administration of IL-37r protein protects against neurological
impairments and myelin loss in the spinal cord in EAE mice. (A)Clinical score of mice
treated with [L-3746-218 [[,-37D73K ]],-37Y85A gr vehicle showed as mean clinical score and
as (B) maximum and cumulative score. (C) Graph showing the quantification of
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*p<0.01; ***p<0.001 vs. vehicle. Two-way ANOVA with repeated measures,
Bonferroni’s post hoc test in A (n=9 per group in vehicle, IL-37P73K and IL-37Y85A and
n=10 in native IL-3746-218), One-way ANOVA in B and C (n=9 per group in vehicle, IL-
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DISCUSSION

In this study we investigated whether the anti-inflammatory cytokine, IL-37, was
able to enhance the physiopathology of EAE. We reported that IL-37 ameliorated the
clinical signs of EAE and protected from demyelination. We also revealed that IL-37
suppressed the inflammatory response by reducing the protein levels of different
pro-inflammatory cytokines in the spinal cord. Accordingly, IL-37 reduced the
counts of CD4 T cells, macrophages and dendritic cells in the lymph nodes, and
attenuated the accumulation of most of the immune cells populations into the CNS.
Moreover, IL-37 switched the phenotype of CD4 T cells and macrophages in the CNS
resulting in more regulatory and less inflammatory cells. We also described that the
beneficial actions of IL-37 were mediated by signalling via the surface receptor
complex il-18re-sigirr. We demonstrated that this protective mechanism to
attenuate inflammation is aberrant in MS patients. Importantly, we also provided
clear evidence that administration of recombinant human IL-37 protein in EAE mice

alleviated the symptomatology of the disease and protected against demyelination.

Central aspects concerning the pathogenesis of MS have become highly debated in
recent times, but demyelination and further neurodegeneration have an undeniable
link to inflammation, as it also occurs in EAE (Constantinescu et al., 2011; Pérez-
Cerda et al,, 2016; Caravagna et al., 2018). Thus, braking the inflammation to avoid

neurological damage is still in the spotlight for MS treatments.

IL-37 is a member of the IL-1 family that exert potent anti-inflammatory action
(Nold et al.,, 2010b; Cavalli and Dinarello, 2018). Although this cytokine is not
present in mice, the development of a transgenic mouse that expresses the human
form of IL-37 and the use of recombinant IL-37 protein have consistently
demonstrated its protective properties from a myriad of immunological challenges,
such as colitis (McNamee et al., 2011b), metabolic syndrome and type 2 diabetes
(Ballak et al., 2014), lung inflammation (Moretti et al., 2014), cancer (Henry et al,,
2015), arthritis (Ye et al., 2015), calcific valve disease (Zeng et al., 2017) and spinal
cord injury (Coll-Miré et al., 2016).

In hIL-37tg mice, IL-37 transcription is artificially regulated by a cytomegalovirus

promoter, which is constitutively expressed in all the cells (Nold et al.,, 2010b).



However, IL-37 is not as broadly expressed as expected in the mouse due to the
presence of an instability sequence in the mRNA that limits its half-life. Nonetheless,
under inflammatory conditions the IL-37 mRNA is stabilized and, consequently, the
translation of the protein is allowed (Bufler et al., 2004). In this line, and similar to
a previous work (Coll-Miré et al., 2016), we found that IL-37 mRNA is present at
very low levels in the spinal cord of hIL-37tg mouse at physiological conditions, but
their levels are markedly upregulated in EAE. Indeed, IL-37 mRNA reached the
maximum expression at the peak of EAE, when leukocytes are highly accumulated
in the spinal cord (Caravagna et al., 2018). Highlight that IL-37 expression was
associated to reduced neurological impairments and demyelination of EAE mice,
supporting the beneficial action of IL-37 in neuroinflammatory conditions, as we

previously demonstrated in spinal cord injury (Coll-Miré et al., 2016).

It is well stablished that the cytokines produced by the initial wave of CNS-
infiltrating leukocytes are the dominant force that orchestrates the following
inflammatory cascade in MS and EAE (Grigoriadis and van Pesch, 2015; Becher et
al,, 2017). These cytokines play a key role in the recruitment and activation of more
immune cells from the circulation, as well as, in the triggering glial reactivity (Becher
et al,, 2017), and thus, are key contributors to MS pathology. In this line, cytokines
appeared among the most associated risk factor genes for MS in genome-wide

association study (Sawcer et al,, 2011).

Here we report that transgenic expression of IL-37 silenced several pro-
inflammatory cytokines in the spinal cord that have a key contribution to EAE and
MS pathology (Symons et al., 1987; Baker et al., 1991; Schrijver et al., 2003; Rossi et
al., 2014a; Lévesque et al., 2016). (Eugster et al., 1998) (Kallaur et al., 2013). The
effects of IL-37 on cytokine levels was associated to reduced infiltration of immune
cells into the spinal cord at the peak of the disease. This is quite relevant since
leukocytes accumulate in demyelinating areas and their numbers correlate to tissue

damage in MS patients and EAE mice (Ajami et al., 2011; Duffy et al., 2014).

A part from modulating the infiltration of leukocytes into tissues, cytokines are also
responsible for the polarization of immune cells (Becher et al.,, 2017). For instance,
CD4 T lymphocytes include four main phenotypes differentially involved in the
physiopathology of MS and EAE: Th1l and Th17 cells produce pro-inflammatory



cytokines (Mosmann and Sad, 1996; Reboldi et al., 2009) that worsen the tissue
damage in MS and EAE (Lovett-Racke et al,, 2011). Th2 cells represent a protective
anti-inflammatory subpopulation of T cells which produce anti-inflammatory
cytokines (Mosmann and Sad, 1996) and they are believe to exert a suppressive role
in EAE due to blockade of Th1 responses (Bitan et al., 2010). Finally, T regulatory
cells are the most immunomodulators of the adaptive immune system, since they
supress the action of T cells and maintain the immune homeostasis (Kronenberg and
Rudensky, 2005). The increased proportion of T regulatory cells has been defined
as a hallmark of the recovery phase in EAE mice (O’Connor and Anderton, 2015), as
well as, of the remission phase in RRMS individuals (Dalla Libera et al., 2011). In this
line, transgenic expression of IL-37 reduced the percentage of pathogenic Th1 cells
while increased the percent of T regulatory cells in the spinal cord at the peak of the
EAE disease. Importantly, we found that the polarizing effects of IL-37 were not
restricted to CD4 T cells, since hIL-37tg mice also showed lower proportion of
macrophages expressing CD16/32 and iNOS, which have potent pro-inflammatory
actions and contribute to EAE pathology (Liu et al., 2013). We also found decreased
counts of various immune cell populations in the lymph nodes of EAE mice with
transgenic IL-37 expression. This included ~50% reduction in the number of
dendritic cells, which are potent antigen-presenting cells endowed with the ability
to prime T-cell responses. Indeed, the number of MS plaques as well as the severity
of EAE correlate with the presence and functional status of dendritic cells (Greter et
al., 2005; Serafini et al., 2006). In this line, we observed that the counts of CD4 T cells
were significantly reduced in the lymph nodes of hIL-37tg mice, suggesting that the
expansion of this T cell subset was attenuated by IL-37. However, this cytokine did
not alter the phenotype of CD4 T cells in the lymph nodes. Similarly, IL-37 did not
impede the efflux of immune cells into the circulation since the number of the
different immune cells analysed did not change after its transgenic expression.
However, IL-37 favoured the mobilization of regulatory CD4 T cell, since they were
increased in the hIL-37tg mice. These data therefore suggest that the reduced
accumulation of the immune cells in the spinal cord in EAE mice with transgenic
expression of IL-37 was likely due to the ability of this cytokine to reduce their

infiltration into CNS rather than suppressing their mobilization into the circulation.



IL-37 is a dual-function cytokine that can exert its anti-inflammatory activity trough
two different pathways: (i) the activation of the extracellular receptor complex IL-
18Ra-SIGIRR or (ii) the translocation to the nucleus (Nold-Petry et al., 2015a). We
demonstrated that the interaction of IL-37 with its extracellular receptor complex
was totally necessary to mediate its protective effects in EAE, since the genetic
deletion of sigirr abolished the beneficial actions of this cytokine, despite the
intracellular function of IL-37 was not affected. However, we do not discard that the
nuclear function of IL-37 could also promote some anti-inflammatory actions in

EAE, as we recently observed under endotoxemia (Li et al,, 2019).

There is accumulated evidence corroborating that IL-37 is dysregulated in several
pathological conditions, such as, systemic lupus erythematosus (Wu et al., 2016),
psoriasis (Sehat et al., 2000), aortic valve lesion (Zeng et al., 2017) or hepatitis B and
C (Li et al.,, 2013), In this line, we also observed that IL-37 transcripts were not
increased or even decreased in PBMCs and brain active lesions of MS patients.
Nonetheless, the components of the extracellular receptors for IL-37 we expressed
in PBMS and brain samples of healthy donors and MS patients. These data suggest
that although MS individuals have the machinery to activate this beneficial
mechanism to contain inflammation, IL-37 signalling is not switched on due to the
aberrant production of IL-37. A similar scenario also occurs in mice, since the
complex il-18ra/sigirr is expressed in the spinal cord at physiological and
pathological conditions but IL-37 is absent due to the lack of the open read frame
for this cytokine. Importantly, we found that the exogenous administration of
recombinant human IL-37 protein in EAE mice ameliorated the clinical and
histopathological signs of the disease, suggesting the therapeutic potential of IL-37
in MS. Highlight that treatment with recombinant IL-37 protein was initiated once
mice showed the first clinical signs of EAE, what makes these findings more clinically

relevant.

Recent studies have been reported that IL-37 forms dimers with nanomolar affinity,
resulting in limited bioactivity (Ellisdon etal., 2017). They uncovered that mutations
in the dimer interface, such as IL-37P73K and IL-37Y854, specifically disrupt dimer
formation, resulting in stable monomers that provide greater suppression of

inflammation compared with native IL-37, (Eisenmesser et al., 2019). However, we



did not find any significant enhanced effect of the two mutant monomers IL-37D73K
and IL-37Y85A compared to the native IL-37 form, although the monomer IL-37P73K
resulted in slight greater efficacy in EAE. This may indicate that the amount of IL-37

we administered was not high enough to favour the formation of dimers

Altogether, we provide clear evidence that IL-37 wields a beneficial effect in EAE by
signalling through its surface receptor complex IL-18Ra/sigirr. Further studies are
needed to elucidate the role of IL-37 in MS patients, but our data suggest that this

cytokine could have therapeutic applications.
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ABSTRACT

Resolution of inflammation is an active and regulated process that leads to the clearance
of cell debris and immune cells from the challenged tissue, facilitating tissue homeostasis.
This physiological response is coordinated by endogenous bioactive lipids known as
specialized pro-resolution mediators (SPMs). When resolution fails, inflammation
becomes uncontrolled leading chronic inflammation and tissue damage, as occurs in
multiple sclerosis (MS). Here, we show that enzymes involved in SPM synthesis are not
efficiently induced in MS patients and in mice with experimental autoimmune
encephalomyelitis (EAE), the animal model of MS. We also demonstrate that the
administration of the SPM maresin-1 (MaR1) modulated different key events of the
inflammatory response in EAE mice. In particular, MaR1 suppressed the protein levels
of various pro-inflammatory cytokines, reduced the accumulation of immune cells in the
spinal cord. MaR1 also decreased the numbers of Th1l cells, increased the accumulation
of regulatory T cells (Treg), drove macrophage polarization towards an anti-inflammatory
phenotype, and modulated the efflux of different leukocyte subsets from immune organs.
Importantly, we also provide clear evidence indicating that administration of MaR1 in
mice with clinical signs of EAE enhances neurological outcomes and protects from
demyelination. Overall, these data demonstrate that immunoresolvent therapies could be
a novel avenue for the treatment of MS.



INTRODUCTION

Acute inflammation is a key physiological mechanism that promotes the repair of
injured tissues and eliminates infectious organisms and toxic agents. This response
is tightly controlled and finalizes with the elimination of the immune cells and
cellular debris from the tissue, paving the way for the recovery of homeostasis
(Russell, 2007; Serhan, 2014; Serhan et al, 2015). Contrary, uncontrolled
inflammation, as it occurs when the resolution phase fails, becomes harmful to the
tissue and it is a hallmark of a wide variety of pathological conditions, including in
multiple sclerosis (MS) (Schwab et al.,, 2007; Priiss et al., 2013; Serhan, 2014;

Francos-Quijorna et al.,, 2017).

For many years, termination of inflammation was believed to be a passive process
triggered by the dilution of pro-inflammatory mediators at the challenged tissue
thus halting the recruitment of leukocytes from circulation. However, it is now
known that the resolution of inflammation is an active and coordinated event
controlled by a genus of lipids known as SPMs (Schwab et al., 2007; Serhan, 2014).
This bioactive lipid family includes lipoxins (LX), resolvin D series (RvD), resolvin E
series, (RVE), protectins (PD) and maresins (Schwab et al., 2007; Serhan, 2014;
Chiang and Serhan, 2017; Dalli and Serhan, 2018). SPMs are naturally synthesized
by immune cells from omega-3 and omega-6 polyunsaturated fatty acids (PUFAs)
through lipoxygenases (12-LOX and 15-LOX) (Serhan et al, 2015; Chiang and
Serhan, 2017; Dalli and Serhan, 2018). Failure to produce adequate amounts of
SPMs has been associated with persistent inflammation in many inflammatory
disorders such as asthma, atherosclerosis, ulcerative colitis, spinal cord injury and
Alzheimer’s disease, among others (Schwab et al,, 2007; Serhan, 2014; Wang et al,,
2015; Francos-Quijorna et al., 2017; Serhan, 2017). However, there are currently

very few studies addressing the importance of the resolution of inflammation in MS.

MS is a chronic neuroinflammatory and demyelinating disease of the central
nervous system (CNS) affecting around 2.5 million individuals worldwide (Dendrou
et al,, 2015; Bhise and Dhib-]Jalbut, 2016; Popescu and Lucchinetti, 2016). Although
the exact cause of MS is not yet known, a hallmark of the pathology is the presence
of persistent numbers of immune cells in the white and gray matter of the CNS (Prat

and Antel, 2005; Dendrou et al,, 2015; Bhise and Dhib-]Jalbut, 2016; Popescu and



Lucchinetti, 2016). The question whether neurodegeneration in MS is independent
or related to inflammation has been long debated. However, neuropathological
studies show that inflammation is present in all MS stages and that putative
neurodegenerative lesions are likely driven by immune cells (Prineas et al., 2001;

Lassmann et al,, 2007; Popescu and Lucchinetti, 2016).

To our knowledge, there are currently two studies addressing the importance of the
resolution of inflammation in MS, which suggest that this event is dysfunctional in
the patients (Priiss et al., 2013; Poisson et al., 2015). The first report analyzed the
levels of SPMs in the cerebrospinal fluid (CSF) of a small cohort of MS individual.
This work suggested that the production of SPM in the CNS of MS individual was
aberrant, especially in those with highly active MS (Priiss et al., 2013). The second
study showed that metabolites of PUFAs, including omega-3 and omega-6 PUFAs,
were decreased either in mouse models of MS and in patients with MS. Importantly,
this work also revealed that administration of the SPM known as RvD1 ameliorated
clinical signs of EAE in mice (Poisson et al,, 2015). However, the causes underlying
the inappropriate production of SPMs in MS patients, and whether the
administration of other immunoresolvent lipids could mediated beneficial effects is

currently unknown.

In the present work, we reveal that the expression of enzymes involved in the
synthesis of SPMs is defective in active MS brain lesions and peripheral blood
mononuclear cells (PBMC) of MS patients, as well as, in the CNS of mice undergoing
EAE. We also reveal that the exogeneous administration of RvD1 and MaR1, but not
RvE1 in mice after EAE onset, confers protection against neurological decline. MaR1
also has protective effects against myelin loss in the spinal cord and modulates

different aspects of inflammation.



MATERIALS AND METHODS

Human Brain Samples

Human brain tissue was obtained from MS patients diagnosed with clinical and
neuropathological MS diagnosis according to the revised 2010 McDonald’s criterial.
Tissue samples were collected from MS patients with full ethical approval
(BH07.001) and informed consent as approved by the local ethics committee (Table
1). Autopsy samples were cryopreserved and lesions classified using Luxol Fast

Blue/Haematoxylin & Eosin staining and Oil Red O staining.

For this study, normal appearing white matter (NAWM) regions and 7 active lesions
tissue samples representing 56 secondary-progressive MS (SPCMS) and 12
relapsing-remitting MS (RRMS) cases were used. The median age at death was 50
years (range from 26 to 65 years). Regions of interest (lesion or NAWM) for RNA
isolation were dissected manually from several 5-6 50 um cryosections per block.
To analyse gene expression from human peripheral blood mononuclear cells

(PBMCs) we used blood samples from MS patients and healthy controls.

MS and healthy donor PBMC isolation

Blood samples were collected from 7 patients with relapsing-remitting MS (RRMS), 3
with secondary progressive (SPMS) and 1 with clinically isolated syndrome (CIS),
recruited at the MS Clinic at the Research Center of the University of Montreal Hospital
Center. Their ages ranged from 27 to 65 years (mean age, 43 years). At time of blood
sampling, none of the patients were receiving treatment with steroids or disease
modifying drugs. 7 healthy volunteers were included as controls; their ages ranged from
24 to 42 years (mean age, 35 years). A written informed consent was obtained from
patients and healthy donors in accordance with the local ethics committee (CRCHUM
research ethic committee approval number BH07.001). PBMCs were isolated from blood
samples collected in EDTA-coated Vacutainer tubes (BD Biosciences, Oakville, ON,
Canada) using a Ficoll density gradient (Amersham Biosciences)



EAE Induction

Mice were sedated with intramuscular injection of mixture of ketamine (22mg/kg)
(Imalgen 1000, Merial) and xylazine (2.5mg/kg) (Rompun, Bayer). EAE was actively
induced by subcutaneously injection in each flank at the base of the tail of 100l of
3mg/mL of myelin oligodendrocyte glycoprotein peptide 35-55 (MOGss-s5) in
Complete Freund’s Adjuvant (CFA) (Difco, Detroit, MI, USA) supplemented with
4mg/mL of heat inactivated Mycobacterium tuberculosis (Difco, Detroit, MI, USA).
Immediately after induction, and on day 2, mice received an intraperitoneal (i.p.)

injection of 400ng of pertussis toxin (PTX) in 100pl sterile saline (0.9% NaCl).

EAE Functional Evaluation

Mice were daily scored from day 0 to day 21 after induction of EAE. The researcher
was blind to experimental groups during the functional evaluation. A 6-point scale
was used to evaluate the clinical signs of EAE: O=normal walking, 0.5=partially
paralyzed tail, 1=fully paralyzed tail, 2=mild hind limb weakness, quick righting
reflex, 3=severe hind limb weakness, slow righting reflex, unable to bear weight,
3.5=severe hind limb weakness and partial paralysis of hind limb, 4=complete
paralysis of at least one hind limb, 4.5=complete paralysis of one or both hind limbs
and trunk weakness, 5=complete paralysis of one or both hind limbs, forelimb

weakness or paralysis, 6=mouse is found death by EAE.

Histological analysis

C57/Bl6 mice were euthanised at 21 days post induction with and overdose of
pentobarbital sodium (Dolethal) and, then, transcardially perfused with 4%
paraphormaldehyde (PFA) in 0.1M of phosphate buffer (PB). Lumbar segments of
spinal cord were harvested, post-fixed in 4% PFA for 2 hours in ice and
cryoprotected in 30% sucrose in 0.1M PN at 42C for at least 48 hours. Then, spinal
cords were embedded in Tissue-Tek®OTC (Sakura, Japan), cut in transversal
sections (15um-thick) with a cryostat (Leica) between L3 and L5 segments and

serially picked up on gelatine-coated glass slides. Samples were stored at -202C.



Sections were stained with Luxol Fast Blue (LFB) (Sigma Aldrich). Briefly, after a
graded dehydration, sections were placed in 1mg/mL of LFB solution in 96%
ethanol and 0.05% acetic acid overnight at 372C and protected from light. Then,
slides were washed with 96% ethanol, rehydrated with distilled water and placed
in a 0.5mg/mL Li2CO3 solution in distilled water for 3-5 minutes at room
temperature. Finally, sections were washed in distilled water, dehydrated again and
mounted in DPX mounting medium (Sigma Aldrich). To assess the demyelinated
area in the spinal cords, 6 random images per spinal cord were captured at 10X
magnification with an Olympus BX51 and the attached Olympus DP73 Camera. The
total demyelinated area in the spinal cord was measured with Image ] image analysis

software.

Cytokine Protein Expression Assessment

C57/Bl6 mice were euthanised at the peak of EAE with an overdose of pentobarbital
sodium (Dolethal) and transcardially perfused with 60 mL of sterile saline (0.9%
NaCl). Then, spinal cords were harvested and rapidly freeze to -802C with liquid
nitrogen. To assess the protein levels of cytokines, spinal cord were processed as it
is detailed in Amo-Aparicio et al. 2018. Briefly, tissue was homogenized in HEPES
and then protein concentration was determined with a DC Protein Assay (Bio-Rad).
Protein homogenates were concentrated to 4ug/ul and finally, protein levels of IL-
4, IL-10, IL-10, IL-1B, IL-6, TNF-a, IFNy, IL-17A, CSF-3, CCL-5, CCL-2, CXCL-2 and
CXCL-10 were analysed using a custom-designed Milliplex Cytokine Magnetic Bead
Panel on a MAGPIX system (Affymetrix, eBioscience).

Fluorescence Activated Cell Sorting (FACS)

Immune cell infiltration was determined from blood, lymph nodes and spinal cord of EAE
mice at disease peak. Briefly, mice were euthanised with an overdose of pentobarbital
sodium (Dolethal). 15ul of blood was collected from a cardiac puncture and stored in
heparinized vials at 4°C. Then, mice were transcardially perfused with 60 mL of sterile
saline (0.9% NacCl) and the spinal cords and lymph nodes (cervical and inguinal) were

collected.



Blood samples were incubated with red blood cell lysis buffer (BioLegend) according to
manufactures’ guide to obtain a cell suspension enriched in leukocytes. Spinal cords and
lymph nodes were cut in small pieces and enzymatically dissociated in 1mL of HBSS
without Ca?*/Mg?* containing 0.1% collagenase and 0.1% DNase for 30 minutes at 37°C,
and then, mechanically disintegrated through a 70um cell strainer to obtain a cell

suspension (Amo-Aparicio et al., 2018).

Cell suspensions were split into different 1.5mL microcentrifuge tubes according to the
number of antibody combinations. For extracellular staining, samples were divided and
unstained cells and isotype-matched control samples were generated to control for
nonspecific binding of antibodies and for autofluorescence. For extracellular staining the
following antibodies from eBioscience were used at a 1:300 concentration: CD45-PerCP,
CD11b-PE or PE-Cy7, F4/80-PE or -APC, Ly6C-FITC, Ly6G-PE, CD3-FITC-APC-
PerCP; CD4-APC-Cy7, CD8-APC, CD49b-PE, CD24-PE. Samples were incubated with
the primary antibodies for 1h at 4°C with gentle agitation, washed with DMEM-10% FBS
and centrifuged twice at 300g for 10 min at 4°C to remove debris and then fixed with 1%
PFA. For intracellular staining, the following antibodies from eBioscience were also used
at 1:300 concentration: FoxP3- PE-Cy7, tBet-PerCP, RORy-APC, GATA3-PE, IFNy-
Alexa488, IL-17A-Alexad88, IL-4-APC, IL-10-Alexa488. Cells were fixed with 1% PFA
and permeabilized with Permeabilization Washing Buffer (Biolegend). Cells stained for
FoxP3 were fixed and permeabilized using FoxP3 Transcription Factor Staining Buffer
Set (eBioscience). Samples were immunostained with the intracellular antibodies for 1h
at 4°C. Finally, stained cells were washed with PBS twice and fixed with 1% PFA.

Samples were analysed on a FACS Canto Flow Cytometer (BD Bioscience) and all data

were processed using FlowJo® software V.10.

Statistical analyses

Data are shown as mean # standard error of the mean (SEM). Paired or unpaired
Student’s t test was used for the comparison between two different groups (human
gPCR, histological analysis, cytokine levels, accumulation of immune cells). Mean
clinical score follow-up was analysed by using two-way ANOVA repeated measures
with post-hoc Bonferroni’s test for multiple comparisons. Differences were

considered significant at p<0.05.



RESULTS

MS patients have an impairment in the expression of the key enzymes

involved in switching on the inflammatory resolution programs

A previous study assessing the levels of lipid mediators derived from AA and DHA
in CSF samples suggested that resolution of inflammation was defective in MS
patients (Priiss et al. 2013). To elucidate whether this is associated with a failure to
induce the expression of the key enzymes involved in the synthesis of SPMs, we
measured the expression of lipoxygenase-12 (ALOX12) and lipoxygenase-15
(ALOX15), in PBMCs from active MS patients and healthy donors, as well as, in active
lesions in post-mortem brain samples. qPCR analysis revealed that mRNA levels of
ALOX12 and ALOX15 were undetected or found at very low levels in PBMCs from
healthy patients, and that these enzymes were not up-regulated in PBMCs from MS
patients (Figure 1A-B). When assessing the expression of ALOX12 and ALOX15 in
post-mortem active MS brain samples, we found that, overall, there was no
significant induction of ALOX12 or ALOX15 in active lesions compared to NAWM
(Figure 1C-D). However, in 4 out of 7 MS patients, the levels of ALOX12 were
increased between 3.67 and 5.11- fold in active lesions, whereas the transcripts for
ALOX15 in active lesions was higher in only 2 out of 7 patients, although they were
increased 14.32 and 24.39-fold (Figure 1C-D). This data reveals that the enzymes

involved in the production of SPMs are not properly induced in all MS patients.

We then studied whether this phenomenon also occurred in EAE, one of the most
widely used animal models of MS. For this purpose, we analysed the dynamics of
12/15-lox expression in the spinal cord of EAE mice. 12/15-lox is the murine
ortholog of human LOX-15 and the initiating enzyme in the SPMs biosynthetic
pathway. gPCR analysis revealed that, similar to MS patients, mRNA levels of 12/15-
lox were not upregulated in the CNS of EAE mice, although the transcripts of this
enzyme tended to be higher at the chronic stage of the disease (Figure 1E).

Overall, these results demonstrate that the key enzymes involved in the production

of SPMs are not efficiently induced in MS individuals and EAE mice.
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Figure 1. Expression of lipoxygenase 12 and 15 in MS patients and lipoxygenase
12/15 in EAE mice. A-D, Graphs showing the mRNA levels of ALOX12 (A, C) and ALOX15
(B, D) in PBMCs of MS individuals (n=11) and healthy donors (n=8) and in brain MS active
lesions and NAWM (C, D) (n=7). Time course expression of of Alox12/15 mRNA levels in the
spinal cord of EAE mice over disease progression (n=3 for the onset and n=4 the other time

points) (E). Unpaired t-test in A-C. Paired t-test in C-D. One-way ANOVA, Bonferroni’s post
hoc test in E. Data is shown as mean*SEM.

Systemic administration of SPMs ameliorates EAE outcomes

We then investigated whether exogenous administration of different SPMs derived
from omega-3 fatty acids attenuated neurological impairments in EAE. For this
purpose, we performed a pilot study to in which RvE1, RvD1 or MaR1 (1ug/mouse
i.p.) from the disease onset. We found that the administration of RvD1 (Figure 2A),
and MaR1 (Figure 2C-D) in a greater extent, conferred protection against functional
loss, despite the treatment was initiated once the mice showed the first signs of the
disease. However, the treatment with RvE1 did not ameliorated neurological deficits

in EAE mice (Figure 2B).

Since MaR1 showed the greatest results on neurological outcomes, we then

evaluated if the enhancement of the functional skills in EAE mice treated with MaR1



was related to preservation of myelin within the CNS. Histological analysis of spinal

cord sections revealed that MaR1 protected against myelin loss (Figure 2E-F).
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Figure 2. Effects of SPM administration on functional deficits and myelin loss in EAE
mice. A-D, Graphs showing the clinical score of EAE mice treated with RvD1 (A), RvE1 (B)
or MaR1 (C-D) compared with vehicle-treated mice over disease progression. E-F, Graph
showing the quantification of myelin loss in the lumbar spinal cord of MaR1- or vehicle-
treated mice at 21 days post induction (E) and representative histological spinal cord tissue
sections stained with luxol fast blue from EAE mice treated with vehicle and MaR1 21 days
post induction (F). *p<0.05; **p<0.01; ***p<0.001 vs. vehicle. Two-way ANOVA with
repeated measures, Bonferroni's post hoc test in A (n=6 in RvD1 and n=14 in vehicle), B
(n=6 in RvE1 and n=14 in vehicle), and C (n=12 per group). Unpaired t-test in D (n=12 per
group) and C (n=9 in vehicle and n=11 in MaR1). Data is shown as mean+SEM.

MaR1 attenuates inflammation in mice with EAE

We next investigated whether the exogenous administration of MaR1 attenuates
inflammation in mice undergoing EAE. With this aim, we assessed the protein levels
of 14 cytokines in the spinal cord of vehicle- and MaR1-treated mice at the peak of
EAE. Luminex assay revealed that MaR1 reduced significantly the levels of 5 out 9
pro-inflammatory cytokines (IL-1q, IL-1f3, IL-6, TNFa and IFNy) and 3 out of the 4
chemokines measured (CCL-5, CCL-2 and CXCL-2) (Figure 3A) highlighting the
potent actions of this SPM in attenuating the proinflammatory milieu within the
spinal cord of EAE mice. However, MaR1 did not reduce the protein levels of the anti-

inflammatory cytokine IL-10 (Figure 3A).
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Figure 3. MaR1 attenuates inflammation in the spinal cord of mice undergoing EAE.
Plot showing the fold change in cytokine protein levels of different cytokines in the spinal
cord of EAE mice treated MaR1 relative to those treated with vehicle (dotted line) (A). Grey
bars highlight those cytokines that are significantly regulated by MaR1. B-E, Graph showing
the quantification of different immune cell populations in the spinal cord (B), the number
of CD4+ T cells expressing IL-4, IL-10, IFNy or IL-17A (C), the percent of CD4+ T cells
expressing the CD49b, FoxP3, tBet, GATA3 or RORy (D) and ratio of Ly6Cloew/Ly6(Chigh
macrophages (E) in the spinal cord after MaR1 or vehicle treatment. *p<0.05; **p<0.01;
*#*p<0.001 vs. vehicle. Unpaired t-test (n=4 per group). Data is shown as mean+SEM.

Since cytokines and chemokines coordinate the migration of immune cells in tissues,
we studied whether MaR1 modulated the immune cell counts in the spinal cord of
EAE mice at the peak of the disease. Flow cytometry experiments revealed that
MaR1 strongly reduced the counts of T cells, including both Th cells (CD3+, CD4+)
and T cytotoxic cells (CD3+, CD8+), and B cells (CD45+, CD11b-, CD3-, CD24+). This
SPM also reduced the accumulation of macrophages (CD45high, CD11b+, F4/80+)
and activated microglial cells (CD45low, CD11b+, F4/80+) but not neutrophils
(Figure 3B; Supplementary figure S1).



Since cytokines and SPMs can modulate Th cell and macrophage responses
(Chiurchiu etal. 2016; Francos-Quijorna et al. 2017), we investigated whether MaR1
affected Th cell polarization at the peak of EAE. We found that MaR1 reduced the
number of CD4 T cells expressing IFNy in the spinal cord of EAE mice suggesting
that the number of pathogenic Th1 cells was reduced (Figure 3C; Supplementary
figure S2). However, the proportion of Th cells expressing tBet, a transcription factor
associated to Th1 responses, was not changed. MaR1 did not reduced the number of
Th2 and Th17 since the expression of cytokines and their signature transcription
factors (GATA3 and RORYy, respectively) were not affected (Figure 3D). MaR1 also
increased the proportion of T regulatory cells expressing CD49b but not FoxP3,
which play a crucial role in maintaining tolerance to self-antigens and prevent
autoimmune disease (Figure 3D; Supplementary figure S2). Besides, MaR1 boosted
the ratio of Ly6Clew/Ly6Chish macrophages by ~3 fold (Figure 3E; Supplementary
figure S2), suggesting that this SPM also drove macrophages towards a more anti-

inflammatory phenotype.

We then investigated whether the reduction in the infiltration of leukocytes in the
spinal cord of EAE mice was associated to the ability of MaR1 to attenuate the
expansion of immune cells in the lymph nodes and/or to their migration to the blood
stream. We found that MaR1 slightly reduced the number of the different
lymphocyte populations in the lymph nodes, although it was not statistically
significant (Figure 4A). Similarly, MaR1 did not modulate CD4 T cell polarization
(Figure 4B). MaR1 also failed to modify the number of neutrophils, macrophages
and their phenotype in the lymph nodes (Figure 4A, C). However, it reduced by ~2
fold the number of dendritic cells (Figure 4B), which have a decisive role in Th cell

priming.

Despite the minimal actions of MaR1 on lymphocyte and monocyte counts in the
lymph nodes, we observed that less CD4 T cells, B cells and monocytes trafficked
from lymphatic organs and/or bone morrow to the blood stream (Figure 5A). MaR1
also led to changes in the phenotype of circulating CD4 T cells in EAE mice,
increasing the proportion of CD49b+ non-classic T regulatory cells and reducing
that of pathogenic Th1l cells (Figure 5B). However, MaR1 did not modify the

phenotype of monocytes in the circulation, which had a predominant pro-



inflammatory state (Ly6Chigh) (Figure 5C). These results suggested that some of
immune cell responses observed in the spinal cord of EAE treated with MaR1 may

be due, in part, to the actions of this SPM in the periphery.
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Figure 4. Effects of MaR1 on immune cells counts in the lymph nodes of EAE mice at
disease peak. A-B, Graph showing the quantification of different leukocytes populations
(A) and dendritic cells (B) in the lymph nodes of MaR1- or vehicle-treated mice. C-D, Plot
showing the percent of CD4+ T cells expressing the transcription factors CD49b, FoxP3, tBet,
GATA3 or RORYy (C) and the counts for the different macrophage subset according to Ly6C
expression (D) in the lymph nodes of MaR1- or vehicle-treated mice at the peak of EAE.
Unpaired t-test (n=4 per group). *p<0. vs. vehicle. Unpaired t-test (n=4 per group). Data is
shown as mean+SEM.
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Figure 5. Effects of MaR1 on immune cells counts in the blood of EAE mice at disease
peak. Graph showing the number of different leukocytes populations (A), plot showing the
percent of CD4+ T cells expressing the transcription factors CD49b, FoxP3, tBet, GATA3 or
RORYy (B) and the counts for different macrophage subset according to Ly6C expression (C)
in blood of EAE mice treated with MaR1- or vehicle. Unpaired t-test (n=4 per group). Data
shown as mean+sem.*p<0.05; **p<0.01 vs. vehicle. Unpaired t-test (n=4 per group). Data is
shown as mean+SEM.



DISCUSSION

In the present study, we report that MS patients and EAE mice have aberrant induction
of the key enzymes involved in the synthesis of SPMs. We reveal that the administration
of the resolution agonists MaR1 and, in a lesser extent RvD1, conferred protection against
neurological decline and myelin loss despite the treatment was initiated once the mice
showed the first signs of the disease. Nonetheless, the treatment with RvE1 failed to
protect against EAE outcomes. We also uncovered that the exogenous administration of
MaR1 in EAE mice attenuates the pro-inflammatory environment of the CNS, modulates
the polarization of Th cells and macrophages towards a more anti-inflammatory
phenotype and reduces the trafficking of different leukocyte populations into the blood

stream.

PUFAs play a critical role in the regulation of inflammation since they control several
processes involved in the onset, but also, in the termination of this physiological response
(Robinson, 1987; David et al., 2012; Serhan, 2014; Dalli and Serhan, 2018). In general,
eicosanoids generated via the actions of cyclooxygenase 1 and 2 (COX-1 and 2) and 5-
LOX from AA, such as prostaglandins, thromboxanes and leukotrienes, contribute to
inflammation by promoting chemotaxis and activation of immune cells and increasing
vascular permeability (Dennis and Norris, 2015; Belury and Harris, 2018). Nevertheless,
not all the actions of eicosanoid are pro-inflammatory since a number of in vivo works
reveal that 15d-Prostaglandin J2, for instance, attenuates inflammation and neurological
decline in EAE and spinal cord injury (Diab et al., 2002; Kerr et al., 2008).

Contrary, SPMs are key players in the resolution of inflammation. Except for LXs, SPMs
are derived from omega-3 PUFA, particularly from DHA and EPA. DHA can give rise to
several resolution agonist including those of the RvD series, PD, and MaR. EPA can also
yield some SPMs, namely RVE (Schwab et al., 2007; Buckley et al., 2014; Serhan, 2014;
Chiang and Serhan, 2017; Dalli and Serhan, 2018).

Omega-3 PUFA are enriched in oils derived from fish and algae. VVarious epidemiological
studies indicate that omega-3 PUFA dietary supplementation is associated with improved
clinical improvement in various pathologies, including cardiovascular events or cancer
(Siddiqui et al., 2004; Macsai, 2008; Marik and Varon, 2009). There are, however,
conflicting results on the beneficial actions of omega-3 PUFA supplementation in MS,
since several trials have failed to show efficacy despite the supplementation increased
omega-3 PUFA levels in patients (Nordvik et al., 2000; Torkildsen et al., 2012; Jelinek et



al., 2013; Riccio et al., 2016). Our results suggest that this lack of efficacy is likely due
to a failure of MS patient to produce adequate amounts of SPMs despite the
bioavailability of omega-3 PUFA.

A previous report suggested that lipid mediator pathways are dysregulated in the CSF of
MS patients (Priss et al., 2013). Nonetheless, this phenomena is not unique of MS
patients since this inappropriate production of SPM has been also observed in other CNS
conditions such as Alzheimer’s disease individuals (Wang et al., 2015) and in mice after
contusion injury (Francos-Quijorna et al., 2017). In the present work, we provide
evidence for the first time suggesting that the aberrant production of SPMs in MS patients
is associated to an inappropriate induction of LOX-12 and LOX-15. Our data reveal that
the transcript of these two enzymes, which play a key role in the initiation of the SPMs
biosynthetic pathway, are not induced in PBMC of MS patients. We also report that the
levels of LOX-12, and LOX-15 were only increased in active lesions of some MS
individuals, whereas in others these transcripts remained unchanged or even down-
regulated. Interestingly, we observed that LOX-12 and LOX-15, were simultaneously
increased in only 1 out of the 7 brain MS samples analysed, further indicating that the
biosynthetic pathways of SPMs are likely to be impaired in the most MS patients. This
dysregulation in the resolution pathways seems to be also present in EAE mice, since we
uncovered that the transcripts of Alox12/15 were not found in the spinal cord during EAE
progression. In this line, a previous study revealed that RvD1 levels are markedly reduced
in the plasma of EAE (Poisson et al., 2015). Importantly, administration of RvD1 in EAE
attenuated the clinical signs of disease, suggesting that the exogenous administration of
SPMs could revert of the pathological signs of the diseases (Poisson et al., 2015). Here

we also demonstrate that RvD1 promotes therapeutic action in EAE mice.

MaR1 is one of the members of SPMs less characterized. Recently, we have demonstrated
that MaR1 enhanced inflammatory resolution after spinal cord injury and reduced myelin
loss and neurological deficits, but also promote neuroprotection in spinal muscular
atrophy (Francos-Quijorna et al., 2017). Our data reveals that administration of very low
doses of MaR1 in EAE mice also conferred protection against functional deficits and
myelin loss, despite MaR1 treatment was initiated after disease onset. Importantly, MaR1
exerted greater therapeutic actions than RvD1. We also found that MaR1 modulated
different response associated to inflammation. First, MaR1 reduced the protein levels of

different pro-inflammatory cytokines in the spinal cord of EAE mice, including IL-1a,



IL-1B, TNFa, IFNy and IL-6, among others, but did not alter the amounts of anti-
inflammatory/immunomodulatory cytokines, such as IL-4 or IL-10. These pro-
inflammatory cytokines play a critical role in the development of EAE (Schrijver et al.,
2003; Serada et al., 2008; Lévesque et al., 2016), and are associated to neurodegeneration
and symptomatology progression in MS patients (Kallaur et al., 2013; Rossi et al., 2014),
which may explains the therapeutic effect observed in EAE mice treated with MaR1.
Second, MaR1 reduced the accumulation of most of the leukocyte population in the spinal
cord of EAE mice, in exception of neutrophils. This is likely to be caused, at least in part,
by the decreased levels of cytokines in the spinal cord, but also by the ability of MaR1 in
hampering the efflux of these leukocyte population into the blood, since their counts were
not attenuated in the lymph nodes but were reduced in the blood. Third, MaR1 modulated
the polarization of macrophages and Th cells towards a more ant-inflammatory
phenotype. Particularly, MaR1 reduced the pathogenic Th1l cells in the spinal cord and
increased the number of non-classical T regulatory cells. Our data correlates with a
previous study that revealed that resolution agonists, including MaR1, attenuates the
activation of pathogenic Thl and Th17 cells and their generation from naive CD4 cells
(Chiurchiu et al., 2016). Nonetheless, we did not observe any significant change in the
counts of different Th cell populations in the lymph nodes, suggesting that MaR1 does
not regulate the activation of Th cells in EAE, at least when MaR1 treatment is initiated
after disease onset. However, MaR1 reduced the counts of Thl cells in the blood and
increased those for non-classical T regulatory cells, suggesting that MaR1 is selectively
modulating the mobilization of these two Th cell subsets into the blood rather than their
activation. Highlight, that similar to our previous studies in spinal cord injury (Francos-
Quijorna et al., 2017), we observed that macrophages that infiltrated into the spinal cord
of mice undergoing EAE adopted a more anti-inflammatory phenotype at the peak of the
disease. This effect was observed in the CNS but not in the lymph nodes or blood,
suggesting that the modulation of the inflammatory environment of the CNS by MaR1 is

most likely to be involved in the polarizing effects on macrophages.

Overall, we provide clear evidence demonstrating that the enzymes involved in the
biosynthetic pathways of pro-resolving lipid mediators are not efficiently turned on in the
CNS and blood of MS patients. Our data indicate that exogenous administration of MaR1
confers protection against neurological decline and myelin loss by means of enhancing

multiple mechanisms needed for preventing inflammation in EAE mice. This data



therefore indicate that MaR1 could open a novel therapeutic avenue for the treatment of

MS patients.
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GENERAL DISCUSSION

Although MS was described by Dr Jean-Martin Charcot 1868, it is still a challenging
neurological disorder. There are several approved anti-inflammatory and
immunomodulatory drugs to palliate the symptomatology, but unfortunately, all of
them are highly ineffective, especially for those individuals suffering from PPMS and
SPMS, the most aggressive forms of the pathology. Besides, all the approved drugs
have powerful side-effects, worsening the quality of life in patients (Reviwed at
Wagner and Goverman, 2015; Bjelobaba, Savic and Lavrnja, 2017; Thompson,

2017).

The cause of MS remains unknown, but it is widely accepted that demyelination and
further neurodegeneration is indisputably linked to inflammation within the brain
and spinal cord. In fact, MS is considered as an inflammatory disorder since the
myelin sheaths are stripped off by infiltrated and resident inflammatory cells
(Reviewed at Dendrou, Fugger, & Friese, 2015). Thus, inflammation is a double-edge
sword. On one hand, under physiological conditions, the immune response plays an
essential role after injury since it avoids infections, helps to clear cellular debris and
initiates responses that are important for wound healing and for the restoration of
homeostasis (Reviwed at Velnar et al. 2009). Wound healing and fight against
infections are not simple phenomena but involve complex mechanisms with
numerous cell types, cytokines, mediators and also the vascular system. After
vasoconstriction and platelet aggregation, the initiation inflammatory phase that is
characterised by an influx of inflammatory cells that release mediators and
cytokines to promote angiogenesis, thrombosis and, finally, reepithelialisation
(Reviwed Velnar et al. 2009). Inflammation is a finite process that resolves when
damage or infection have been abated and the tissue has been repaired. Resolution
of inflammation is an active and tightly regulated event that involves the clearance
of activated inflammatory cells (Buckley et al., 2013; Serhan, 2014; Serhan et al,,
2015). Unfortunately, many diseases are associated to altered inflammatory events.
In some cases, these disorders consist of an inflammatory response triggered
against an unidentified agent or even self-antigens, as it occurs in autoimmune

disorders (Reviewed at Wang, Wang and Gershwin, 2015; Kapsogeorgou and



Tzioufas, 2016). In other cases, the inflammatory response is triggered when needed
but it cannot be resolved and becomes chronic, what is also associated to a myriad

of diseases (reviewed at Schett & Neurath 2018).

The self-antigen that triggers the inflammatory response in MS remains unknown,
but depending on the clinical form, inflammation could be either episodic or
persistent (Reviwed at Lassmann et al. 2007; Wu & Alvarez 2011). For instance, the
RRMS form is characterized by clearly defined inflammatory attacks that produce
new neurologic symptoms or worsen those that patients already had (Steinman,
2014). Nonetheless, in the progressive forms of MS, the inflammatory cells become
trapped within the CNS behind an unaffected BBB forming lymph follicle-like
aggregates in the meninges, which ends in accumulated neurologic decline (Pérez-

Cerdaetal,, 2016).

In the present thesis dissertation, we focused our interest in the modulation of the
inflammatory response to investigate whether this strategy successfully prevent
functional deficits and demyelination in EAE, the widest used murine model of MS.
For this purpose, in the first chapter we attenuated inflammation by inhibiting the
NLRP3 inflammasome, which mediates the conversion of the pro-inflammatory
cytokines IL-1p and IL-18 into their forms. In the second chapter, we used IL-37, a
new cytokine that has potent suppressive actions on immunity. Finally, in the third

chapter, we activated of resolution programmes of the inflammation by using SPMs.

In chapter one, we focused our attention on IL-1f3 and IL-18, which belong to the IL-
1 family (Garlanda et al., 2013; Keyel, 2014; Palomo et al,, 2015). It has been widely
reported that these cytokines are involved in the physiopathology of MS and EAE.
IL-1B is increased in MS patients (Heidary et al. 2014; Rossi et al. 2014) and
pharmacological treatments blocking IL-13, as well as, mice lacking this cytokine
resulted in protection against the development of EAE clinical sings (Symons et al.
1987; Baker et al. 1991; Chung et al. 2009; Lévesque et al. 2016). IL-18 is also
increased in MS patients and EAE (Losy and Niezgoda, 2001; Nicoletti et al., 2001),
and similar to IL-1f3, knockout mice for IL-18 are protected against EAE (Shi et al,,
2000). IL-1B and IL-18 are produced as an inactive precursor and require the
maturation into an active cytokine by caspase-1 which, in turn, has to be activated

by oligomerization of inflammasomes (Franchi et al.,, 2009). Many inflammasomes



have been currently described, but the most extensively characterized is the NLRP3
inflammasome (Reviewed at Yang et al., 2019). Different pharmacological inhibitors
have been generated for NLRP3 (Reviewed at Yang et al,, 2019). In fact, there are
two study demonstrating that MCC950, a potent NLRP3 inhibitor, reduced
neurological decline in a mouse model of RRMS (Khan et al., 2018). Here, we tested
the effects of OLT1177, another specific inhibitor of NLRP3. This drug recently
moved into phase [ clinical trial conducted by Olatec Therapeutics and
demonstrated that is safe in humans (Marchetti et al,, 2018a). Moreover, OLT1177
has also provided favourable results in a phase II clinical trial with individuals
suffering from gout (Jansen et al,, 2019). In contrast to the two previous studies
using the MCC950 compound in EAE, we conducted our studies in an chronic mouse
model of EAE , which resembles more closely the progressive forms of MS, the most
clinical challenging forms of MS since they lack any effective treatment (Thompson,
2017; Tur and Montalban, 2017). We demonstrated that OLT1177 could be a
promising drug for MS. We showed that the delivery of this NLRP3 inhibitor in the
food satisfactorily reduced the clinical signs of EAE when treatment was introduced
on the day of the disease induction. Nonetheless, we found that the low OLT1177
dose (3.75 g/kg food), but not the high dose diet (7.5 g/kg food), protected against
functional loss and demyelination. We then sought to investigate the mechanisms
underlying the protective effects of this NLRP3 inhibitor in EAE, and, assessed the

effects of this drug on cytokine levels in the spinal cord and blood.

Cytokines play a key role in the activation of resident glial cells and also in the
recruitment of more immune cells from the circulation, that all together, contribute
to EAE development (Reviewed at Becher et al. 2017). We found that the low dose
of OLT1177 in the food showed a CNS-specific effect since the treatment reduced
the protein levels of IL-1p3, IL-18, IL-6 and TNFa in the spinal cord but not in the
blood plasma. Similar to functional and histological outcomes, the high dose of
OLT1177 in the food showed less effectivity in reducing cytokine concentration

since it only decreased the levels of IL-13 and TNFa in the spinal cord of EAE mice.

IL-1P and IL-6 reduction by the low dose of OLT1177 was also reported previously
in other tissues (Marchetti et al., 2018a, 2018b). However, OLT1177 failed to

decrease the levels of TNFa in synovial tissue (Marchetti et al., 2018b), lung, liver,



spleen or muscle (Marchetti et al., 2018a). Since the low those of OLT1177 reduced
dramatically the levels of TNFa in the spinal cord of EAE mice, this might be a
specific effect of this drug in the CNS.

The reduction in cytokines levels by OLT1177 is likely to be crucial for its protective
effects against EAE, since previous experiments demonstrated that mice lacking IL-
la, IL-1B or IL-6 are resistant to the development of EAE (Eugster et al., 1998; Chung
et al., 2009). Besides, sustained TNFa production in the CNS also promotes EAE
progression (Valentin-Torres et al.,, 2016), supporting the beneficial effects of this

NLRP3 inhibitor.

The modulation of the pro-inflammatory milieu in the spinal cord of OLT1177-fed
EAE mice was coupled to reduced accumulation of immune cells into the CNS,
especially CD4 T cells and macrophages. This point might be essential for the
protective actions of OLT1177 in this MS mouse model since the infiltration of
immune cells from the periphery, and their accumulation in CNS, have been directly
related to tissue damage and functional outcomes (Ajami et al.,, 2011; Duffy et al,,
2014; Caravagnaetal., 2018). Nonetheless, the functional phenotype of lymphocytes
and macrophages remained unaltered by OLT1177, demonstrating that this drug
has a specific effect on the infiltration but not on the polarization of immune cells.
Again, the reduction of immune cells by OLT1177 was greater in the low dose (3.75
g/kg food) compared to the high dose (7.5 g/kg food), which is likely due the greater

effectivity of this dose on reducing cytokine levels.

Contrary to our results, a direct correlation between increasing doses of OLT1177
and reduction of join inflammation was previously described (Marchetti et al,,
2018a). Nevertheless, the pharmacokinetics and pharmacodynamics are currently
under investigation and, probably, this drug may perform differently depending on

the targeted tissue and/or disease.

We also assessed the therapeutic effects of OLT1177 in EAE physiopathology. For
this purpose, we first defined an optimal dose of OLT1177 by based on two different
prophylactic protocols: (i) single-daily administration (i.p.) of a high dose of
OLT1177 (200 mg/kg); (ii) twice-daily administration (i.p.) of a low dose of
OLT1177 (60 mg/kg). In line with the OLT1177-enriched food data reported above,



we found that the low dose of OLT1177 exerted greater efficacy in enhancing
functional outcomes in EAE mice. Moreover, the low OLT1177 dose also reduced
myelin loss in the spinal cord. Finally, we also uncovered that the twice-daily
administration of 60 mg/kg of OLT1177 by oral gavage protected against
neurological decline and demyelination when treatment was initiated after disease
onset. Therefore, our data suggest that OLT1177 might be promising treatment for
MS. Since this drug is safe in humans (Marchetti et al., 2018a), this drug may

progress rapidly to the clinic.

In chapter two, we focused our attention on IL-37. Similar to IL-1p and IL-18, IL-37
belongs to the IL-1 family (Garlanda et al., 2013; Keyel, 2014; Palomo et al., 2015).
IL-37 is the only member of this cytokine family that has anti-inflammatory
properties (Nold et al., 2010). Similar to all the members of IL-1 family, IL-37 is
located in the human chromosome 2. There is, however, no mouse gene coding for
il-37. There is also no IL-37 gene in chimpanzees, our closest genetic relative,
although IL-37 is present in the gorilla and other primates (Newman et al., 2005). It
is not possible to know whether there was an ancient IL-37 in the mouse or
chimpanzee that was lost through evolution. The first exon of IL-37 is present in the
mouse but there is no open reading frame. One explanation is that an insertion by
endogenous retroviruses disrupted an ancient IL-37 in the mouse, as well as, in the
chimpanzee. Nevertheless, the development of a transgenic mouse expressing the
human IL-37b (hIL-37tg) has been crucial for revealing its broad anti-inflammatory
actions. These mice showed resistance against a myriad of pathological conditions,
such as colitis (McNamee et al., 2011), cancer (Henry et al., 2015) or arthritis (Ye et
al,, 2015), among others. Indeed, three years ago we uncovered for the first time that
IL-37 is also protective against CNS trauma (Coll-Miro¢ et al., 2016). However, there
is not studies exploring the actions of this cytokine in other neurological conditions.
This milestone encouraged us to explore the role of IL-37 in a neuroinflammatory

disease, such as MS.

For this purpose, we induced EAE in hIL-37tg mice and their WT littermate mice.
Although the expression of IL-37 in hIL-37tg mice is regulated by the constitute CMV
promoter, it has been described that under physiological conditions the mRNA is

barely detected (Coll-Miré et al., 2016) due to an instability sequence present in the



exon 5 (Bufler et al., 2004). Nevertheless, the inflammatory stimuli stabilize IL-37
transcripts and the protein can be then produced (Bufler et al., 2004; Coll-Miré et
al., 2016). We found that the IL-37 transcripts were barely detected in the spinal
cord of hIL-37tg in physiological conditions, but they were up-regulated at the peak
and chronic phase of EAE disease. The cells that secrete IL-37 in the CNS remains
elusive, but we hypothesize that infiltrating immune cell and/or activated microglia
are the source, since its expression correlates with the infiltration of immune cells
and microglia expansion in the CNS (Caravagna et al.,, 2018). Importantly, transgenic
expression of IL-37 resulted in beneficial effects in EAE diseased severity, since it

protected against neurological impairments and demyelination.

We also uncovered some of the mechanisms underlying the protective actions of IL-
37 in EAE. As reported before, cytokines play a key role in the activation of resident
glial cells and in the recruitment of immune cells from the circulation (Reviewed at
Becher et al. 2017). We demonstrated that IL-37 reduced dramatically the levels of
some of the key cytokines that contribute to MS and EAE: IL-1a and IL-1B (Symons
et al,, 1987; Baker et al.,, 1991; Chung et al., 2009; Rossi et al., 2014; Lévesque et al,,
2016), IL-6 (Eugster etal., 1998; Linker et al., 2008; Ertaetal., 2016), TNFa and IFNy
(Kallaur et al., 2013; Valentin-Torres et al., 2016). Previous studies revealed that IL-
37 inhibits the NLPR3 inflammasome (Moretti et al., 2014), which may explain the
decrease in some of the cytokines reduced by OLT1177. The reduction of cytokine
levels was accompanied by attenuation in the infiltration of immune cells within the
spinal cord at the peak of the disease in hlL-37tg mice. This is likely to be the more
related event underlying the protective effects conferred by IL-37 in our model,
since leukocytes appear accumulated in the lesioned areas in the CNS, which
correlates with tissue damage and functional outcomes (Ajami et al.,, 2011; Duffy et
al., 2014; Caravagna et al., 2018). Nonetheless, not only the counts of immune cells
are related to the physiopathology of EAE, but also their phenotype. For instance, T
regulatory cells are the cells with the strongest suppressive actions on inflammation
are found in the recovery phase of EAE (O’Connor et al., 2007; Koutrolos et al., 2014).
In contrast, Th1 cells, which express the transcription factor tBet, secrete IFNy and
TNFa and are presumed to be the principal mediators of MS development
(Reviewed at O’Brien et al. 2010), since a previous work showed that tBet KO mice

were resistant to the development of EAE (Nath et al., 2006). Importantly, IL-37 was



able to increase the percent of T regulatory cells and decrease Th1 cells, which may
explain its protective actions in the CNS. We also uncovered that IL-37 reduced the
numbers of immune cells in the lymph nodes, especially, the counts of dendritic cells.
These cells are considered the main initiator of innate and adaptive immunity since
they are important, not only for the generation of T cell-mediated immune
responses, but also for the induction and maintenance of central and peripheral
tolerance (Sellés-Moreno et al.,, 2012; Mansilla et al., 2015; Zhou et al., 2017; Chen et
al., 2018; Zubizarreta et al., 2019). Hence, the reduction in dendritic cell numbers in
the lymph nodes by IL-37 may lead to immune tolerance and explain, in part, the
lower infiltration and activation of immune cells within the CNS parenchyma of hIL-
37tg mice. In this line, a recent a phase Ib clinical trial with tolerogenic dendritic
cells in patients with MS or neuromyelitis optica has resulted in promising results

(Zubizarreta et al., 2019).

IL-37 is as a dual-function cytokine since it can function as a extracellular cytokine
by signalling via the receptor complex IL-18Ra-SIGIRR, but this can also translocate
to the nucleus by binding SMAD3. In this thesis, we elucidated that the extracellular
function of IL-37 is critical for mediating its therapeutic effects against EAE. We
uncovered that genetic deletion of sigirr, one of the main components of the IL-37
surface receptor, abolished the beneficial actions of IL-37 in this MS mouse model.
Indeed, previous works also revealed that IL-37 fails to reduce several pro-
inflammatory cytokines when the extracellular complex is blocked (Nold-Petry et
al., 2015). A recent study demonstrated that nuclear function of IL-37 also plays a
key role in supressing cytokine expression, especially, at early stages upon the
inflammatory challenge (Li et al., 2019). Thus, further experiments are needed to
elucidate to what degree the nuclear function of IL-37 mediates anti-inflammatory

actions in EAE.

Similar to hIL-37tg, mice, we found that IL-37 transcripts were barely detected in
human brain and PBMC samples of healthy individuals, although the components of
the receptor complex, IL-18Ra and SIGIRR were expressed. Importantly, IL-37
mRNA levels were not increased in PBMC and brain active lesions of MS patients
despite the presence of the surface receptor. These data suggest that MS is

associated to a deficiency of IL-37, as previously observed in other inflammatory



conditions, such as, systemic lupus erythematosus (Wu et al., 2016), psoriasis (Sehat
et al., 2000), hepatitis (Li et al., 2013), asthma (Elfeky et al., 2018) and periodontal
disease (Saglam et al., 2015). This is interesting since MS patients may mimic a
similar scenario than that observed in EAE mice, since they lack il-37 despite
expressing the IL-37 receptor complex. Importantly, we also demonstrated that
daily delivery of recombinant human IL-37 protein ameliorated functional and
histological outcomes in EAE mice albeit IL-37 treatment was initiated when mice

showed the first signs of the disease.

IL-37 may organize as dimeric structures with nanomolar affinity, which reduce the
bioactivity of the molecule (Ellisdon et al., 2017). A recent report showed that the
most active conformation of [L-37 is the monomeric form (Eisenmesser et al., 2019).
To address whether the effects obtained using the recombinant human IL-37
protein could be enhanced in EAE, we tested the effects treatment with native IL-37,
and two other recombinant forms, IL-37P73K and [L-37Y85A, which carry mutations
that specifically disrupt the dimer formation. Nonetheless, we found that the native
and mutated forms of IL-37 exerted similar therapeutic effects in EAE mice, although

the monomeric form, [L-37P73K showed a slight greater efficacy.

Finally, in the third chapter, we laid aside the anti-inflammatory molecules to
attenuate inflammation and addressed a different novel strategy to reach this aim:
to stimulate the resolution of inflammation by using resolution agonists. Although
the resolution of inflammation was thought to be passive process mediated by the
dilution of the inflammatory mediators in the inflammatory milieu, itis now known
that this is an active and tightly regulated event (Serhan et al., 2010; Serhan, 2014).
The resolution of inflammation is triggered by a family of bioactive lipids known as
SPMs, which are naturally produced from PUFAs (omega-3 or omega-6) (Serhan et
al., 2015; Chiang and Serhan, 2017). This family of lipids includes LX, RvD, RvE, PD
and MaR (Schwab et al., 2007; Buckley et al., 2014; Serhan, 2014, 2017). Failure in
the synthesis of SPMs have been associated to chronic or unwanted inflammation in
Alzheimer’s diseases (Wang et al., 2015b), atherosclerosis (Fredman et al., 2016) or
spinal cord injury (Francos-Quijorna et al., 2017). There are currently two studies
addressing the resolution of inflammation in MS. In the first study, the authors

uncovered that the lipid mediator pathways are dysregulated in the CSF of MS



individuals, suggesting aberrant production of SPMs in the CNS of these patients
(Priiss et al., 2013). The second study reported that the metabolites derived from
PUFAs (omega-3 and omega-6) were decreased in EAE mice and MS patients, and
demonstrated that oral administration of RvD1 ameliorated the clinical signs of EAE
(Poisson et al.,, 2015). In the present thesis, we revealed that the key enzymes
involved in the synthesis of SPMs, LOX-12 and LOX-15, are aberrantly induced in the
PBMCs and in brain active lesions of MS patients, but also in the spinal cord of mice
undergoing EAE. The failure of MS patients to induce these enzymes may explain, in
part, the lack of positive results observed by omega-3 supplementation in this
disease (Torkildsen et al, 2012; Riccio et al, 2016), because despite the
bioavailability of PUFA, SPMs are unlikely to be produced due to the aberrant

production of LOX enzymes.

We therefore investigated whether exogenous delivery of different SPMs derived
from omega-3 PUFAs attenuated neurological impairments in EAE mice. We found
that RvE1 failed to ameliorate the clinicals signs of the disease. However, MaR1 and
RvD1 conferred protection against functional deficits when treatment was initiated
at disease. This supports the beneficial actions of RvD1 in EAE described previously
(Poisson et al.,, 2015). In its noteworthy to mention that MaR1 showed greater

therapeutic effects than RvD1, and therefore, we focused our studies on this SPM.

MaR1 is one of the less characterised SPMs. However, as we reported here, several
studies have demonstrated that this SPM is able to enhance the resolution of
inflammation in animal models of disease, such as, spinal cord injury (Francos-
Quijorna et al., 2017), brain ischemia (Xian et al., 2016), sepsis (Li et al., 2016), or
spinal muscular atrophy (Ohuchi et al.,, 2018). We found that MaR1 reduced the
protein levels of many pro-inflammatory cytokines in the spinal cord, such as IL-1a,
IL-1B, TNFaq, IFNy and IL-6, which play a critical role in development of MS (Kallaur
et al, 2013; Rossi et al,, 2014) and EAE (Eugster et al., 1998; Schrijver et al., 2003;
Serada et al,, 2008; Lévesque et al,, 2016; Valentin-Torres et al., 2016). Similar to
OLT1177 and IL-37, the modulation of the pro-inflammatory milieu by MaR1 caused
the reduction in the infiltration of most of the leukocyte populations into the spinal
cord, which may explain the protective effects conferred by this SPM in EAE mice.

MaR1 also hampered the efflux of leukocytes into the blood stream from lymphatic



organs or bone marrow since their numbers were reduced in the circulation of hiL-
37tg mice but not in the lymph nodes. The only immune population that was
reduced by MaR1 in lymph nodes was the dendritic cells. This may by crucial to
explain immunomodulatory effects of this SPM in EAE, and consequently, on disease
progression (Sellés-Moreno et al., 2012; Mansilla et al., 2015; Zhou et al,, 2017; Chen
et al.,, 2018; Zubizarreta et al., 2019).

As reported before, lymphocytes and macrophages are heterogenous populations
that can be divided into different categories with differential involvement in the
pathology. Interestingly, we found that MaR1 not only reduced the counts of T cells
in the spinal cord of EAE mice, but it also switched their phenotype towards a more
regulatory and anti-inflammatory state. A previous work reveals that MaR1 is able
to alter the phenotype of lymphocytes to a more anti-inflammatory suppressive
(Chiurchiu et al,, 2016). Here, we found that MaR1 boosted the percentage of non-
classic CD49b+ T regulatory cells in the spinal cord and blood. This might be
important for the protective action of this SPM since these cells play a critical role in
the maintenance of peripheral immune tolerance (Gagliani et al., 2013) and MS
patients have impaired infiltration of T regulatory cells cells within the lesioned CNS
(Fritzsching et al., 2011). MaR1 also reduced the percent of the pro-inflammatory
Th1 cells (tBet) in the spinal cord and blood, as well, as the number of T cells that
release [FNy. This effect might be due to the increased counts in T regulatory cells
observed upon MaR1 treatment. Importantly, MaR1 also modulated the phenotype
of macrophages in the spinal cord but not in the lymph node or circulation, as
revealed increased the proportion of anti-inflammatory macrophages. The effect of
MaR1 on macrophage polarization was also described in mice after spinal cord
injury (Francos-Quijorna et al., 2017) and colitis (Marcon et al.,, 2013). Since pro-
inflammatory macrophages have a key role in demyelination in MS and EAE
(reviewed at Chu et al, 2018), the effect of MaR1 on this myeloid cell population is
likely to contribute to the therapeutic action of this SMP in EAE.

As a corollary, the present thesis reported that the modulation of the inflammatory
response by administrating anti-inflammatory approaches such as OLT1177 and IL-
37, or by delivering resolution agonist ameliorates neurological decline and

demyelination in EAE. Although these approaches have different mechanisms of



action, we revealed that they shared some immunomodulatory effects, such as the
ability to decrease the levels of pro-inflammatory cytokines and the counts of
immune cells in the CNS. Besides, IL-37 and MaR1 also alter the polarization of CD4
T cells and/or macrophages driving these immune cells towards a more anti-
inflammatory phenotype. These three novel approaches that have not been
previously tested in EAE. We demonstrate that they mediate potent therapeutic
actions in EAE even if the administration is initiated after the clinical signs of the
disease. Therefore, these drugs may lead to the development of novel avenues for

the treatment of MS.



CONCLUSIONS

Chapter 1. OLT1177 (Dapansutrile), an NLRP3 inflammasome inhibitor,

ameliorates experimental autoimmune encephalomyelitis.

- Prophylactic treatment with OLT1177-enriched food (3.75 mg/kg of food)
reduces neurological decline and demyelination in experimental
autoimmune encephalomyelitis.

- OLT1177-enriched food decreases the levels of pro-inflammatory cytokines
and the infiltration of immune cells in the spinal cord of mice with
experimental autoimmune encephalomyelitis when given prophylactically.

- Twice-daily intraperitoneal administration of OLT1177 (60mg/kg) protects
from functional impairments and demyelination in mice with experimental
autoimmune encephalomyelitis when given prophylactically.

- Therapeutic treatment with twice-daily oral administration of OLT1177
(60mg/kg) mediates therapeutic effects in experimental autoimmune

encephalomyelitis

Chapter 2. IL-37 exerts therapeutics effects in experimental autoimmune

encephalomyelitis.

- IL-37 is expressed at low levels in the spinal cord of hIL-37tg mice in
physiological conditions and it is upregulated at the peak and chronic phases
of experimental autoimmune encephalomyelitis.

- hIL-37tg mice are protected against functional decline and demyelination in
experimental autoimmune encephalomyelitis.

- The transgenic expression of human IL-37 reduces the levels of pro-
inflammatory cytokines in the spinal cord of mice with experimental
autoimmune encephalomyelitis at the peak of the disease.

- The transgenic expression of human /L-37 in mice reduces the accumulation

of immune cells in the lymph nodes and spinal cord and drives immune cells



towards a more anti-inflammatory phenotype in experimental autoimmune
encephalomyelitis.

- The components of the IL-37 surface receptor, il-18ra and sigirr, are
expressed in the spinal cord of mice at physiological conditions and after
induction of experimental autoimmune encephalomyelitis.

- The extracellular function of IL-37 is critical for its beneficial actions in
experimental autoimmune encephalomyelitis

- The components of the IL-37 extracellular receptor, IL-18Ra and SIGIRR, are
expressed in the peripheral blood mononuclear cells and brain of healthy and
multiple sclerosis individuals, but IL-37 is dysregulated in multiple sclerosis
patients.

- Therapeutic treatment with native 1L-3746-218 [,-37P73K or [L.-37Y85A protects
against functional deficits and demyelination in mice with experimental

autoimmune encephalomyelitis.

Chapter 3. Administration of Maresin-1 ameliorates the physiopathology of

experimental autoimmune encephalomyelitis.

- There is defective induction of the enzymes that produce the specialized pro-
resolving lipid mediators in peripheral blood mononuclear cells and brain
active lesion of multiple sclerosis patients, as well as, in the spinal cord of
mice with experimental autoimmune encephalomyelitis.

- Therapeutic treatment with Maresin-1 and Resolvin-D1, but not Resolvin-E1,
reduces experimental autoimmune encephalomyelitis symptomatology in
mice.

- Administration of Maresin-1 silences cytokine protein levels in the spinal
cord of mice with experimental autoimmune encephalomyelitis

- Maresin-1 reduces the trafficking of immune cells from lymphatic organs
and/or bone morrow to the blood stream, decreases the infiltration of
immune cells into the spinal cord, and drives CD4 T cells and macrophages
towards a more anti-inflammatory phenotype in mice with experimental

autoimmune encephalomyelitis.
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ABBREVIATIONS

AA: arachidonic acid

ASC: protein apoptosis-associated
speck-like protein

ATLs: aspirin-triggered LXs
BBB: blood-brain barrier

CFA: complete Freund’s adjuvant
CIS: clinical isolated syndrome
CNS: central nervous system
COX: cyclooxygenase

CSF: cerebrospinal fluid

DHA: docosahexaenoic acid
DMDs: disease-modifying drugs

EAE: experimental autoimmune
encephalomyelitis

EBV: Epstein-Barr virus

EMA: European Medicines Agency
EPA: eicosapentanoic acid

FDA: Food and Drug administration
FPRL1: formyl peptide receptor-like-1

GAWS: Genome-wide association
studies

hIL-37tg: human IL-37 transgenic
mouse

HLA: human leukocyte antigen
IFA: incomplete Freund’s adjuvant
IL: interleukin

IL-1F: interleukin 1 family
IL-1R1: IL-1 receptor type 1

LM: lipid mediator

LOX: lipoxygenase

LT: leukotriene

LX: lipoxin

MaR: maresin

MHC: major histocompatibility complex
MS: multiple sclerosis

NAWM: normal apparent white matter

NLRP3: Nucleotide-binding
oligomerization domain, Leucine rich
Repeat and Pyrin domain containing
type 3

NPD: neuroprotectin

OMS: Overcoming Multiple Sclerosis
organization

PD: protectins
PG: prostaglandins
PMN: polymorphonuclear leukocytes

PPMS: primary progressive multiple
sclerosis

PRMS: progressive relapsing multiple
sclerosis

RRMS: Relapsing-remitting multiple
sclerosis

RvD: resolvin D
RVE: resolvin E

SIGIRR (IL-1R8): single
immunoglobulin IL-1 receptor related
protein

SPM: specialized pro-resolving
mediator

SPMS: secondary progressive multiple
sclerosis

TMEV: Theiler’'s murine
encephalomyelitis
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