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Exploring the role of astrocytes in the pathophysiology of multiple sclerosis

Abstract

The presence of reactive astrocytes in multiple sclerosis (MS), a chronic inflammatory disease of the
central nervous system, has been described for a long time, however its contribution for disease
pathophysiology is still not fully understood. Therefore, in this work we proposed to further explore the
contribution of astrocytes in MS using different experimental approaches. We started by performing a
temporal transcriptomic analysis of astrocytes in the chronic experimental autoimmune encephalomyelitis
(EAE) MS animal model. For that we isolated astrocytes from the cerebellum in 3 disease time points:
before the symptom’s appearance (pre-symptomatic phase), at the onset/peak of the disease and at the
chronic phase of EAE. Particularly at the onset phase of disease, astrocytes overexpressed genes
associated with a neurotoxic phenotype (known as Al phenotype), along with the overexpression of genes
involved in metabolic pathways, like glycolysis and tricarboxylic acid cycle. This suggested that astrocytes
could be undergoing metabolic reprogramming, similarly to what happens in macrophages/microglia in
response to different inflammatory stimuli. On the second part of this work, we induced EAE in a model
that presents “silent” astrocytes, i.e. astrocytes that present minimal calcium elevations in the soma and
main processes, due to the ablation of the inositol 1,4,5-triphosphate receptor type 2 (IP,R2-null). IP;R2-
null mice and wild-type littermates presented similar disease clinical scores, however IP;R2-null mice had
decreased lesion burden in the cerebellum white matter, which could be associated with the increased
astrocyte reactivity observed in these mice near the lesions, compared to the normal appearing white
matter. Next, we studied the effects of a neuroprotective drug, dimethyl fumarate (DMF), on astrocyte
activation and on the cognitive function in the EAE model. DMF treatment, started at the symptomatic
phase of disease, was able to reduce astrocyte reactivity, evaluated by a decrease in the number of cells,
and demyelination in the fimbria, which is the most important white matter pathway in the hippocampus,
possibly contributing to the prevention of cognitive deficits observed in DMF-treated EAE animals. Finally,
we focused our attention on a protein produced by astrocytes during EAE, lipocalin-2 (LCN2), an acute
phase protein that was previously suggested as a possible disease biomarker. After the quantification of
LCN2 concentration in cerebrospinal fluid samples from MS patients, we observed that increased LCN2
levels were associated with faster disease progression. However, this association was no longer

statistically significant after controlling for the patients’ age and the presence of oligoclonal bands.

Keywords: astrocytes; dimethyl fumarate; lipocalin-2; metabolic reprogramming; multiple sclerosis.



Investigacao do papel dos astrocitos na patofisiologia da esclerose miiltipla

Resumo

A presenca de astrocitos reativos na esclerose multipla (EM), uma doenca inflamatoria cronica do sistema
nervoso central, ja é conhecida ha muito tempo, porém a sua contribuicdo para a patofisiologia da doenca
nao esta totalmente esclarecida. Assim, neste trabalho propomos explorar a contribuicdo dos astrécitos
na EM usando diferentes abordagens experimentais. Comecamos por fazer uma analise temporal do
transcriptoma dos astrécitos no modelo animal crénico de EM de encefalomielite autoimune experimental
(EAE). Para isso, isolamos astrocitos do cerebelo em 3 momentos experimentais: antes do aparecimento
de sintomas (fase pré-sintomatica), no pico da doenca e na fase crénica. Em particular no pico da doenca,
0s astrécitos sobre-expressaram genes associados a um fenotipo neurotéxico (conhecido como fenétipo
Al), e genes envolvidos em diferentes vias metabdlicas, tais como a glicolise e o ciclo dos acidos
tricarboxilicos. Estas alteracdes sugeriram que os astrocitos poderiam estar a passar por um processo
de reprogramacdo metabdlica, semelhante ao que acontece com macrofagos/microglia em resposta a
diferentes estimulos inflamatérios. Na segunda parte deste trabalho, induzimos EAE num modelo de
astrocitos “silenciados”, i.e. astrocitos que apresentam elevacdes de calcio minimas no soma e
processos principais, devido a delecao do recetor tipo 2 do inositol 1,4,5-trifosfato (IP,R2-null). Os animais
IP,R2-null e do tipo selvagem das mesmas ninhadas desenvolveram a doenca de modo semelhante, no
entanto os animais IP;R2-null apresentaram uma diminuicdo da carga de lesdo na substancia branca do
cerebelo, que podera estar associada ao aumento da reatividade dos astrécitos observada perto destas
regides de lesao, comparativamente a substancia branca aparentemente normal. De seguida, estudamos
os efeitos de um farmaco neuroprotetor, o dimetil fumarato (DMF), na ativacdo dos astrocitos e na funcéo
cognitiva no modelo de EAE. O tratamento com DMF, iniciado na fase sintomatica da doenca, reduziu a
reatividade dos astrécitos, avaliada através de uma diminuicao do seu numero, e a desmielinizacao na
fimbria, que ¢ o feixe de substancia branca mais importante no hipocampo, o0 que podera ter contribuido
para a prevencao de défices cognitivos nos animais EAE tratados com DMF. Por ultimo, focamos a nossa
atencao numa proteina produzida pelos astrécitos em resposta a EAE, a lipocalina-2 (LCN2), uma
proteina de fase aguda que foi anteriormente sugerida como um possivel marcador de doenca. Apos a
quantificacao dos niveis de LCN2 no liquido cefalorraquidiano de doentes com EM, observamos que
niveis elevados de LCN2 estavam associados a uma progressao mais rapida da doenca. Porém, esta
associacao perdeu a significancia estatistica apds controlar para a idade dos doentes e para a presenca
de bandas oligoclonais.

Palavras-chave: astrocitos; dimetil fumarato; esclerose multipla; lipocalina-2; reprogramacao
metabdlica.
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Thesis layout

CHAPTER 1 comprises a general introduction that covers general aspects of multiple sclerosis (MS). An
overview of the main functions of astrocytes both in physiological and pathological conditions is also

performed.

CHAPTER 2 includes the transcriptomic and morphological study performed in astrocytes from EAE
animals, at different disease time points. In this work, we observed that astrocytes overexpressed genes
associated with a neurotoxic phenotype (Al phenotype) and also genes involved in metabolic pathways,
including glycolysis and tricarboxylic acid (TCA) cycle, particularly in the onset/peak phase of disease.
Also, astrocytes near lesion regions, in EAE animals, presented increased length and complexity,

compared to astrocytes from the white matter of non-induced animals.

CHAPTER 3 presents the results obtained after EAE induction in a model of impaired global astrocytic
calcium signaling, the type 2 inositol 1,4,5-triphosphate receptor (IP;R2)-null mice. Even tough no
differences were found between genotypes regarding clinical score, the IP,R2-null animals presented a
decreased lesion burden in the cerebellum white matter, at the onset phase of disease. Moreover,
cerebellum’ astrocytes from IP;R2-null mice, but not wild-type animals, presented increased length and
complexity near lesion sites compared to the normal appearing white matter, which could be associated

with an increased ability to limit immune cell spreading in the IP;R2-null mice.

CHAPTER 4 comprises the results obtained after the symptomatic treatment of EAE animals with
dimethyl fumarate (DMF). DMF treatment was able to reduce astrocytic activation in the fimbria of the
animals and revert the cognitive deficits observed in vehicle-treated animals, which was accompanied by

a decrease in demyelination.

Lipocalin-2 (LCN2) is highly expressed by astrocytes in both MS and EAE and it was suggested as a
possible disease biomarker. In CHAPTER 5 we performed a follow-up study to explore the prognostic
value of LCN2 in MS patients, and found that higher cerebrospinal levels of this protein were associated
with a faster disease progression. However, this association was no longer significant after controlling for
the age of the patients and presence of oligoclonal bands. Nevertheless, and considering the confidence

intervals, we suggest that LCN2 could be useful for disease prognosis if used in a wider biomarker panel.

CHAPTER 6 presents a general discussion of the results and future experiments that would help to

further explore the findings obtained in this work.
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CHAPTER 1

General introduction




1. Multiple sclerosis
Multiple sclerosis (MS) clinical and pathological characteristics were first described more than 100 years
ago by Charcot, Carswell, Cruveilhier and others (Lucchinetti et al., 2005; Noseworthy et al., 2000).
Nowadays, it is defined as a chronic immune-mediated disorder of the central nervous system (CNS), that
occurs in genetically susceptible people, associated with an environmental stimulus, however its
etiopathology remains largely unknown (Compston and Coles, 2008; Nicholas and Rashid, 2013;
Noseworthy et al., 2000; Nylander and Hafler, 2012).
Approximately 80-85% of MS patients initially present with a relapsing-remitting (RR) disease course,
characterized by the appearance of clinical symptoms followed by a recovery period, spontaneous or in
response to treatment. After a variable period of time irreversible damage accumulates and patients begin
to experience a steady state of deterioration in neurologic functions, independently of any acute attack.
This stage of disease is termed secondary progressive MS (SPMS) (Faissner et al., 2019; Goodin, 2014;
Lassmann, 2014; Noseworthy et al., 2000; Nylander and Hafler, 2012). The remaining 15-20% of MS
patients develop a progressive clinical course from the beginning of disease [primary progressive MS
(PPMS)], experiencing neurologic decline without ever presenting acute clinical attacks (Faissner et al.,
2019; Goodin, 2014; Noseworthy et al., 2000; Nylander and Hafler, 2012).
MS is the most common cause of neurologic disability in young adults (Duffy et al., 2014; Nicholas and
Rashid, 2013; Stys et al., 2012), with the appearance of symptoms occurring between 15 and 45 years
of age, in the majority of cases (Goodin, 2014; Nicholas and Rashid, 2013). RRMS presents a female:male
ratio of approximately 2:1, while PPMS presents similar incidence among men and women (Correale et
al., 2017; Goodin, 2014; Noseworthy et al., 2000). The world prevalence of MS varies considerably,
however there is a strong correlation between prevalence and distance from the equator (Figure 1. 1),
which is believed to be associated with sunlight exposure and vitamin D levels (Azary et al., 2018; Kearns
et al., 2018; Reich et al., 2018). In the district of Braga in Portugal, the incidence of MS was reported to
be 2.74/100.000 inhabitants and the prevalence 39.82/100.000 inhabitants (Figure 1. 1) (Figueiredo
et al., 2015).
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Figure 1. 1 — Epidemiology of multiple sclerosis.
Estimated MS prevalence worldwide and in the district of Braga. Data obtained or adapted from (Figueiredo et al.,

2015; Goodin, 2014).

1.1. Pathophysiology of MS

There are two main hypothesis that try to explain the pathophysiology of MS. On one hand, MS is believed
to be caused by the activation of peripheral autoreactive T cells that migrate into the CNS and initiate the
disease process (“outside-in” hypothesis) (Baecher-Allan et al., 2018). On the other hand, the “inside-
out” hypothesis proposes that MS occurs within the CNS, as a primary neurodegenerative disorder.
Namely, cytodegeneration, possibly focused on the oligodendrocyte-myelin complex, can be the initial
event, leading to the release of highly antigenic constituents and, consequently, to an inflammatory and
autoimmune response, in a predisposed host (Duffy et al., 2014; Stys et al., 2012). In this case, what
distinguishes MS from other progressive neurodegenerative disorders is the propensity of the hosts’
immune cells to react against the highly autoantigenic components, released after cytodegeneration (Stys
et al.,, 2012).

In contrast, the “outside-in” hypothesis suggests that mechanisms of molecular mimicry, meaning cross-
reactivity between self and non-self antigens, are responsible for the development of the autoimmune
response in MS patients (Nylander and Hafler, 2012; Rojas et al., 2018). Of interest, potential cross-
reactivity between myelin epitopes with microbial antigens has been demonstrated (Wucherpfennig et al.,
1997). Nevertheless, the antigen specificity of the immune response in MS is unresolved (Compston and
Coles, 2008), but the general consensus is that several pathological antigens are involved in the disease
(Nylander and Hafler, 2012). The search for candidate autoantigens has concentrated on myelin
components, since demyelination is a hallmark of MS lesions. In fact, myelin-specific antibodies and

reactive cells have been found in MS patients (Berger et al., 2003; Cruz et al., 1987; Navikas et al., 1995;
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O'Connor et al., 2005). However, a recent study has identified a possible non-myelin target antigen, the
guanosine diphosphate (GDP)-L-fucose synthase (Planas et al., 2018). Interestingly, human and bacterial
GDP-L-fucose synthase peptides present high similarity. Moreover, a significant association was found
between the recognition of GDP-L-fucose synthase peptides and myelin basic protein (MBP) peptides,
however it remains unclear if there is cross-recognition between these two peptides, whether the
recognition of one of the peptides facilitates the exposure of the other one and the de novo activation of
autoreactive T cells against this last one, or if the two responses occur simultaneously (Planas et al.,
2018). Likewise, post-translational modifications, such as citrullination (namely MBP citrullination),
glycosylation and glycation, have been suggested to have an impact on the generation of autoimmune

antigens (Opdenakker et al., 2016; Stys et al., 2012).

The MS pathological process includes increased BBB permeability, multifocal inflammation,
demyelination, oligodendrocyte death, reactive gliosis, axonal degeneration and neuronal death (Baecher-
Allan et al., 2018). Of relevance, immune cell migration to the CNS can occur through the brain barriers.
There are two main barriers that protect the brain: the well-known blood-brain barrier (BBB), which is
formed by the presence of tight junctions between the brain endothelial cells and by the astrocytic end-
feet, and the blood-cerebrospinal fluid (CSF) barrier which is composed by the choroid plexus (CP)
epithelial cells. The CP is the brain structure responsible for CSF production, and the presence of tight
junctions between CP epithelial cells form the blood-CSF barrier. This barrier prevents leukocyte entry
into the CSF, even tough they can easily pass the fenestrated blood vessels of the CP parenchyma (Lopes
Pinheiro et al., 2016). However, in MS, this barrier was found to be compromised by the specific loss of
epithelial tight junction proteins, like claudin-3 (Kooij et al., 2014). Moreover, CP epithelial cells may
express high levels of adhesion molecules and chemokines. After crossing this barrier, leukocytes now
have access to the CSF, where they interact with resident dendritic cells (epiplexus cells), triggering the
release of large amounts of inflammatory mediators, like pro-inflammatory cytokines. These mediators
are believed to induce the expression of adhesion molecules and chemokines in brain endothelial cells.
In turn, this will induce a massive entry of immune cells into the brain parenchyma through the BBB
(Figure 1. 2) (Lopes Pinheiro et al., 2016).

The migration process across the endothelial cells of the BBB is better understood than the one across
CP epithelial cells. The first point of contact occurs between lymphocyte selectin ligands (e.g. P selectin
glycoprotein ligand-1) and endothelial cell selectins (e.g. E- and P-selectin). These interactions allow the
tethering and rolling of lymphocytes along the vascular wall, where they will encounter chemokines,

upregulated by endothelial cells during neuroinflammation. The binding to these chemokines deliver a
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signal to very late antigen-4 (VLA-4) and leukocyte function-associated antigen-1 (LFA-1) integrins, on the
lymphocyte surface, that induces their conformational change and clustering, increasing their affinity for
the endothelial ligands intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule-
1 (VCAM-1) (Lopes Pinheiro et al., 2016). During the inflammatory response, tumor necrosis factor alpha
(TNFa) and interferon gamma (IFNy) promote VCAM-1 expression by endothelial cells (Steinman, 2001).
Interestingly, reactive astrocytes can also express VCAM-1 (Gimenez et al., 2004; Lee and Benveniste,
1999; Ponath et al., 2018), and this expression is important for lymphocytes to effectively enter the CNS
parenchyma (Gimenez et al., 2004). Lymphocytes are then arrested on the vessel wall, and may begin
to polarize and crawl, migrating to the brain parenchyma by diapedesis. Lymphocyte diapedesis can occur
in two different ways: migration across adjacent endothelial cells (paracellular route) or migration through
a single endothelial cell (transcellular route), in which case a channel or pore has to be formed (Lopes
Pinheiro et al., 2016).

After leukocytes have extravasated, they do not enter directly in the CNS parenchyma, but are first trapped
in perivascular spaces formed by the parenchyma basement membrane, that surrounds blood vessels,
and by retracted astrocytic end-feet. Passage beyond this barrier into the parenchyma requires active
recruitment and degradation of extracellular matrix (ECM) proteins (Sofroniew, 2015; Steinman, 2001).
Both astrocytes and immune cells are sources of matrix metalloproteinases (MMPs; family of enzymes
involved in the degradation of the ECM), which are important for this migration (Gerwien et al., 2016;
Miljkovic et al., 2011; Song et al., 2015).

Once inside the CNS, myelin-specific T cells are reactivated through an interaction with antigen-presenting
cells (APCs), in the presence of the antigen and adequate co-stimulation (Chastain et al., 2011;
Lucchinetti et al., 2005; Noseworthy et al., 2000). Microglial cells, infiltrating macrophages, B cells and
astrocytes may function as APCs (Lucchinetti et al., 2005). Then, T cell start producing cytokines that
induce the activation of macrophages, microglia and astrocytes, that then produce nitric oxide (NO),
osteopontin, oxygen free radicals, among others (Ortiz et al., 2014; Steinman, 2001). B cells will start
producing not only antibodies against proteins and lipids of the myelin sheath, but also pro-inflammatory
and regulatory cytokines (Kasper and Shoemaker, 2010; Steinman, 2001). The combined effect of
antibodies, complement, NO and pro-inflammatory cytokines induces myelin phagocytosis by
macrophages, leading to demyelination and axonal and neuronal damage (Figure 1. 2) (Ortiz et al., 2014;
Steinman, 2001). Importantly, B cells can also play a protective role in the CNS, via downregulation of
inflammation and opsonization of myelin debris, facilitating their clearance by phagocytosis (Duffy et al.,

2014).



Even tough MS is viewed as a T cell-mediated disease, it has become increasingly clear that several other
innate and adaptive immune cells, as well as glial cells, like microglia and astrocytes, are also relevant in
the disease context (Duffy et al., 2014). Microglial activation occurs not only in lesions, but also in the
normal appearing white matter (NAWM) and gray matter. Moreover, these cells are able to produce
reactive oxygen and nitrogen species (ROS and RNS, respectively), that induce direct neuronal damage,
via mitochondrial dysfunction. However, microglia is also involved in debris phagocytosis and clearance,
and can also produce growth factors (Correale et al., 2017; Reich et al., 2018). Astrocytes proliferate and
become activated within demyelinating lesions, suggesting these CNS cells can also play critical roles in
oligodendrocyte injury and axonal degeneration (Correale et al., 2017). The main physiological and

pathological roles of astrocytes will be further discussed in a following section.
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Figure 1. 2 — Immune cell entry to the CNS during MS.

Immune cells enter the CNS of MS patients after the blood-CSF and blood-brain barriers have been compromised.
Images obtained and adapted from Servier Medical Art and (Lopes Pinheiro et al., 2016). CNS - central nervous
system; CP - choroid plexus; ICAM-1 - intercellular adhesion molecule 1; LFA-1 - lymphocyte function-
associated antigen 1; MHC - major histocompatibility complex; RNS - reactive nitrogen species; ROS - reactive

oxygen species; TCR - T cell receptor.

1.2. Genetic and environmental susceptibility factors
As mentioned before, MS can arise in environmentally and genetically susceptible individuals. Regarding
the genetic susceptibility, human leukocyte antigen (HLA) genes exert the largest contribution for MS

susceptibility, however it is not fully clear how it affects the risk of developing MS (Alcina et al., 2012).

6



The HLA system is a cluster of gene complex, encoding the major histocompatibility complex (MHC)
proteins in humans, which are involved in antigen presentation. Disease associated MHC alleles may
confer susceptibility by interfering with the T cell repertoire selection in the thymus and peripheral immune
system and/or by presenting self-peptides against which an autoimmune response is developed (Smith
et al., 1998). The specific allele that presents the higher genetic risk for MS patients is the HLA-
DRB1*1501 (increased risk, odds ratio = 3) (Baecher-Allan et al., 2018; Goodin, 2014; Hafler et al.,
2005; Kearns et al., 2018; Paul et al., 2019; Reich et al., 2018), which explains between 14-50% of the
genetic risk (Hafler et al., 2005). Nevertheless, only a very small fraction of HLA-DRB1*1501 carriers
(<5%) are susceptible to develop MS (Goodin, 2014). Genome wide association studies have revealed
other polymorphisms associated with higher risk for developing MS, most of them related to immune
pathway genes, although most of them showed only a modest effect. In this regard, polymorphisms in
the interfeukin-2 receptor subunit alpha and interleukin-7 receptor genes seem to be the most commonly

associated with MS, after MHC (Baecher-Allan et al., 2018; Nylander and Hafler, 2012; Paul et al., 2019).

Epidemiologic data has identified several infectious and non-infectious factors associated with increased
risk to develop MS. Potential environmental triggers include trauma, stress, vaccinations, typhoid,
smallpox, chickenpox, Epstein-Barr virus (EBV) and human herpesvirus 6 infection, tobacco, vitamin
deficiencies, low sunlight exposure, living with domesticated animals, occupational hazards, dietary habits
and toxic exposure (Celarain and Tomas-Roig, 2020; Goodin, 2014; Reich et al., 2018). Alterations in gut
microbiota composition have also been identified not only in MS patients compared to healthy controls,
but also among RRMS patients during the remission or active states of disease (Chen et al., 2016), and
were shown to possibly play a role in T helper (Th) 17 cell differentiation (Cosorich et al., 2017).
Interestingly, recent publications from the Quintana lab have demonstrated that different environmental
factors, like commensal bacteria metabolites and environmental chemicals (e.g. herbicide linuron), are
able to modulate CNS-resident cells, contributing to disease pathogenesis in a MS animal model, the
experimental autoimmune encephalomyelitis (EAE) model (Rothhammer et al., 2018; Rothhammer et al.,

2016; Wheeler et al., 2019).

Furthermore, epigenetic alterations have been described in MS patients. The hypermethylation of E-
cadherin and ICAM-1 in MS patients may contribute to increased BBB permeability and leukocyte
invasion, respectively (Celarain and Tomas-Roig, 2020), contributing to the CNS invasion by peripheral

immune cells.



Besides the association of genetic and environmental factors with the risk of developing MS, they can
also be associated with the likelihood of RRMS patients presenting acute attacks. These factors include

pregnancy, occurrence of non-specific infections, trauma or psychological stress (Goodin, 2014).

1.3. Pathological hallmarks of disease

The pathological hallmark of MS is the sclerotic plaque, characterized by focal demyelination,
inflammation, oligodendrocyte depletion, scar formation and varying axonal destruction (Compston and
Coles, 2008; Lassmann, 2018; Lucchinetti et al., 2005; Popescu et al., 2013). Some of the demyelinated
areas are able to be remyelinated. This remyelination is possible due to the presence of oligodendrocyte
precursor cells (OPCs) in the adult CNS, that migrate to the lesions and presumably act as the source of
cells having the potential to remyelinate naked axons (Compston and Coles, 2008; Duffy et al., 2014).
While patients generally return to near normal neurological function, repeated episodes of disease activity
are associated with irreversible axonal injury, gliotic scarring and exhaustion of the OPCs pool, leading to
the progressive loss of neurological function (Compston and Coles, 2008; Noseworthy et al., 2000;
Nylander and Hafler, 2012; Steinman, 2001). At the progressive phase of disease, chronic axonal injury
could be explained by several mechanisms: repeated demyelination/remyelination cycles in the same
region, lack of trophic support from myelin and oligodendrocytes, increased energy demand that causes
chronic mitochondrial failure, increased oxidative stress, alterations in the expression or activity of axonal
ion channels and Wallerian degeneration (Correale et al., 2017; Lassmann, 2014; Popescu et al., 2013;
Reich et al., 2018).

Even tough MS is generally considered a white matter disease, the gray matter is also affected.
Demyelination also occurs in deep cerebral nuclei and the cerebral cortex (Lucchinetti et al., 2005;
Popescu et al., 2013). The main differences between cortical and white matter lesions are a decreased
inflammatory component and overall decreased tissue injury, making it more difficult to evaluate the full
extent of damage in cortical regions, by magnetic resonance imaging (MRI) or post-mortem analysis
(Lucchinetti et al., 2005; Reich et al., 2018). Importantly, cortical demyelination can affect neuronal
function, viability and survival, and thus have an impact on neurologic and cognitive disability in MS
patients (Lucchinetti et al., 2005; Popescu et al., 2013).

Moreover, there are MRI and pathological evidences that the NAWM in MS patients already presents
alterations. The NAWM pathology is characterized by diffuse T cell infiltrates (mainly cluster of

differentiation (CD)8+ T cells), astrogliosis, microglial activation, diffuse axonal injury and nerve fiber



degeneration (Allen et al., 2001; Cambron et al., 2012; Ceccarelli et al., 2007; Evangelou et al., 2000;
Hafler et al., 2005; Kutzelnigg et al., 2005; Lassmann, 2018; Lucchinetti et al., 2005; Vercellino et al.,
2017). Gene expression studies of the NAWM have found an overexpression of genes involved in different
levels of the inflammatory response (e.g. signaling, transcription, cell adhesion and antigen presentation),
genes known to be induced upon oxidative stress, and genes involved in energy metabolism (Graumann
et al., 2003; Zeis et al., 2008). It is unclear, however, whether these alterations represent reactive
changes or if they are reflecting an inherent abnormality within the white matter of MS patients

(Lucchinetti et al., 2005).

1.4. MS symptoms
The injury to the myelin membrane results in the exposure of axons, that are no longer able to efficiently
transmit action potentials due to the loss of saltatory conduction. This slowing or blocking of the action
potential propagation is ultimately responsible for the neurological symptoms presented by MS patients
(Noseworthy et al., 2000). The clinical symptoms are associated with the site of neurologic lesions
(Nylander and Hafler, 2012), that are scattered throughout the CNS, with a predilection for the optic
nerve, periventricular white matter, brain stem, cerebellum and spinal cord white matter (Lucchinetti et
al., 2005; Noseworthy et al., 2000; Nylander and Hafler, 2012; Popescu et al., 2013). MS symptoms
include fatigue, continence problems (bladder incontinence and constipation), pain, sensory disturbances
(paresthesia), lack of coordination, visual impairment and neuropsychological symptoms (depression,
anxiety, cognitive impairment) (Figure 1. 3A) (Celarain and Tomas-Roig, 2020; Duffy et al., 2014; Marrie,
2017; Nicholas and Rashid, 2013; Steinman, 2001). Ultimately, patients lose the ability to walk on their
own and become confined to bed. Importantly, early in the disease course, a high percentage of patients
have reported fatigue (95%) and cognitive difficulties (71%), and these were often associated with
decreased work productivity (Kobelt et al., 2017; Sa et al., 2017). In the specific case of
neuropsychological symptoms, it is important to evaluate and follow MS patients, since some studies

reported a higher suicide risk in these patients compared to a control population (Goodin, 2014).

The most widely used instrument to evaluate the degree of disability in MS patients is the 10-point
expanded disability status scale (EDSS) (Figure 1. 3B). Unfortunately, even considering the modifications
performed on this scale throughout the years, it is complicated to score patients, the scale is highly
subjective at lower degrees of disability, and it presents poor inter-rate and test-retest reliability. Moreover,

it places a big emphasis on ambulation status compared to other neurologic functions (Goodin, 2014).
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MS has a massive impact on the patients quality of life and presents a substantial economic burden
(Celarain and Tomas-Roig, 2020), even compared to more prevalent neurological conditions (Figure 1.
3C). Not surprisingly, the costs associated with MS increase with the disability degree (Figure 1. 3D).
Patients eventually present serious disabilities and impairments, that require a comprehensive care that
includes access to physical and occupational therapy, neuropsychology and other health-care
professionals (Compston and Coles, 2008). Additional costs, not health related, are associated with MS,
since only around 50% of patients below retirement age are still employed, and this percentage decreases

with increased EDSS (Figure 1. 3C-D) (Kobelt et al., 2017; Sa et al., 2017).
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Figure 1. 3 — MS symptoms, disease severity scale and disease-associated costs.

(A) Symptoms of MS. (B) Expanded disability status scale (EDSS) used to evaluate disability in MS. (C) Estimated
number of subjects affected and mean annual cost per patient in Europe by diagnostic group. (D) Estimated mean
annual cost per patient by disease severity, in Portugal. Data obtained or adapted from (Giovannoni et al., 2016;

Kurtzke, 1983; Olesen et al., 2012; Sa et al., 2017).
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1.4.1. Cognitive deficits in MS patients

As already mentioned, cognitive problems present a high prevalence in MS patients (Kobelt et al., 2017;
Sa et al., 2017). Notably, cognitive impairment is associated with a high impact on social integration,
employability and in the ability to perform everyday tasks, independently of disease severity (Chiaravalloti
and Deluca, 2008). Studies have shown that memory, attention, information processing speed, executive
functions and visual spatial perception are impaired with disease progression (Branco et al., 2019;
Chiaravalloti and DelLuca, 2008; Ifantopoulou et al., 2019; Prokopova et al., 2017). The prevalence of
cognitive impairment was found to increase with age (Branco et al., 2019), however, cognitive impairment
seems to already be present at initial stages of disease, in which patients present no disability and minimal
neurological signs (Prokopova et al., 2017). Cognitive deficits were also found in animal models of MS,
before the onset of motor symptoms (Dutra et al., 2013).

While cognitive disturbances affect a large number of MS patients, the responsible mechanisms are not
fully understood. Habbas and colleagues (2015) have suggested that increased levels of TNFa, which
are believed to be associated with cognitive alterations (Bjugstad et al., 1998; Matsumoto et al., 2002)
and are present in MS patients (Maimone et al., 1991; Rossi et al., 2014), in the hippocampal dentate
gyrus activates TNF receptors in astrocytes, which in turn triggers an astrocyte-neuron signaling cascade
that induces persistent functional modifications of hippocampal excitatory synapses. Interestingly, these
results suggest that the mechanism responsible for cognitive dysfunction is distinct from the one causing
motor symptoms (Habbas et al., 2015).

Cognitive dysfunction is thought to be more associated with pathological processes in the gray matter,
than with white matter demyelination (Geurts and Barkhof, 2008; Lycke and Zetterberg, 2017). This was
supported by the fact that MS patients with cognitive decline presented more cortical damage than
cognitively preserved patients (Calabrese et al., 2009). Thus, treatments able to improve neuroprotection
may have a beneficial impact on cognition.

Cognitive deficits are often neglected or not taken into consideration in randomized clinical trials and in
the neurology outpatient clinic (Lycke and Zetterberg, 2017). Since most trials have not been powered or
planned to demonstrate positive effects on cognition, few disease modifying treatments have
demonstrated beneficial effects on the cognitive performance of MS patients (Muckschel et al., 2016).
Mattioli and co-workers (2011, 2015) reported a significant improvement in the neuropsychological
performance (memory, attention and executive function) of MS patients treated with natalizumab (see
“Current therapeutic approaches” sub-section for more information), after 1-3 years of follow-up (Mattioli

etal., 2015; Mattioli et al., 2011). Of notice, after three years of natalizumab treatment patients presented
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a significant increase in the mean cortical volume of prefrontal and parahippocampal regions, compared
to baseline, suggesting a reduction in brain atrophy that could be involved in improved cognitive function
(Mattioli et al., 2015). In addition, interferon beta (IFNB) (see “Current therapeutic approaches” sub-
section for more information) seemed to present beneficial effects on several cognitive domains (attention,
concentration, visual-spatial learning, recall) after 1-2 years of treatment (Barak and Achiron, 2002;
Fischer et al., 2000). The beneficial effects of IFN3 on cognitive function could be associated with both
short-term (inhibition of anti-inflammatory mediators) and long-term (prevention of CNS tissue injury)
mechanisms (Fischer et al., 2000). Contrarily to these drugs, glatiramer acetate (GA) (see “Current
therapeutic approaches” sub-section for more information) treatment for two years did not seem to alter

the cognitive performance of RRMS patients (Weinstein et al., 1999).

1.5. MS diagnosis
There are no clinical features or diagnostic tests specific of MS. Hence, clinical, laboratory and imaging
findings were integrated to develop the McDonald criteria for MS diagnosis (Table 1. 1). Using these
criteria, the outcome of the diagnostic evaluation can be: (1) MS, if the criteria are fulfilled and there is
no better explanation for the clinical presentation; (2) possible MS, in the case of a clinically isolated
syndrome (CIS) without complete fulfillment of the criteria; or (3) not MS, if another diagnosis arises
during follow-up that better explains the clinical presentation of the patient (Thompson et al., 2018). In
these McDonald criteria, needed for the final diagnosis of MS, there has to be evidence of lesions in a
minimum of two CNS regions, along with evidence that the insult occurred spaced in time, either by MRI
or clinical history (Noseworthy et al., 2000; Nylander and Hafler, 2012; Paul et al., 2019). A progressive
disease course that lasts longer than one year is suggestive of PPMS (Thompson et al., 2018). Table 1.

1 presents the 2017 revisions of the McDonald criteria.
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Table 1. 1 — 2017 McDonald criteria for diagnosis of MS.

Criteria for diagnosis of MS in patients with an attack at onset

Number of Number of lesions with -
. . - . . . Additional data
clinical attacks  objective clinical evidence
=2 =2 Not required

1 (and historical evidence of a
>? previous attack involving a lesion Not required
in a distinct anatomical region)

Dissemination in space demonstrated by an
>? 1 additional clinical attack implicating a different CNS
region OR by MRI*

Dissemination in time demonstrated by an additional
1 >? clinical attack OR by MRI* OR by the presence of CSF-
specific OCBs*

Dissemination in space demonstrated by an
additional clinical attack implicating a different CNS
region OR by MRI*

1 1 AND
Dissemination in time demonstrated by an additional
clinical attack OR by MRI* OR by the presence of CSF-
specific OCBs?

Criteria for diagnosis of MS in patients with a progressive disease course from onset

Additional criteria

I R e (two of the following)

Dissemination in space demonstrated by MRI*

1 year of disability progression independent of clinical = Two or more T2-hyperintense lesions in the spinal
relapse cord

Presence of CSF-specific OCBs

* The MRI criteria for dissemination in space and time are described in the “MS biomarkers” sub-section of this
introduction. * The presence of CSF-specific OCBs does not demonstrate dissemination in time per se, but can
substitute for the requirement of its demonstration. Adapted from (Thompson et al., 2018). CNS - central nervous

system; CSF - cerebrospinal fluid; MRl — magnetic resonance imaging; OCBs - oligoclonal bands.

1.6. MS biomarkers
As already mentioned, MS is a heterogeneous disease regarding clinical appearance and progression,
histopathological alterations, as well as response to therapy. So, it is of the most utter importance to

identify specific features of the disease that facilitate the diagnosis, prognosis and evaluation of
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therapeutic response in MS patients (Harris et al., 2017; Paul et al., 2019; Ziemssen et al., 2019). The
identification of disease biomarkers is important for all these steps. A biomarker is a characteristic that
can be objectively measured and assessed, and that can be used as an indicator of normal biological
processes, pathological processes or pharmacologic response to therapies (Comabella and Montalban,
2014; Lycke and Zetterberg, 2017; Paul et al., 2019; Ziemssen et al., 2019). Ideally, this characteristic
should be present in patients with a specific disease and absent in other patients or healthy people, or
vice-versa. Sample collection for biomarker analysis should be performed using a safe procedure for the
patient, and its detection should be performed accurately and reproducibly, while also being fast, simple
and cost-effective to ensure wide implementation (Paul et al., 2019; Ziemssen et al., 2019). Hence, the
detection methods used should be reliable enough to not be influenced by factors like sample collection,
sample processing and sample storage (Ziemssen et al., 2019). In addition, good biomarkers should
correlate with the disease biology or pathogenesis, such as inflammatory activity, degree of
neurodegeneration, demyelination or remyelination (Paul et al., 2019). It is also important to take into
consideration that the usage of a biomarker in clinical practice should include multiple validations using

independent cohorts of patient (Paul et al., 2019).

Currently, MRI acquisitions provide important information regarding the size, number, age and
development of CNS lesions, and play an important role in MS diagnosis and therapy monitoring. Namely,
in the case of CIS patients, those that present an abnormal MRI have a long term risk of progression to
clinically definite MS of 60-82%, compared to a 8-25% risk in CIS patients with a normal MRI (Brownlee
and Miller, 2014). The usage of gadolinium (Gd) as a contrast agent in MRI is useful to detect acute
lesions characterized by BBB disruption (Lycke and Zetterberg, 2017). In the recent 2017 revisions of
the McDonald criteria, dissemination in time can be demonstrated in MRI by the simultaneous presence
of Gd-enhancing and non-enhancing lesions at a given time point, or by the presence of a new T2-
hyperintense or Gd-enhancing lesion on a follow-up MRI, having as baseline a scan taken previously.
Dissemination in space can be demonstrated by the presence of one or more T2-hyperintense lesions
characteristic of MS in at least two of the following areas of the CNS: periventricular, cortical or
juxtacortical and infratentorial brain regions, and spinal cord (Thompson et al., 2018). Importantly, Gd-
enhancing lesions are rarely identified in progressive MS, suggesting a reduced breakdown of the BBB in

these patients (Baecher-Allan et al., 2018; Lassmann, 2018).

As for molecular biomarkers, the existence of oligoclonal bands (OCBs) in the patients’ CSF, but not in
the serum, is an indicator of intrathecal antibody synthesis and is present in more than 87% of MS patients

(Dobson et al., 2013; Ziemssen et al., 2019). OCBs are defined as at least two immunoglobulin (lg) bands
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present in the CSF, with no corresponding band present in the serum (Wahed, 2019). Agarose gel
electrophoresis with isoelectric focusing, followed by immunoblotting or immunofixation for IgG, is the
most sensitive approach, at present, to demonstrate the presence of CSF-specific OCBs. Importantly, CSF
and serum samples always have to be processed together, to confirm CSF specificity (Thompson et al.,
2018). Even tough OCBs are not specific of MS, and can be found in several other disorders, such as
systemic lupus erythematosus and neurosyphilis, their presence presents a strong prognostic value for
conversion from CIS to clinically definite MS (Deisenhammer et al., 2019; Harris et al., 2017; Reich et
al., 2018; Ziemssen et al., 2019). The IgG index can also be used as a marker of intrathecal production

of Igs (Ziemssen et al., 2019), but this method is less reliable (Thompson et al., 2018).

Besides the presence of OCBs, other biomarkers have also been suggested to present prognostic value
for CIS conversion to clinically definite MS. High chitinase-3-like-1 (CHI3L1) concentration in the CSF is
an independent risk factor for this conversion (Harris et al., 2017; Lycke and Zetterberg, 2017; Ziemssen
et al., 2019), and is also associated with a faster disease progression in MS patients (Martinez et al.,
2015). CHI3LI is a glycosidase secreted by monocytes, microglia and activated astrocytes, whose
physiological role in the CNS in unknown (Ziemssen et al., 2019). Moreover, the presence of antibodies
against measles, rubella and varicella-zoster in the CSF was found to be significantly more frequent in
CIS patients that converted to clinically definite MS (Brettschneider et al., 2009).

Maveskar and co-workers (2019) have recently reported the overexpression of two clusters of proteins in
MS patients compared to controls, one enriched in astrocytes and the other in microglia (astrocyte cluster
8: MMP7, Serpin Family A Member 3, granzyme A and chloride intracellular channel 1; microglia cluster
2: desmoglein-2 and TNF receptor superfamily member 25). Moreover, these clusters were significantly

correlated with disease severity scales (Masvekar et al., 2019).

Considering MS is an inflammatory disease, the cytokine and chemokine profile of these patients has
also been studied. Compared to controls, MS patients presented increased serum levels of interleukin
(IL)-6, IL-12, IL-17, IL-23, IL-4 and IFNy (Kallaur et al., 2013; Li et al., 2017), and CSF levels of IL-6, IL-
4, 1L-12, chemokine C-C motif ligand (CCL) 2, CCL5 and chemokine C-X-C motif ligand (CXCL) 13 (Alvarez
etal., 2013; Bartosik-Psujek and Stelmasiak, 2005; Deisenhammer et al., 2019; Domingues et al., 2017;
Malmestrom et al., 2006). Moreover, increased CSF CXCL13 levels were found in CIS patients converting
to clinically definite MS compared to non-converters (Lycke and Zetterberg, 2017; Paul et al., 2019). On
the other hand, Tejera-Alhambra and colleagues (2015) observed a decreased serum concentration of
CCL11, CCL2 and CCL5 in RRMS, compared with progressive MS patients and healthy controls (Tejera-

Alhambra et al., 2015). Complement system activation has also been demonstrated in MS, having
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increased complement component 1g (Clq) and complement component 3 (C3) levels been found in
the CSF of MS patients (Hakansson et al., 2020; Lindblom et al., 2016). In addition, CSF C3a presented
prognostic value, since patients who developed new T2 MRI lesions during follow-up presented
significantly higher levels of this protein at baseline (Hakansson et al., 2020). However, increased CSF
cytokine levels are also found in other neuroinflammatory disorders (Komori et al., 2015; Lepennetier et
al., 2019; Lycke and Zetterberg, 2017), so their quantification alone does not present good diagnostic or

prognostic value in MS, but their inclusion in a broader biomarkers panel could be useful.

Biomarkers associated with neurodegeneration, that reflect different pathological processes like axonal or
glial degeneration, astrogliosis and oxidative stress, have also been measured in the MS context (Lycke
and Zetterberg, 2017). Namely, MS patients presented increased CSF levels of neurofilament light chain
(NF-L), compared to controls, and its levels were found to be a good prognostic biomarker for CIS
conversion to clinically definite MS, and RRMS conversion to SPMS (Hakansson et al., 2017; 2018; Harris
etal., 2017; Lycke and Zetterberg, 2017; Martinez et al., 2015; Paul et al., 2019; Ziemssen et al., 2019).
NFs are the major structural components of the axonal and dendritic cytoskeleton, and during axonal
injury they are released into the extracellular space (Harris et al., 2017). In addition, total Tau protein
levels were increased in MS patients compared to controls (Bartosik-Psujek et al., 2011). Nevertheless,
these biomarkers are not diagnosis-specific, since higher levels of NF-L and total Tau are a general marker
of axonal injury, and are present in other neurological disorders associated with this process
(Deisenhammer et al., 2019).

As for markers associated with glial degeneration, studies have found increased CSF glial acidic fibrillary
protein (GFAP) levels, an intermediate filament of the astrocytic cytoskeleton, in MS patients compared
to controls (Domingues et al., 2017; Lycke and Zetterberg, 2017), and high levels of this protein were
associated with earlier disability progression and more severe disability (Comabella and Montalban, 2014;
Martinez et al., 2015; Petzold et al., 2002). Recently, GFAP levels were found to be increased in the
serum of SPMS patients, compared to controls and RRMS, and the levels of this protein were positively
correlated with the serum NF-L levels, even tough no significant differences were found between groups
regarding NF-L levels. Moreover, elevated serum GFAP and NF-L levels were associated with increased
disability, evaluated by higher EDSS score, and disease duration (Hogel et al., 2020). Similarly, the CSF
and serum levels of S100 calcium-binding protein 3 (S100[3), a commonly used astrocytic marker (Wang
and Bordey, 2008), were found increased in MS patients (Barateiro et al., 2016; Bartosik-Psujek et al.,
2011; Petzold et al., 2002; Rejdak et al., 2007).
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Other biomarkers could be useful for differential diagnosis, since they are indicative of other demyelinating
diseases. This is the case of anti-aquaporin 4 (AQP4) antibodies, that are detectable in approximately
75% of neuromyelitis optica (NMO) patients but not in MS patients (Ziemssen et al., 2019).

Additional biomarkers have been used to monitor therapy response. Namely, the presence of neutralizing
antibodies against IFN and natalizumab is used to identify patients non-responders to treatment
(Ziemssen et al., 2019). The presence of John Cunningham virus antibodies is also monitored in patients
treated with Natalizumab, since the reactivation of this virus could cause progressive multifocal

leukoencephalopathy (PML) (Paul et al., 2019).

In conclusion, a single biomarker will most likely not be effective in the diagnosis of such a complex and
heterogeneous disease like MS, and future efforts must be done to integrate different types of data,
including clinical, radiological and biological, into predictive models for diagnosis, prognosis and treatment
response (Comabella and Montalban, 2014; Paul et al., 2019). In an attempt to find novel disease
biomarkers, several studies have used samples of MS patients and animal models to identify differentially

expressed genes and proteins, along with their biological functions and signaling pathways (Table 1. 2).

Table 1. 2 - Biological function or pathway correspondent to differentially expressed genes in MS

or EAE samples.

Samble Analysis Biological function of altered genes/ Reference
P performed Altered pathways
Peripheral T- and B-cell activation; degradation of extracellular
. ) . . (Ramanathan et
blood of MS Microarray matrix; chemokine receptors; apoptosis; humoral al., 2001)
patients immune responses !
MS.patients _ Adhgsion/strqcture./tran.sport; growth factor-related; (Whitney et al.
brain Microarray myelin formation; signaling; cell
. . . 1999)
lesions cycle/homeostasis/unknown; immune-related
, Immune response genes; adhesion molecules;
MS patients L
. . macrophage-related genes; complement activation; pro- (Lock et al.,
brain Microarray . .
lesions inflammatory response; stress related genes; myelin 2002)
proteins; neuron-specific genes
. Differences between lesion margin and center:
MS patients .
. . cytokines; growth factors; receptors/surface molecules; (Mycko et al.,
brain Microarray ; ) L
. signalling molecules; transcription factors; cell cycle 2003)
lesions .
proteins
. Laser capture
Al microdissection  Endothelial cell activation; permeability and vessel tone; fEme Gl
cells from and microarra cell injury; matrix metalloproteinases 2010)
MS patients y ury: P

analysis

(Continues)
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Table 1. 2 (Continued).

Sample Analysis Biological function of altered genes/ Reference
P performed Altered pathways
Astrocytes . RNA processing; immunity and defense; intracellular
Immunoguided T : ) .
from the laser capture signaling cascade; protein metabolism and modification; (Waller et al.,
NAWM of _ _ . _ cytoskeleton; neuronal development; response to metal 2016)
. microdissection | . ) .
MS patients ions; cellular cation homeostasis; response to hypoxia
Active plague: oxidative phosphorylation; regulation of
actin cytoskeleton; IL-4, IL-6, IL-2 signaling pathways;
transcriptional regulation by STAT; catenin signaling
pathway; calcium signaling; oxidative phosphorylation
Chronic-active plaque: focal adhesion; cell
communication; ECM-receptor interaction; purine
metabolism; inflammation mediated by chemokine and
cytokine signaling pathway; integrin signaling pathway;
muscarinic acetylcholine receptor 1 and 3 signaling
VIS patient L ; pathway; nicotinic acetylcholine receptor signaling (H;r(;g;)al.,
patients aser caplure o thway; PI3K signaling pathway: 1L-4, IL-6, IFNa/ @
brain microdissection L L ) (Satoh et al.,
. . signaling pathways; transcriptional regulation by STAT;
lesions and proteomics _ . . _ 2009)
calcium signaling; hepatic fibrosis and hepatic stellate
cell activation; urine metabolism; actin cytoskeleton
signaling; oxidative phosphorylation
Chronic plaque: focal adhesion; regulation of actin
cytoskeleton; oxidative phosphorylation; cell
communication; integrin signaling pathway; IL-4, HGF,
TCRa/ B, IL-6 signaling pathways; biosynthesis of
steroids; actin cytoskeleton signaling; ubiquinone
biosynthesis; axonal guidance signaling; integrin
signaling
CSF from Cell adhesion; ECM proteins; complement factors;
, . o . . ... (Kroksveen et
RRMS Proteomics ephrins and other proteins involved in synaptic plasticity; al., 2017)
patients aminoglycan processes; coagulation and inflammation Y
Spinal cord Antigen processing and presentation; immune-related;
of C57BL/6 extracellular matrix; cell adhesion and matrix .

. ) . . . L (Ibrahim et al.,
mice Microarray degradation; signal transduction; transcription; cell 2001)
immunized structure; movement and secretion; CNS-related; cell
with MOG,.; division and death

. Acute phase: injury response factors; inducers of neurite
Spinal cord ) L .

outgrowth and differentiation; ion channels and ion
of C57BL/6 . .

. . transporters; regulators of synaptic vesicle (Carmody et al.,
mice Microarray ; . :

. : targeting/fusion; synapse structure/formation 2002)
immunized 3

; Recovery phase: growth factors; regeneration-related

with MOG,,., . . .
proteins; immunoglobulins; myelin genes

Spinal cord
of Lewis lon homeostasis; Ca> homeostasis; vesicular function; .

) o . . o . (Nicot et al.,
rats Microarray exocitosis; mitochondrial function; impulse conduction 2003)
immunized
with gp-MBP

(Continues)
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Table 1. 2 (Continued).

Sample Analysis Biological function of altered genes/ Reference
performed Altered pathways
Spinal cord
of Dark lon channel and transporter proteins; regulators of (Mueller et al.,
Agouti rats Microarray synaptic transmission; myelin genes; cholesterol 2008)
immunized biosynthesis pathway
with MOG, ,,.
Spinal cord
of SJL/J Immune/defense responses; cytokine signaling; antiviral (Gresle et al
mice Microarray response; extracellular matrix organization; iron B
. . . . . _ 2014)
immunized metabolism; arginine and proline metabolism.
with MOG,,.;
Immune-related: antigen presentation; Th cell
differentiation; CTL-mediated apoptosis of target cells;
Spinal cord Fcy-mediated phagocytosis in macrophages; interferon
of Lewis signaling; dendritic cell maturation; B cell development;
rats TREM signaling; innate/adaptive immune cells; .
. . . . (Inglis et al.,
immunized Microarray complement system; pathogenesis of MS 2012)
with CNS-related: synaptic long-term potentiation; dopamine-
recombinant DARPP32 in cAMP signaling; ALS signaling; CREB
MBP signaling in neurons; endothelin-1 signaling;
biosynthesis of steroids; taurine/hypotaurine
metabolism
Downregulated only in EAE: myelination; brain
development; axogenesis1
Upregulated only in EAE: chemotaxis; leukocyte
migration; cellular response to interleukin-1; T cell
Spinal cord differentiation involved in immune response; T
of SJL/J helper 1 cell differentiation; adaptive immune response
mice Upregulated only in TMEV-IDD: positive regulation of B .
. . . L : ) (DiSano et al.,
immunized Microarray cell activation; B cell receptor signaling pathway;
. . . . 2019)
with PLP complement activation-classical pathway; innate
and TMEV- immune response
IDD mice Upregulated in both models: antigen processing and
presentation; Myd88-dependent tollHike receptor
signaling pathway; microglial cell activation;
response to interferon-beta; Toll-ike receptors
signaling pathways; astrocytes development
Glutamatergic synapses; calcium signaling pathways;
retrograde endocannabinoid signaling; adherens
: junctions; leukocyte transendothelial migration; salivary
Brain of T o
C57BL/6 secret!on; insulin 5|gn_al|ng pgthway; gastric acid .
mice LncRNA secretion; amphetamine addiction; long-term (Liu et al.,
. . microarray potentiation; renin-angiotensin system; african 2018)
immunized

with MOG,.,

trypanosomiasis; malaria; neuroactive ligand-receptor
interaction; complement and coagulation cascades;
basal cell carcinoma; glutathione metabolism;
GABAergic synapse
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Table 1. 2 (Continued).

Samble Analysis Biological function of altered genes/ Reference
P performed Altered pathways
ifp ;_nee\ll:”csord Energy metabolism; cell growth and/or maintenance;
transport; protein metabolism; cell communication and :
rats , o i i L (Farias et al.,
. . Proteomics signaling; regulation of nucleobase; nucleoside;
immunized : L . 2012)
. nucleotide; and nucleic acid metabolism
with gp-
MBP
CSF from Class | acute phase proteins; components of the
Lewis rats . complement system; serine protease inhibitor; (Rosenling et
. ) Proteomics L ) )
immunized antioxidant enzymes; iron metabolism; al., 2012)
with gp-MBP immunoglobulins; calcium homeostasis
Spinal cord: superpathway of cholesterol biosynthesis;
cholesterol biosynthesis |; cholesterol biosynthesis Il (via
24:25- dihydrolanosterol); cholesterol biosynthesis Il
A (wq de.sm.osterol?; hepa.hc fibrosis/ hepghc.stellgte.cell
. activation; clathrin-mediated endocytosis signaling;
from spinal ) . .
cord and superpathway of geranylgeranyldiphosphate iosynthesis
cerebellum | (via mevalonate); axonal guidance signaling; antigen
High throughput  presentation pathway; IFN signaling; IL-8 signaling (Itoh et al.,
of GFAP-Cre ; . .
. sequencing Cerebellum: superpathway of cholesterol biosynthesis; 2018)
RiboTag . L : ) . .
mice cholesterol biosynthesis |; cholesterol biosynthesis Il (via
immunized 24:25- dihydrolanosterol); cholesterol biosynthesis IlI
: (via Desmosterol); LXR/RXR activation; antigen
with MOG..; . o
presentation pathway; IFN signaling; complement
system; epoxysqualene biosynthesis; mevalonate
pathway |; superpathway of geranylgeranyldiphosphate
biosynthesis | (via mevalonate)
Astrocytes Signal transduction; interferome type | interferon
from spinal responsive genes; reactome interferon signaling;
cord of FACS and interferon-beta response u.p; in’Fe‘rferon-betz.i 1 targets; (Rothhammer
C57BL/6 IkB-kinase-NF-kB cascade; positive regulation of cell
) RNAseq ) : ) . etal., 2016)
mice proliferation; regulation of cellular metabolic processes;
immunized cytokine activity; cell migration; chemokine activity;
with MOG.,.; inflammatory response
Complement system; antigen presentation; Th cell
differentiation; Th1 and Th1 activation; OX40 signaling;
Astrocytes Ca-induced T lymphocytes apoptosis; ICOS-ICOSL
form the signaling in Th cells; communication between innate
optic nerve and adaptive immune system; dendritic cell maturation; :
) . . . (Tassoni et al.,
of GFAP-Cre RNAse autoimmune thyroid disease signaling; superpathway of 2019)
RiboTag a cholesterol biosynthesis; cholesterol biosynthesis |;
mice cholesterol biosynthesis IlI; cholesterol biosynthesis ll;
immunized LXR/RXR activation; neuropathic pain signaling;

with MOG,,.,

oxidative ethanol degradation Ill; TCA cycle II
(eukaryotic); ethanol degradation 1V; epoxysqualene
biosynthesis
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Table 1. 2 (Continued).

Sample Analysis Biological function of altered genes/ Reference
performed Altered pathways
Acute phase: immune response; inflammatory response;
cellular response to interferon beta; TNF signaling
pathway; malaria; cytokine-cytokine receptor interaction;
cell adhesion; cellular response to extracellular stimulus;
positive regulation of endothelial cell proliferation; ECM-
receptor interaction; protein digestion and absorption;
. focal adhesion
Egl(lisog}ellal Subacute_Q_hgse: cell adhesion;.cell div.ision; _mitotic
Rosa- n.ucler—j\r division; ECM-receptor_|nteract|or1; P|3K-AKT
tdTomato: signaling pathway; focal adhesion; negative regulation of
VE. ' FACS and transcription from RNA polymerase Il prmtr; negative (Munii et al.,
Cadherin- RNAseq regulation of sequence-specific DNA binding 2019)
. transcription factor activity; cell differentiation; MAPK
Crige e signaling pathway; amphetamine addiction; pathways in
immunized cancer ' '
U 1 1CIEL Chronic phase: cell adhesion; ossification; collagen fibril
organization; ECM-receptor interaction; PISK-AKT
signaling pathway; focal adhesion; muscle organ
development negative regulation of ERK1 and ERK2
cascade; intracellular signal transduction; cGMP-PKG
signaling pathway; thyroid hormone signaling pathway;
oxytocin signaling pathway
Superpathway of cholesterol biosynthesis; dendritic cell
Spinal cord maturation; T helper cell differentiation; hepatic
of Biozzi fibrosis/hepatic stellate cell activation; altered T cell and
ABH mice B cells signaling in rheumatoid arthritis; acute phase (Sevastou et al.,
immunized RNAseq response signaling; antigen presentation pathway; 2016)
with spinal LXR/RXR activation; complement system; role of pattern
cord recognition receptors in recognition of bacteria and
homogenate viruses; iron transport; cell chemotaxis; cell adhesion;

cell differentiation; proliferation

AKT - Protein kinase B; ALS - amyotrophic lateral sclerosis; Ca* - calcium; cAMP - cyclic adenosine

monophosphate; cGMP-PKG - cyclic guanosine monophosphate dependent protein kinase G; CNS - central

nervous system; CREB — cAMP-response element binding protein; CTL - cytotoxic T cell; DARPP32 - dopamine-

and cAMP-regulated neuronal phosphoprotein; ECM - extracellular matrix; ERK — extracellular-signal-regulated

kinase; GABA - gamma-aminobutyric acid; gp-MBP - guinea pig myelin basic protein; HGF - hepatocyte growth

factor; ICOS - inducible costimulator; ICOL - ICOS ligand ; IFN - interferon; IkB - inhibitory proteins of kB family;

IL - interleukin; LXR - liver X receptor; MAPK — mitogen activated protein kinase; MBP — myelin basic protein;

MOG - myelin oligodendrocyte glycoprotein; NF-kB - factor nuclear kappa B; Pi3K — phosphoinositide 3-kinase;

PLP - proteolipid protein; RXR - retinoid X receptor; STAT - signal transducer and activator of transcription; TCA

— tricarboxylic acid cycle; TCR - T cell receptor; Th — T helper; TMEV-IDD - Theiler's murine encephalomyelitis
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virus-induced demyelinating disease; TNF — tumor necrosis factor; TREM - triggering receptor expressed on

myeloid cells.

Of interest, recently our group has identified one astrocytic protein with potential as an additional MS

biomarker, which is lipocalin-2 (LCN2), that we will further explore.

1.6.1. Lipocalin-2

LCN2 levels were found to be increased in serum and CSF samples of MS patients, compared to controls
(Al-Temaimi et al., 2017; Al Nimer et al., 2016; Berard et al., 2012; Marques et al., 2012). One study,
however, reported decreased LCN2 CSF and serum levels in MS patients compared to controls (Khalil et
al., 2016). However, these authors identified high LCN2 CSF levels as an independent factor predicting
CIS conversion to clinically definite MS, during the follow-up period (Khalil et al., 2016). In addition, Al
Nimer and co-workers (2016) reported higher LCN2 CSF levels in PPMS and SPMS patients compared
to RRMS (Al Nimer et al., 2016). Interestingly, in the SPMS patients, LCN2 index was positively correlated
with the NF-L levels in the CSF (Al Nimer et al., 2016). As for animal studies, Zcn2was found to be highly
upregulated in the CP and spinal cord of two different EAE mice models, at the onset phase of disease
(Berard et al., 2012; Marques et al., 2012; Nam et al., 2014). Of interest, LCN2 levels were shown to
decrease after natalizumab treatment, both in the EAE model (Marques et al., 2012) and in MS patients

(Al Nimer et al., 2016).

LCN2 is an acute phase protein that acts as a potent bacteriostatic agent. More specifically, during an
infection, bacteria acquire iron, that is important for its replication and growth, from the host by secreting
and re-uptaking iron chelators, called siderophores. Siderophores present higher affinity for iron than the
mammalian proteins involved in their transport, like lactoferrin, transferrin, and ferritin. LCN2 released
by neutrophils at sites of infection and inflammation bind to bacterial siderophores with high specificity
and affinity, thus preventing iron sequestering by bacteria (Flo et al., 2004; Goetz et al., 2002). Moreover,
the ability of LCN2 to deliver or withdraw iron from cells is important for the regulation of cell apoptosis
or proliferation, respectively (Devireddy et al., 2005). The modulation of the homeostatic functions of
LCN2 is highly dependent on its interaction with cell-surface receptors, namely the 24p3 cell receptor
(24p3R) and megalin (Devireddy et al., 2005; Ferreira et al., 2015).

In the CNS, LCN2 is probably involved in similar mechanisms as those described in the periphery, like
the modulation of the innate immune response, through siderophore binding, the balance between pro-

and anti-inflammatory responses, cellular activation and migration. Of interest, previous work from our
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lab has demonstrated that LCN2 is a key modulator of neurogenesis, and that LCN2-null mice present
impaired hippocampal-dependent memory and anxious-like behavior (Ferreira et al., 2013; Ferreira et al.,
2018).

LCN2 expression in the CNS is described to occur mainly in response to an injury or inflammation, while
in physiological conditions it was observed by some authors but not by others (Ferreira et al., 2015).
LCN2 was shown to be highly expressed in astrocytes, but not in microglia, neurons or oligodendrocytes
(Marques et al., 2012; Nam et al., 2014), while the 24p3R is expressed in almost all CNS cell types
(Ferreira et al., 2015).

Cell culture studies have demonstrated that Lcn2 expression was strongly enhanced in astrocytes
stimulated by lipopolysaccharide (LPS) and TNFa (Jang et al., 2013; Lee et al., 2009). Peripheral injection
of LPS also increased LCN2 expression in astrocytes and CP cells of wild-type (Wt) mice (Jang et al.,
2013; Marques et al., 2008). In addition, cultured astrocytes exposed to LCN2 became reactive,
demonstrating hypertrophy of cellular processes, increased GFAP expression, increased NO production,
and increased expression of /-1b, Tnfa, inducible nitric oxide synthase (/nos) and Cxc/10 (Jang et al.,
2013; Lee et al., 2009). Since astrocytes express the 24p3R, the LCN2 secreted by these cells under
inflammatory conditions can act in an autocrine manner to induce morphological alterations (Lee et al.,
2009).

Two studies so far have used LCN2-null animals to induce EAE, however the results are contradictory.
Berard and colleagues (2012) reported that some LCN2-null and Wt animals developed RR EAE, while
others presented with chronic disease. For the animals with RR EAE, LCN2-null mice presented increased
disease severity, evaluated by a higher mean clinical score at disease peak and delayed mean day of
disease remission. However, LCN2-null animals with chronic EAE only presented a significantly higher
mean clinical score at the end-stage of disease. Moreover, LCN2-null mice presented an increase in total
lesioned area and number of immune cells per spinal cord section, and increased expression levels of
TFNa and IFNy in the spinal cord (Berard et al., 2012). Overall, this study suggests that LCN2 plays a
protective role in EAE. On the other hand, Nam and co-workers (2014) observed a decreased disease
severity in LCN2-null mice immunized with 200 ug of myelin oligodendrocyte glycoprotein 35-55 (MOG;:
s), compared to Wt mice, while disease symptoms were not significantly different in the two genotypes
under mild disease conditions (50 pg of MOG.ss:). LCN2-null animals, immunized with the highest MOG
dosage, presented a decrease in infiltration of inflammatory cells, histological score and demyelination
area percentage in their spinal cord, in accordance with the lowest disease score observed. Moreover,

the increase observed in the number of GFAP+ astrocytes and ionized calcium (Caz)-binding adaptor
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molecule 1 (Ibal)+ microglia was attenuated in LCN2-null mice, that also presented a reduction in the
expression levels of Il-17a, Ifng, Tnfa, IF12, 16, I-1b, Cc/? and Cxc/10 (Nam et al., 2014). Hence, this
study points to a detrimental effect of LCN2 in EAE.

1.7. Current therapeutic approaches
Presently, MS has no cure, however, in the recent decades, different disease-modifying therapies have
been developed, allowing the reduction of disease severity and the frequency of relapses, by altering or
suppressing the immune system (Table 1. 3) (Correale et al., 2017; Lassmann, 2014). However,
progressive MS has limited treatment options (Correale et al., 2017; Faissner et al., 2019), with the
exception of the monoclonal antibody ocrelizumab, which presented positive results in clinical trials with
PPMS patients (Wolinsky et al., 2018). Of relevance, corticosteroids, such as methylprednisolone, are
often used to treat clinically significant relapses, but there is no evidence that it prevents new relapses or

influences long-term disability (Myhr and Mellgren, 2009; Noseworthy et al., 2000).

Table 1. 3 — Therapeutic agents approved in the European Union for the treatment of MS.

Active compound
(brand name)

Therapeutic action

Type of
administration

IFNB1la (Avonex®,

Anti-inflammatory; effects on the endothelial cells of the

Intramuscular or

Rebif®) BBB subcutaneous
IFNB1b (Betaferon®, Anti-inflammatory; effects on the endothelial cells of the
. Subcutaneous
Extavia®) BBB
: Similar to IFNB, but presents increased halfife with
Peginterferon beta 1a . _ .
. extended activity, allowing a reduction in dose frequency, Subcutaneous
(Plegridy®) i :
and presents reduced immunogenecity
Glatiramer acetate Random m|xtgre of synthe.t|c pplypept@es compgsed of
four amino acids (L-glutamic acid, L-lysine, L-alanine and
(Copaxone®, . : . ) Subcutaneous
Glatiramer Mylan) L-tyrosine) that probably competes with myelin peptides
y for binding to MHC on APCs
Dimethyl fumarate Anti-inflammatory and cytoprotective properties, mediated Oral
(Tecfidera®) via activation of Nrf2
. . Non-competitive and reversible inhibition of mitochondrial
Teriflunomide . L .
_ enzyme dihydroorotate dehydrogenase, which is essential Oral
(Aubagio®) . . )
for de novo pyrimidine biosynthesis
; CD20 monoclonal antibody - near-complete ablation of
e CD20+ B cells mainly in the periphery, since it presents el
(Ocrevus®) y periphery, P

limited penetration across the BBB
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Table 1. 3 (Continued).

Active compound . . Type of
(brand name) Therapeutic action administration
Fisaliies) ElaiE@) Sphmgosme l-ph.osphate receptor modulator — Qecreases Oral
immune cell trafficking out of secondary lymphoid organs
Alemtuzumab . ,
(Lemtrada®) CD52 monoclonal antibody — lymphocyte depletion Intravenous
Natalizumab VLA-4 monoclonal antibody — prevents leukocyte migration Intravenous
(Tysabri®) to the CNS, via BBB
Cladribine CD4+ and CD8+ T cell depletion through interference with Oral
(Mavenclad®) cell metabolism of DNA repair processes

Anti-neoplastic drug with immunosuppressive and
immunomodulatory effects — intercalation with DNA repair Intravenous
and topoisomerase Il inhibition

Mitoxantrone
(Novantrone ®)

Data obtained from (Burness and Deeks, 2014; Colombo et al., 2014; Dorr and Paul, 2015; European Multiple
Sclerosis Platform; Huwiler and Zangemeister-Wittke, 2018; Rafiee Zadeh et al., 2019a; Rafiee Zadeh et al., 2019b;
Sabatino et al., 2019; Schrempf and Ziemssen, 2007). APCs - antigen presenting cells; BBB — blood-brain barrier;
CD - cluster of differentiation; IFN - interferon beta; MHC - major histocompatibility complex; Nrf2 - nuclear

factor erythroid 2-related factor 2; VLA-4 - very late antigen-4.

Apart from the use of therapeutic drugs, there are also other life-style alterations that can help improve
the health status of MS patients, even tough they cannot replace conventional MS treatments. As
mentioned before, some of the proposed environmental risk factors include tobacco, dietary habits, like
high salt consumption, and vitamin deficiencies, more importantly, deficiency of vitamin D. So, quitting
smoking, adopting a healthy diet, engaging in exercise, and vitamin D supplementation could present
beneficial effects in these patients (Celarain and Tomas-Roig, 2020). As an example, vitamin D
administration presented protective effects in EAE animals (Colotta et al., 2017) and seemed to improve
cognitive performance in MS patients (Darwish et al., 2017).

Considering that MS is a heterogenous disease with both an inflammatory and a neurodegenerative
phase, it requires the development of therapies against not only the different immune effector
mechanisms, but that can also confer protection to other targets of the disease, namely oligodendrocytes
and neurons. Moreover, the therapeutic approach should be adapted to the disease stage (Lucchinetti et

al., 2005).

25



1.7.1. Dimethyl fumarate

Dimethyl fumarate (DMF) is the di-methylester of fumaric acid. Fumaric acid esters were initially used to
treat psoriasis, but were introduced in MS because of their potent anti-inflammatory effects (Salmen and
Gold, 2014). Namely, DMF is suggested to present effects on the innate and adaptive immune systems,
by the modulation of APCs and T cell differentiation (Dubey et al., 2015). Moreover, it also presents
neuroprotective effects (Dubey et al., 2015; Salmen and Gold, 2014).

After oral administration, DMF is rapidly hydrolyzed to its active metabolite monomethyl fumarate (MMF)
by intestinal esterases (Dubey et al., 2015). MMF is then absorbed and distributed, being able to cross
the BBB (Salmen and Gold, 2014). /n vifro studies have shown that MMF protects murine neurons and
astrocytes from hydrogen peroxide-induced oxidative stress (Linker et al., 2011). Moreover, /n vivo studies
observed an improvement in the clinical course of EAE after preventive or symptomatic DMF treatment,
(Linker et al., 2011; Schilling et al., 2006). These effects were found to be nuclear factor erythroid 2-
related factor (Nrf2)-dependent (Linker et al., 2011; Scannevin et al., 2012). DMF/MMF is able to induce
intranuclear translocation of Nrf2, increasing the transcription of several anti-oxidative genes (Brennan et
al., 2015; Salmen and Gold, 2014). Considering that oxidative stress may be involved in the pathogenesis
of axonal damage and tissue injury in MS, DMF poses as an interesting therapy to confer neuroprotection,
and is a good candidate drug to prevent cognitive decline.

DMF also inhibits the translocation of nuclear factor kappa B (NF-kB), suppressing NF-kB-dependent
transcription. This results in both anti-inflammatory and anti-oxidative effects. The first are related with a
reduction of pro-inflammatory cytokines and adhesion molecules synthesis, and with apoptosis induction.
The anti-oxidant effects result from a decreased activity of iNOS, which diminishes nitrite accumulation
(Salmen and Gold, 2014; Treumer et al., 2003).

The randomized double-blind phase Il DEFINE trial showed a significant reduction in the proportions of
patients with relapse, in the annualized relapse rate, in disability progression, measured by EDSS, and in
the number of new/enlarging T2 and Gd-enhancing T1 lesions on MRI, after 2 years of treatment. The
randomized phase Il CONFIRM trial presented similar results (Salmen and Gold, 2014). The main side
effects of DMF treatment are gastrointestinal symptoms, such as flushing, diarrhea, nausea and vomiting.
Proteinuria, pruritus and upper respiratory tract infections and erythema were also reported. In addition,
lymphocyte counts decrease around 30% in the first year of DMF treatment, hence it is important to
perform a complete blood count before treatment initiation (Dubey et al., 2015; Linker and Gold, 2013;

Salmen and Gold, 2014).
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2. Astrocytes in the pathophysiology of MS
It is known that the adaptive immune system is extremely important during the RR phase of MS, however
at the progressive phase of disease the BBB breakdown is less prominent, and the oligodendrocyte
damage and neurodegeneration occurring are believed to be driven by chronic innate immune response
involving CNS-resident cells, namely microglia and astrocytes (Correale and Farez, 2015; Nylander and
Hafler, 2012; Wheeler and Quintana, 2019). Furthermore, several studies in MS patients and EAE
animals have reported significant alterations in astrocytes and their functions, that could contribute to the
disease pathophysiology (D'Amelio et al., 1990; Eng et al., 1989; Lee et al., 1990; Villarroya et al., 2001;
Wang et al., 2005). Namely, astrocytes proliferate and become reactive in active MS lesions, presenting
with eosinophilic hypertrophic cell bodies and numerous fibrillary processes (Brambilla, 2019; Ciccarelli
et al., 2014; Correale et al., 2017; Popescu et al., 2013). Accumulation of hypertrophic GFAP-positive
astrocytes is also evident in the spinal cord of EAE animals (Duffy et al., 2014). Moreover, reactive
astrocytes are already present in early pre-lesions, identified by focal mild perivascular lymphocyte
infiltration and BBB breakdown, in the NAWM and in the brain parenchyma before immune cell infiltration,
suggesting these cells could be early and active contributors to lesion development (Alvarez et al., 2015;
Brambilla, 2019; Broux et al., 2015; Luo et al., 2008). Of notice, already in 1863 Rindfleisch described
the presence of abnormal multinucleated process bearing cells, later identified as astrocytes, in a CNS

pathology called “grey degeneration”, before the identification of MS as a disease (Williams et al., 2007).

Astrocytes can be distinguished from other glial cells, like microglia and oligodendrocytes, by the
expression of GFAP, vimentin, S1008, glutamine synthetase, glutamate/aspartate transporter (GLAST)
(Correale and Farez, 2015) and aldehyde dehydrogenase 1 family member L1 (Aldh1L1) (Sofroniew and
Vinters, 2010). Importantly, astrocytes participate in several aspects of CNS development and
homeostasis, such as physical structuring of the brain, synapse maintenance and refinement, regulation
of extracellular concentrations of ions and neurotransmitters, synthesis of metabolic substrates for
neurons, formation and maintenance of BBB integrity and regulation of blood flow (Figure 1. 4) (Correale
and Farez, 2015; Duffy et al., 2014; Kimelberg and Nedergaard, 2010; Pekny and Pekna, 2016;
Sofroniew and Vinters, 2010; Wheeler and Quintana, 2019; Williams et al., 2007). Some of these
functions, and how they are altered during MS, will be discussed in more detail in the next chapter sub-

sections.
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Figure 1. 4 — Functions performed by astrocytes in physiological conditions.

Astrocytes participate in several homeostatic functions, including formation and maintenance of the BBB; as a
member of the tripartite synapse, they regulate synaptogenesis, synaptic plasticity and stability, uptake glutamate
and buffer extracellular K+; and they are involved in neuronal metabolic support, via the glucose-actate shuttle,
glutamate-glutamine cycle and by storing glycogen, for example. Images obtained and adapted from Servier Medical

Art. AQP4 - aquaporin-4; Ca - calcium; K- - potassium.

In response to different brain insults, such as inflammation, trauma or infection, astrocytes become
reactive (reactive astrogliosis), and suffer morphological and molecular changes, that can range from
reversible alterations in gene expression (e.g. GFAP overexpression) and cell hypertrophy to long-lasting
gliotic scar formation (Broux et al., 2015; Hamby and Sofroniew, 2010; Nair et al., 2008). Reactive
astrocytes exert several protective but also detrimental functions. Some of the protective functions
performed are the uptake of excessive extracellular glutamate, protection from oxidative stress,
neuroprotection via adenosine release, facilitation of BBB repair and limitation of inflammatory cell
spreading into healthy CNS parenchyma (Hamby and Sofroniew, 2010). As for the detrimental effects,
these include, but are not limited to, production of cytokines, chemokines, and neurotoxic levels of ROS
and RNS, and contribution for increased BBB permeability (Figure 1. 5) (Sofroniew and Vinters, 2010).

Following acute inflammation and demyelination, hypertrophic astrocytes are involved in the formation of
the gliotic scar. Astrocyte structural proteins, like GFAP, were found to be required for the process of
reactive astrogliosis and glial scar formation (Sofroniew, 2015; Sofroniew and Vinters, 2010). The glial
scar plays both detrimental and beneficial roles. On one hand, it presents has a physical barrier that
prevents axonal regeneration and remyelination (Correale and Farez, 2015; Nair et al., 2008; Ponath et
al.,, 2018). After injury, astrocytes rapidly upregulate chondroitin sulfate proteoglycans (CSPGs)
expression that inhibit neurite outgrowth and axonal regeneration (Brosnan and Raine, 2013; Galloway et
al., 2020; Nair et al., 2008; Wiese et al., 2012). Moreover, even tough the overexpression of basic
fibroblast growth factor (FGF-2) by astrocytes promotes OPC proliferation and survival, it also prevents

OPC maturation, thus being detrimental for remyelination (Correale and Farez, 2015; Nair et al., 2008).
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Other molecules produced by astrocytes that were shown to inhibit OPC maturation or suppress axonal
growth are hyaluronan, insulin-like growth factor-binding proteins 7, and ephrins (Correale and Farez,
2015; Tan et al., 2015). In addition, calpain, which is involved in the degradation of axonal and myelin
proteins, including MBP, myelin-associated glycoprotein and neurofilament proteins, was overexpressed
by reactive astrocytes located in or near inflammatory foci, during EAE (Shields et al., 1998). On the other
hand, the gliotic scar confines the inflamed region, thus preventing the spread of immune cells into the
healthy surrounding tissue (Correale and Farez, 2015; Pekny and Pekna, 2016; Ponath et al., 2018;
Sofroniew, 2015). Reactive astrocytes also contribute to the clearance of myelin debris in sites of
demyelination, through both myelin phagocytosis and recruitment of macrophages and microglia. This
clearance is a critical step in promoting repair, since myelin debris are detrimental to remyelination

(Figure 1. 5) (Galloway et al., 2020).
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Figure 1. 5 — Functions performed by reactive astrocytes in MS and EAE.

In the disease context, astrocytes become reactive and are involved in the formation of the gliotic scar. Hypertrophic
reactive astrocytes overexpress GFAP, produce cytokines and chemokines, increase the production of ROS and
RNS, and contribute to increase the BBB permeability. Astrocytes from the glial scar produce CSPGs, FGF-2,
hyaluronan and ephrins, that inhibit axonal growth and prevent OPCs maturation. However, these astrocytes also
recruit microglial cells, that are important for myelin debris removal, and also OPCs, involved in remyelination. The
glial scar confines the damaged tissue and prevents the spread of immune cells into the healthy surrounding tissue.
Images obtained and adapted from Servier Medical Art. AQP4 — aquaporin-4; BBB - blood-brain barrier; CSPGs —
chondroitin sulfate proteoglycans; FGF-2 — basic fibroblast growth factor; GFAP - glial fibrillary acidic protein; MMPs
— matrix metalloproteinases; OPCs - oligodendrocyte precursor cells; RNS - reactive nitrogen species; ROS -

reactive oxygen species.
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The beneficial roles of reactive astrocytes and the glial scar are evidenced by several studies in EAE
animals, in which reactive astrogliosis has been prevented, resulting in increased disease severity
associated with increased parenchymal immune-cell infiltration (Haroon et al., 2011; Liedtke et al., 1998;
Toft-Hansen et al., 2011; Voskuhl et al., 2009). Hence, ablating astrocyte reactivity completely seems to
be detrimental for CNS repair, as astrocytes are important for the confinement of lesions and the

restoration of CNS homeostasis (Nair et al., 2008).

Astrocytic reactivity is regulated by key canonical signaling cascades, among which the NF-kB pathway
is essential for the establishment of neuroinflammation. This signaling pathway is directly activated by
stimulation with pro-inflammatory cytokines, among them TNFa and IL-1B (Ponath et al., 2018).
Accordingly, EAE animals with selective ablation or inactivation of NF-kB in astrocytes presented a
reduced clinical score, usually associated with reduced demyelination, inflammation and neuronal loss
(Brambilla et al., 2014; Brambilla et al., 2009; Brosnan and Raine, 2013; Gupta et al., 2019; Sofroniew,
2014).

2.1. Synthesis of metabolic substrates
Astrocytes present several metabolic functions essential for brain homeostasis, including the transport of
nutrients and metabolic precursors to neurons via the malate-aspartate shuttle; the transport of
extracellular glutamate and conversion to glutamine, that can be shuttled back to neurons (glutamate-
glutamine cycle); the uptake of glucose and synthesis of lactate (glucose-lactate shuttle); glycogen storage;
and cholesterol synthesis (Brambilla, 2019; Eilam et al., 2018; Maragakis and Rothstein, 2006; Ponath
et al., 2018; Sofroniew and Vinters, 2010). Interestingly, transcriptomic analysis of astrocytes revealed
an enriched expression of genes involved in several metabolic pathways (Cahoy et al., 2008; Lovatt et
al., 2007). Moreover, Lovatt and colleagues (2007) found that both neurons and astrocytes expressed
enzymes mediating aerobic metabolism, however, many pathways entering or exiting glycolysis and the
tricarboxylic acid cycle (TCA) cycle, such as those involved in lactate and glutamate metabolism, were
compartmentalized, with some reactions being more catalyzed in neurons and others in astrocytes (Lovatt
et al., 2007). Specifically, astrocytes were found to overexpress, relatively to neurons, enzymes involved
in glycolysis and the TCA cycle (Cahoy et al., 2008; Lovatt et al., 2007). However, in pathological
conditions, the stimulation with cytokines for example, can impair the astrocytic metabolic functions

(Ponath et al., 2018).
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The astrocytic location at the interface between blood vessels and neurons, allows them to uptake glucose
from circulation and use it to provide energy supply to neurons (glucose-lactate shuttle) (Brambilla, 2019;
Ponath et al., 2018; Sofroniew and Vinters, 2010). More specifically, astrocytes degrade glucose to
pyruvate which is then converted to lactate and released via astrocytic monocarboxylate transporters
(MCT1 and 4) into the extracellular space. Once there, neurons uptake the lactate, via MCT2 and use it
as energy substrate, following its intracellular conversion to pyruvate (Zeis et al., 2015). Interestingly, the
expression levels of lactate dehydrogenases (Ldh) in astrocytes and neurons support a compartmentalized
relationship of lactate metabolism between the two cell types. Namely, Ldhb catalyzes the conversion of
pyruvate to lactate and is enriched in astrocytes, while Ldha that catalyzes the reverse reaction is enriched
in neurons (Lovatt et al., 2007).

Lactate levels were found to be increased in the CSF of CIS and MS patients, in comparison to control
subjects, and positively correlated with the number of inflammatory plaques and number of CSF
mononuclear cells (Lutz et al., 2007; Simone et al., 1996). Importantly, it is well established that cerebral
lactate concentration is directly dependent on its rate of production in the brain, and, in accordance with
this, no correlation was found between serum and CSF lactate levels. However the authors hypothesize
that the main source of lactate production are the infiltrating macrophages (Lutz et al., 2007; Simone et
al., 1996), and not astrocytes. In fact, the astrocytic lactate production seems to be decreased in MS.
Microarray analyses of MS brains detected a downregulation of genes involved in the glucose-lactate
shuttle, such as MCT1, while LDHAwas increased (Zeis et al., 2015). Moreover, the activation of cultured
murine astrocytes with TNFa/IFNy or TNFo/IL-1[3 decreased lactate release (Chao et al., 2019; Gavillet
et al., 2008).

Another source of energy supply to neurons, especially during hypoglycemia or during periods of high
neuronal activity, results from glycogenolysis in astrocytes, since these cells are the main storage site of
glycogen in the CNS (Brambilla, 2019; Santello et al., 2019; Sofroniew and Vinters, 2010). Actually,
astrocytes express enriched levels of all glycogen-metabolizing enzymes, in comparison to neurons (Lovatt

et al., 2007).

Through the glutamate-glutamine cycle, astrocytes uptake glutamate from the synaptic cleft and convert
it to glutamine, that is released back to synapses for reconversion into active neurotransmitters by
neurons (Sofroniew and Vinters, 2010). In fact, antisense knock-down studies have shown that the
astrocytic glutamate transporters GLAST and glutamate transporter solute carrier family 1 member 2
(SLC1A2/GLT-1) are responsible for over 80% of glutamate uptake in the brain (Maragakis and Rothstein,

2006). Similarly to what is observed for Ldh expression, astrocytes express glutamate synthetase (GLUL),
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that catalyzes the conversion of glutamate into glutamine, whereas neurons express glutaminase and
glutamate decarboxylase 1, involved in glutamate and gamma-aminobutyric acid (GABA) synthesis from
glutamine (Lovatt et al., 2007).

Following injury, astrocytes initially upregulate the expression of glutamate transporters, like GLT-1, and
glutamine synthetase, as a protective mechanism activated by the increased glutamate levels (Kostic et
al., 2013; Nair et al., 2008). However, in the case of MS and EAE, in the next phase of disease this
protective mechanism seems to be inactivated, since GLT-1 protein levels decrease below control levels
(Kostic et al., 2013). Actually, increased CSF glutamate levels were reported to occur in MS patients,
compared to individuals lacking objective signs of neurological disorders (Stover et al., 1997a; Stover et
al., 1997b), and GLUL expression levels were found to be decreased in the brain of MS patients (Zeis et
al., 2015). /n vitro studies have shown that inflammatory mediators, like TNFa and IL-1[3, can potentiate
glutamate neurotoxicity by inhibiting its uptake by astrocytes (Kostic et al., 2013; Musella et al., 2016;
Tilleux and Hermans, 2007). Moreover, glutamate excitotoxicity causes damage to both neurons and

oligodendrocytes (Pitt et al., 2000).

In order to maintain membrane homeostasis and myelin synthesis, neurons and oligodendrocytes are
dependent on the cholesterol synthesized by astrocytes, which are the main cells producing cholesterols
(Brambilla, 2019; Itoh et al., 2018). However, cholesterol synthesis seems to be impaired in MS and
EAE, since the expression of genes involved in this pathway were found to be decreased in both conditions
(Itoh et al., 2018; Lavrnja et al., 2017; Lock et al., 2002; Mueller et al., 2008; Sevastou et al., 2016;
Tassoni et al., 2019).

2.2. Formation and maintenance of BBB integrity
It was already mentioned that the BBB integrity is compromised during MS (Baecher-Allan et al., 2018).
In physiological conditions, the BBB separates the brain tissue from the circulating blood, and is
constituted by epithelial cells with tight junctions, pericytes, the basement membrane, and astrocytic end-
feet (Ortiz et al., 2014; Prat et al., 2001; Sofroniew and Vinters, 2010). This barrier is responsible for the
regulation of the import and export of key substances between the peripheral blood and the CNS, including
gases, glucose, water, metabolites and cells (Abbott et al., 2006; Broux et al., 2015; Prat et al., 2001).
More importantly, the BBB protects the brain from fluctuations in ionic composition, that occur after
meals and exercise, for example, and that could disturb the synaptic and axonal signaling (Abbott et al.,

2006). Some of the functions performed by astrocytes at the BBB are the production of vasoactive
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molecules, including prostaglandins and NO, that regulate CNS blood flow. Furthermore, they present
specialized water and ion channels, like AQP4, that control the composition of extracellular fluid and the
pH (Brambilla, 2019; Ludwin et al., 2016; Ponath et al., 2018; Sofroniew, 2015).

It was shown that, during EAE, astrocytes retract their processes, thereby decreasing perivascular
coverage (Figure 1. 5) (Eilam et al., 2018). In addition, the distribution of AQP4 channels is described to
be highly polarized towards astrocytic foot processes, however this polarization is loss in astrocytes
located near EAE lesions (Figure 1. 5) (Wolburg-Buchholz et al., 2009).

IL-6, TNFa, IL-1B, immunity-related GTPase family M member 1, vascular endothelial growth factor
(VEGF), and CCL2 released by astrocytes during inflammation increase BBB permeability, by acting on
endothelial cells and their tight junctions (Brosnan and Raine, 2013; Broux et al., 2015; Nair et al., 2008;
Wang et al., 2013a). VEGF has the additional characteristic of being chemotactic for monocytes, so its
release by astrocytes also increases leukocyte extravasation (Brosnan and Raine, 2013; Proescholdt et
al., 2002; Sofroniew, 2015). Of notice, a high number of VEGF+ astrocytes were found in or adjacent to
MS lesions, while no VEGF+ cells were observed in control brains or unaffected regions of MS brains
(Proescholdt et al., 2002). In accordance with these deleterious functions, the conditional deletion of
VEGF-A in astrocytes (Gfap-Cre:Vegfa) improved the clinical signs of EAE, associated with the
maintenance of claudin-5 expression (tight junction protein) and a restriction in BBB breakdown (Argaw
et al., 2012). Endothelin-1 (ET-1) is a potent vasoconstrictor predominantly produced by endothelial cells
and also by reactive astrocytes. ET-1 overexpression both in endothelial cells and astrocytes, and posterior
EAE induction, resulted in more severe disease, increased demyelination and increased inflammatory cell

infiltration. Furthermore, plasma and CSF levels of ET-1 are increased in MS patients (Guo et al., 2014).

Other proteins released by reactive astrocytes during EAE have an opposite effect, being involved in the
BBB repair and inhibition of leukocyte migration. These include annexin-1, retinoic acid and sonic

hedgehog synthesis (Brambilla, 2019; Huitinga et al., 1998; Mizee et al., 2014; Sofroniew, 2015).

The basement membrane is composed of ECM proteins, including glycoproteins and fibrous proteins,
that are synthetized by endothelial cells and astrocytes (Miljkovic et al., 2011). As mentioned before,
MMPs produced by astrocytes, namely MMP2 and MMP9, are able to degrade these ECM proteins (Figure
1. 5) (Miljkovic et al., 2011; Song et al., 2015). However, astrocytes also have the ability to produce
tissue inhibitors of MMPs (TIMPs), namely TIMP-1, which inhibit the action of MMPs (Miljkovic et al.,
2011; Pagenstecher et al., 1998; Teesalu et al., 2001).
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Remarkably, studies performed in GFAP-luciferase animals showed bioluminescence, indicative of GFAP
transcriptional response, in the CNS of mice before CD4+ T cell infiltration and the presence of clinical
manifestations, suggesting that astrocytes become reactive before CNS inflammation and could

contribute to BBB destabilization and permeability (Broux et al., 2015; Luo et al., 2008).

2.3. Synapse maintenance and refinement

The ramified processes of astrocytes make contact with pre- and post-synaptic terminals, forming the
tripartite synapse. Within this structure, astrocytes are involved in different processes, like regulation of
synaptogenesis, synaptic plasticity and stability, uptake of glutamate and buffering of extracellular
potassium (K:) (Brambilla, 2019; Ponath et al., 2018; Santello et al., 2019).

There is now accumulating evidence that astrocytes directly participate in synaptic transmission. More
specifically, alterations in neuronal synaptic activity induce the release of neurotransmitters, such as
glutamate and GABA, that are sensed by astrocytes. Astrocytes respond by increasing its intracellular Caz
concentration, and posteriorly releasing synaptically active molecules (gliotransmitters), like glutamate,

adenosine triphosphate (ATP), adenosine and D-serine (Barres, 2008; Sofroniew and Vinters, 2010).

2.4. Synthesis of immunomodulatory molecules and growth factors
In EAE and MS, astrocytes can synthesize several immunomodulatory factors: chemokines involved in
increased BBB permeability and immune cell migration, including CCL2, CCL3, CCL4, CCL5, CCLS,
CCL20, CCL19, CX3CL1, CXCL8, CXCL10, CXCL12 and CXCLI; pro- and anti-inflammatory cytokines,
such as TNFa, IL-1B, IL-6, IL-10, IL-12, IL-23, IL-27, IL-15, IL-33, IFNa and TGF[3; complement proteins,
like complement component 5a (Cba), C3a, C1q; B-cell activation factor, involved in B cell survival and
proliferation; and ROS and RNS involved in oxidative stress (Ambrosini et al., 2005; Berman et al., 1996;
Brambilla, 2019; Chastain et al., 2011; Columba-Cabezas et al., 2003; Correale and Farez, 2015;
Glabinski et al., 1997; Glabinski et al., 1995; Lopes Pinheiro et al., 2016; Miljkovic et al., 2011; Miyagishi
et al., 1997; Nair et al., 2008; Nataf et al., 1998; Ponath et al., 2018; Ransohoff et al., 1993; Shrestha
et al., 2014; Sunnemark et al., 2005; Villarroya et al., 1996; Williams et al., 2007).
The astrocytic targeted deletion of some of the immunomodulatory factors mentioned was able to improve
disease symptoms in EAE animals. Namely, the conditional deletion of IL-6 in astrocytes was able to

significantly decrease the clinical score in EAE female mice. Moreover, these mice presented a significant
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decrease in the number of infiltrates and in astrocyte reactivity, and an increased percentage of
myelinated area (Erta et al., 2016). The deletion of CXCL10 in astrocytes delayed EAE onset and
decreased the severity of cumulative clinical deficits, compared to control animals. However, during the
chronic phase of disease there were no differences between the experimental groups, indicating that the
effect of astrocyte-derived CXCL10 is exerted during the initial phases of disease (Mills Ko et al., 2014).
The conditional deletion of CCL2 decreased the severity of EAE clinical neurological deficits (Moreno et
al.,, 2014; Paul et al.,, 2014). This was accompanied by a significant decrease of CNS leukocyte
accumulation (Moreno et al., 2014; Paul et al., 2014) and by a higher preservation of claudin-5 staining
(Paul et al., 2014). Similarly, the astrocytic targeted expression of a complement inhibitor, complement
receptor-related protein y, improved the clinical scores of EAE animals, that presented decreased immune
cell infiltration in the CNS (Davoust et al., 1999). On the contrary, the overexpression of C3a in astrocytes
increased the EAE severity and mortality rate. This was associated with an increased CNS infiltration with
macrophages and CD4+ T cells (Boos et al., 2004). The overexpression of Cba in astrocytes did not affect
disease development (Reiman et al., 2005). IFNy signaling in astrocytes was described as being
important for protection against autoimmune-mediated neurological disability, since EAE induction in mice
expressing a signaling deficient dominant negative IFNy receptor | specifically in astrocytes presented
increased disease severity, associated with higher expression levels of CCL5, IL-1 and TNF, loss of axons

and increased demyelination (Hindinger et al., 2012).

Some of the chemokines produced by astrocytes are also chemoattractants for OPCs, including CXCL1,
CXCL8 and CXCL10, allowing them to migrate towards the demyelinated plaques (Williams et al., 2007).
Surprisingly, CXCL12 and CCL2 also seemed to be involved in the attraction of transplanted neural
precursor cells, in the EAE model, suggesting that, besides attracting inflammatory cells, they could also

play a role in the migration of precursor cells to lesions (Cohen et al., 2014).

Astrocytes were found to be central contributors for oxidative stress in EAE (Mossakowski et al., 2015).
iNOS, endothelial nitric oxide synthase and neuronal nitric oxide synthase expression was found to be
upregulated in astrocytes during EAE, contributing to NO production (Brambilla, 2019; Cross et al., 1997;
Kim et al.,, 2000; Shin, 1999; 2001; Tran et al., 1997). In addition, /7 siftu hybridization and
immunohistochemistry studies have shown extensive iNOS reactivity in hypertrophic astrocytes in acute
but not chronic MS lesions (Brosnan and Raine, 2013). ROS and RNS cause oxidative stress and have
been implicated in mechanisms underlying lesion pathogenesis (Brambilla, 2019; Emerson and LeVine,
2000). They are produced not only by microglia and immune cells, but also by astrocytes (Brambilla,

2019). The main local effects of increased ROS and RNS are the modulation of BBB function and
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oligodendrocyte damage (Brambilla, 2019; Milikovic et al., 2011). Oligodendrocytes are particularly
vulnerable to oxidative stress possibly because their antioxidant levels are low (Miljkovic et al., 2011).
Contrariwise, and in an attempt to decrease oxidative-mediated cellular damage, astrocytes overexpress
heme-oxygenase 1, involved in the protection against oxidant-mediated injury (Emerson and LeVine,
2000), and antioxidant enzymes, like superoxide dismutase 2, NAD(P)H Quinone Dehydrogenase 1, and
peroxiredoxins (Brambilla, 2019; Qi et al., 1997; Yun et al., 2015). Reactive astrocytes also protect
neurons from oxidative stress via glutathione dependent mechanisms (Gavillet et al., 2008; Pekny and
Nilsson, 2005). Of interest, a possible beneficial role has also been suggested for increased NO levels,

namely in the apoptosis of inflammatory cells (Kim et al., 2000).

Besides immunomodulator molecules, astrocytes also increase the production of growth factors in the
disease context, like brain-derived neurotrophic factor (BDNF) and nerve growth factor (Brambilla, 2019;
Chastain et al., 2011; Micera et al., 1998; Nair et al., 2008; Ponath et al., 2018; Stadelmann et al.,
2002). The increased levels of these growth factors could represent an attempt to prevent or reduce
neurite damage in the lesioned regions (Micera et al., 1998). In accordance with these protective
properties, a worsening of EAE symptoms could be observed in GFAP-Cre:BDNF** mice, which present a
specific deletion of BDNF in astrocytes. These animals additionally presented increased mortality and

axonal damage (Linker et al., 2010).

2.5. Interaction between astrocytes and T cells

Activated anti-myelin T cells that have infiltrated the CNS will not induce injury unless they are reactivated
against their specific antigen, through its presentation by APCs (De Keyser et al., 2003). Astrocytes have
been pointed as possible APCs of myelin antigens to T cells, in the context of EAE and MS (Correale and
Farez, 2015; De Keyser et al., 2003; Ponath et al., 2018). Namely, astrocytes have been shown to
process and present myelin-related antigens, such as MBP, proteolipid protein (PLP) and MOG, to
encephalitogenic CD4+ T cells (Miljkovic et al., 2011; Myers et al., 1993). Importantly, the necessary
molecules for efficient antigen presentation to and activation of CD4+ T cells, including MHC class Il and
co-stimulator molecules, like B7-1 (CD80) and B7-2 (CD86), have been shown to be present on astrocytes
(Issazadeh et al., 1998; Lee et al., 1990; Miljkovic et al., 2011; Nair et al., 2008; Nikcevich et al., 1997;
Ponath et al., 2018; Villarroya et al., 2001).

The astrocytic interaction with T cells is also important for T-cell infiltration in the CNS. More specifically,

receptor activator of NF-kB (RANK) ligand (RANKL) expression on T cells was shown to induce the
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expression of CCL20 on astrocytes, and both the T-cell-specific inactivation of RANKL and the astrocyte-
specific deletion of RANK decreased the infiltration of T cells into the CNS of EAE animals, significantly
improving their clinical score (Guerrini et al., 2015).

Furthermore, T cell apoptosis can be induced by astrocytes, for example via Fas ligand (FasL) (Correale
and Farez, 2015; Hara et al., 2011; Wang et al., 2013b; Xie and Yang, 2015). FasL is expressed in
astrocytes and increases in response to cytokines, like IL-1, IL-6, TNFa and IFNy (Xie and Yang, 2015).
A previous study has demonstrated that astrocytic FasL is crucial for the termination of the autoimmune
T cell response in the CNS, which allows clinical recovery of symptoms in EAE. Specifically, GFAP-
Cre:FasL" mice induced with EAE presented a similar day of first symptoms and peak of disease, however
control mice recovered after the peak while the conditional knock-outs did not. Furthermore, these
animals presented more widespread inflammation, characterized by an increased number of CD4+ and
CD8+ T cells, and more severe demyelination, compared to controls. they also presented a decreased
percentage of 7-Aminoactinomycin D positive CD4+ T cell, suggesting that the elimination of these cells

by apoptosis was impaired (Wang et al., 2013b).

2.6. Astrocyte subpopulations

Astrocytes are a very heterogenous population of cells in terms of gene expression profile, physiological
properties and response to injury (Batiuk et al., 2020; Bribian et al., 2018; Zhang and Barres, 2010).
Differences have even been observed between astrocytic subpopulations regarding spontaneous and
behavior-evoked Ca* activities. Being such a diverse group of cells, it is not surprising that different
astrocytic subpopulations respond to disease and injury in different manners (Zhang and Barres, 2010).
In order to better understand astrocyte heterogeneity, several laboratories have recently taken advantage
of transcriptomic tools to perform molecular classifications of astrocyte subpopulations, both under
physiological and pathological conditions (Boisvert et al., 2018; Chai et al., 2017; Clarke et al., 2018;
John Lin et al., 2017; Pekny and Pekna, 2016). Interestingly, these studies have shown that astrocytes
exhibit broad and diverse changes in gene expression profiles in response to different types of stimulation
(Sofroniew, 2014), however, common altered pathways induced in reactive astrocytes include antigen
presentation and regulation of inflammatory-mediators production.

In vitro studies have shown major differences in the gene expression profile of astrocytes stimulated with
different mediators of reactive astrogliosis, such as LPS, IL-13, TNFa, IFNy or TGF3 (Anderson et al.,

2014; Hamby et al., 2012). /n vivo studies comparing neuroinflammation and ischemia models found
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two different types of reactive astrocytes, which were recently termed “Al” and “A2", in parallel to the
“M1” and “M2" macrophage nomenclature (Liddelow and Barres, 2017; Liddelow et al., 2017). Al
astrocytes were found to lose the ability to promote neuronal survival, outgrowth and synaptogenesis.
Instead, Al astrocytes highly upregulate classical complement cascades previously shown to be
destructive to synapses, thus acquiring neurotoxic functions, inducing the death of neurons and
oligodendrocytes. By contrast, A2 astrocytes, present in ischemia models, upregulate the expression of
genes involved in repair and protective functions, such as neurotrophic factors, therefore presenting a
neuroprotective phenotype (Anderson et al., 2014; Liddelow et al., 2017; Zamanian et al., 2012). Of
interest, C3+ Al astrocytes were observed in MS demyelinating lesions (Liddelow et al., 2017). It should
be noted that this nomenclature is too simplistic, and more than two polarization states have been
described for macrophages (M1, M2a, M2b, M2c) (Liddelow and Barres, 2017). The same is probably
true in the case of astrocytes, since recent studies have identified several astrocytic clusters both in MS

and EAE (Table 1. 4).

Table 1. 4 - Identification of astrocytic sub-populations by single cell analysis of samples from EAE

animals or MS patients.

Samples Methodology Results Pathway analysis Reference
Cluster 4: mitochondrial
dysfunction; NRF2 oxidative stress
. . \dentification of 8 responsei unfoldeq protein
Brain and spinal response; production of NO and
. clusters of ) o (Wheeler et
cord of C57BL/6  Single-cell . ROS; IL-6 signaling;
. . astrocytes, being . . L al., 2020)
mice immunized RNAseq neuroinflammation signaling;
. cluster 4 the most o
with MOG,., expanded in EAE leukocyte extravasation signaling;
P GM-CSF signaling; NF-kB signaling;
pathogenesis of MS; DNA
methylation signaling
Cluster 5: mitochondrial function;
Brain and spinal Identification of NRF?2 oxidative stress response;
cord of . Single-cell 17 clusters of. u.nfold.ed protein rgspohse; hypoxm (Wheeler et
TdTomato® mice RNAse astrocytes, being  signaling; chemokine signaling; S1P al,, 2020)
immunized with g cluster 5 the most  signaling; ceramide signaling; ER N
MOG..., expanded in EAE stress pathway; IL-6 signaling; GM-
CSF signaling
e Cluster 1: neuroinflammation
Identification of - o
16 clusters of signaling; chemokine signaling;
MS patients brain  Single-cell - mitochondrial dysfunction; NRF2 (Wheeler et
lesions RNAseq ! g oxidative stress response; GM-CSF al., 2020)
cluster 1 the most . L
. signaling; IL-6 signaling; iNOS
expanded in MS o Y
signaling; NF-kB signaling
(Continues)
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Table 1. 4 (Continued).

Samples Methodology Results Pathway analysis Reference
One Identification of 5
demyelinating : clusters in the
; Imaging mass L
lesion and one demyelinating
cytometry and . (Park et al.,

post- ’ lesion and 2 Not performed

N single-cell . 2019)
demyelinating clusters in the post-

. RNAseq L

lesion from two demyelinating
MS patients lesion
Cortical gray
matter and Differentiation
adjacent Single-nucleus  between . ) (Schirmer

. ) . Glutamate homeostasis; potassium
subcortical white RNA- protoplasmic and homeostasis etal.,
matter from sequencing fibrous/reactive 2019)
lesions of MS astrocytes
patients

ER - endoplasmic reticulum; GM-CSF - granulocyte-macrophage colony-stimulating factor; IL — interleukin; iNOS
- inducible nitric oxide synthase; MS — multiple sclerosis; NF-kB - Nuclear factor kappa B; NO - nitric oxide; NRF2

- nuclear factor erythroid 2-related factor 2; ROS - reactive oxygen species; S1P - sphingosine-1-phosphate.

Future studies, that help to define astroglial subtypes based on their molecular, functional and structural
properties will greatly improve our understanding of their specific roles in MS pathophysiology (Correale

and Farez, 2015).

2.7. Astrocyte Ca> signaling

Astrocytes do not elicit or propagate action potentials along their processes. Instead, they exhibit regulated
increases in intracellular Ca? concentrations, that represent a form of astrocyte excitability (Scemes and
Giaume, 2006; Sofroniew and Vinters, 2010). Caz» waves are defined as localized intracellular Ca
increases, that are followed by a succession of similar events in a wave-like fashion, and they can be
restricted to one cell (intracellular) or transmitted to neighboring cells (intercellular) (Scemes and Giaume,
2006). Intercellular Caz waves can propagate by cell-to-cell diffusion, through gap junction channels, or
by the release of factors like ATP (Abbott et al., 2006; Scemes and Giaume, 2006; Volterra and Meldolesi,
2005).

Astrocytes are linked and communicate with each other by gap junctions, formed by connexin (Cx) 43
and Cx30 (Correale and Farez, 2015), thus allowing the transfer of ions and metabolites throughout the

astrocytic network (Brand-Schieber et al., 2005), including K+ dissipation and intercellular Caz waves
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propagation (Correale and Farez, 2015). This astrocytic connectivity seems to be important for
coordinated activation and bursting synchronization of neuronal networks (Santello et al., 2019).
Astrocyte excitation can occur in response to or independently of chemical signals released in neural
circuits (neuron-dependent and spontaneous excitation, respectively) (Cornell-Bell et al., 1990; Jensen
and Chiu, 1990; Volterra and Meldolesi, 2005). Of relevance, it is currently known that the modulation of
intracellular Caz concentration present functional significance in both astrocyte-astrocyte and astrocyte-
neuron intercellular communication (Araque et al., 1998; Sofroniew and Vinters, 2010). In fact, astrocyte
intracellular Ca* elevations can be triggered by transmitters, including glutamate and purines released
during neuronal activity, eliciting also the release of gliotransmitters (e.g. glutamate, ATP, adenosine and
D-serine) by astrocytes (Barres, 2008; Guerra-Gomes et al., 2017; Sofroniew and Vinters, 2010; Volterra
et al., 2014; Volterra and Meldolesi, 2005).

The most widely accepted mechanism for astrocytic Caz increases is the canonical phospholipase C
(PLC)/inositol 1,4,5-triphosphate (IP;) pathway (Agulhon et al., 2008; Scemes and Giaume, 2006). PLC
hydrolyses phosphatidylinositol 4,5-biphosphate to diacylglycerol and IP;, in response to G, G protein-
coupled receptor (GPCR) activation, thereby activating IP; receptors (IP:Rs), resulting in Ca* release from
the endoplasmic reticulum (Agulhon et al., 2008; Petravicz et al., 2008; Vardjan and Zorec, 2015).

Of importance, astrocyte hyperactivation, associated with enhanced astrocytic Caz signaling, has been
observed to occur in some disease models (Ding et al., 2007; Kuchibhotla et al., 2009; Nedergaard et
al., 2010; Reichenbach et al., 2018), while others presented decreased astrocytic spontaneous Caz
signaling (Jiang et al., 2016). Moreover, astrocyte stimulation with cytokines and other inflammatory
mediators induced changes in the expression levels of several GPCRs and their intracellular G protein
effectors (Anderson et al., 2014; Hamby et al., 2012; Sofroniew, 2014), consequently altering
intracellular Ca? concentrations (Anderson et al., 2014; Hamby et al., 2012). It has also been shown that
IP-dependent Ca* signaling and the downstream functions of N-cadherin are required for reactive
astrogliosis (Correale and Farez, 2015; Kanemaru et al., 2013; Pekny and Pekna, 2016). Thus, astrocytic
Ca* signaling seems to be involved not only in physiological functions, but also appears to be altered in
pathological conditions.

Immunohistochemistry studies have revealed that, in the CNS, the IP;R2 is primarily expressed in
astrocytes (Hertle and Yeckel, 2007; Sharp et al., 1999). Accordingly, in the IP;R2-null mouse model, G,
GPCR-dependent intracellular Ca> elevations are absent in the soma and main processes of astrocytes,

but not in neurons (Agulhon et al., 2008; Li et al., 2015; Petravicz et al., 2008; Xie et al., 2015). However,
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astrocytes from these animals still seem to present IP;R2-independent Caz fluctuations within their
processes (Agarwal et al., 2017; Okubo et al., 2019; Rungta et al., 2016; Srinivasan et al., 2015).

Previous studies using pathological models demonstrated that Ca# signaling disruption, through
constitutive IP;R2 deletion, has beneficial effects in some of the models (Heuser et al., 2018; Li et al.,
2015; Rakers and Petzold, 2017; Reichenbach et al., 2018) and deleterious effects on others (Staats et
al., 2016; Zheng et al., 2013). Importantly, IP,R2-null mice do not demonstrate neurodevelopmental
alterations, nor motor or neurological reflexes alterations in adulthood, thus presenting as a reliable model
to study the functional impact of impaired global IP.R2-dependent astrocytic Caz elevations in adult mice

(Guerra-Gomes et al., 2020).

2.8. Role of currently approved MS drugs on astrocytes:
The studies previously mentioned have as main goal the identification of astrocytic-intrinsic pathways
associated with the control of CNS inflammation, modulation of neuronal health and maintaining BBB
integrity, which can guide the development of new therapeutic approaches, particularly for the progressive
phase of disease, for which existing drugs offer limited benefit (Wheeler and Quintana, 2019). Even tough
no astrocyte-specific therapy has been developed for the treatment of MS, beneficial effects of some of

the approved MS drugs could be related to the modulation of astrocytic functions (Miljkovic et al., 2011).

As mentioned before, corticosteroids are used to treat clinical relapses (Noseworthy et al., 2000). Lee
and co-workers (2014) used a liposomal encapsulated formula of methylprednisolone to treat EAE mice,
after the appearance of clinical symptoms. A low dose of methylprednisolone was encapsulated in
liposomes, and their efficacy was compared with the efficacy of low and high doses of free drug. They
observed an amelioration of the clinical score in the groups treated with low dose liposomal
methylprednisolone and high dose free methylprednisolone, in comparison with low dose free
methylprednisolone and vehicle-treated animals. In addition, liposomal encapsulated methylprednisolone
significantly reduced the number of GFAP positive astrocytes, in spinal cord lesions, similarly to the high
dose free methylprednisolone (Lee et al., 2014). Regarding the effects of methylprednisolone in human

astrocytes the knowledge is still very scarce.

Another drug that is used as an anti-symptomatic treatment for MS is 4-aminopyridine (4-AP), which is a

potent inhibitor of voltage gated K- channels. However, its efficacy in improving the clinical symptoms of

! This subsection was adapted from a review manuscript in preparation and presented in Annex 1.
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EAE animals was dependent on the model used (Moriguchi et al., 2018). Pre-symptomatic treatment,
since the day of immunization, was able to improve disease severity in the RR EAE model (SJL/J females
immunized with PLP,s.s:) but not in the chronic EAE model (C57BL/6 females immunized with MOGisss).
Moreover, in the SJL/J EAE mice, 4-AP was able to downregulate GFAP expression (Moriguchi et al.,
2018).

Regarding disease modifying drugs, interferons (IFNs), GA, laguinimod and DMF are among the first line
treatments used in MS patients. The mechanism of action of IFNs in MS is not fully understood, but they
present several immune-mediating activities, and several clinical trials demonstrated that IFNB1b
treatment reduces the frequency of relapses (Noseworthy et al., 2000). Even tough with different
biological activities, IFN3 demonstrated a good efficacy in long-term RRMS therapy, and also, to some
extent, in SPMS therapy (Lubina-Dabrowska et al., 2017). Regarding animal model results, the pre-
symptomatic treatment of EAE Lewis female rats with both IFNf1a and IFNB1b presented beneficial
effects on the animals’ clinical score, and a reduction in GFAP protein levels in the animals’ cortex, when
compared to non-treated animals (Lubina-Dabrowska et al., 2017). To improve the therapeutic effects of
IFNs, Mastronardi and colleagues (2004) combined IFN[ therapy with vitamin B,, cyanocobalamin, since
previous works had demonstrated beneficial effects of vitamin B,, treatment in reversing demyelination.
The combinatorial treatment was able to reduce clinical disease and cell infiltration to near normal levels.
Moreover, the amount of GFAP in whole brain homogenates was reduced to the levels of untreated mice,

indicating a reduction in astrocytic activation (Mastronardi et al., 2004).

GA is a mixture of synthetic polypeptides resembling MBP, and composed of alanine, lysine, glutamic
acid and tyrosine (Ure and Rodriguez, 2002). These types of polypeptides were initially used to simulate
the ability of MBP to induce EAE, however they were not able to induce disease, and several of them were
even shown to suppress EAE. Moreover, this suppressive capacity was independent of species, disease
type or encephalitogen used for EAE induction (Ziemssen and Schrempf, 2007). In the Lewis rat EAE
model, subcutaneous injections of GA, starting on the day of immunization, besides decreasing the clinical
symptoms of disease, reduced GFAP immunofluorescence labelling in the spinal cord, compared to
placebo-treated rats (Marques et al., 2009). Furthermore, GA treatment was able to revert the alterations
occurring in the astrocyte association with cortical blood vessels and neuronal synapses. Under
physiological conditions, the astrocytes’ cell bodies are located close to penetrating blood vessels.
However, in EAE animals, astrocytes presented an activated morphology, with retracted un-branched
processes, and extensive decrease in the perivascular end-feet coverage as well as number of processes
pointing towards neurons. In GA-treated animals, after preventive or suppressive treatment, most of the
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astroglial cell bodies were lined along the blood vessels and their morphology resembled pre-inflammatory
appearance with multiple astrocyte-blood vessels and astrocyte-neuronal contacts (Eilam et al., 2018).
GA was also shown to modulate astrocytic reactivity /7 vitro. Namely, the IL-13- and TNFa-induced
production of CCL5 was inhibited by GA pre-treatment, in astrocytoma cell lines (Li and Bever, 2001; Li
etal., 2001).

DMF treatment in astrocyte cultures, or microglia/astrocyte co-cultures, was shown to attenuate the LPS-
induced increase of /15, /-6 and Tnfa expression (Wierinckx et al., 2005; Wilms et al., 2010) and the IL-
1B-induced increase of /-6, Cxc/10 and Cc/2 (Galloway et al., 2017). However, no effect was observed
regarding /nos expression (Wilms et al., 2010). Contrarily to these results, in the work by Lin and
colleagues (2011), DMF treatment was able to suppress the LPS- and IFNy-induced nitrite production,
both in primary astrocyte cultures and rat C6 glioma cells (Lin et al., 2011). Both /n vifro and in vivo
studies have observed an increased expression of Nrf2 in astrocytes, after treatment with DMF or MMF
(Brennan et al., 2015; Brennan et al., 2017; Linker et al., 2011).

A redox analogue of DMF, ethyl pyruvate (EP), was also tested in an EAE rat model. The intraperitoneal
treatment with EP, starting on the day before appearance of clinical symptoms, significantly reduced the
animals clinical score and seemed to reduce astrocyte activation at day 12 post-immunization (Djedovic
et al., 2017). When tested /n vitro, both DMF and EP suppressed IL-6 release and NF-kB activation in
IFNy- and IL-17-stimulated astrocytes (Miljkovic et al., 2015). Taking all this into account, both DMF and

EP could target astrocytes and play a direct antioxidative protection in the context of EAE and MS.

Regarding second line treatments, natalizumab and fingolimod are widely used. Natalizumab is a
humanized mouse monoclonal antibody against the integrin VLA-4 on leukocytes, which prevents
leukocyte entry into the CNS. Previous work from our lab has shown that natalizumab treatment, after
the appearance of clinical symptoms of disease, was able to improve the clinical manifestations of disease
of a RR model of EAE (Marques et al., 2012). Moreover, treated animals presented a decrease in the CSF
LCN2 levels and in the number of LCN2 GFAP double positive cells in the cerebellum (Marques et al.,
2012). Hence, it seems that natalizumab treatment is able to reduce astrocyte activation, since LCN2 in
the brain is described to occur mainly in astrocytes and in response to an injury or inflammatory stimulus
(Ferreira et al., 2015). Still, it is possible that this improvement in astrocytic reactivity might just be related

with natalizumab’s ability to prevent immune cell infiltration into the brain (Marques et al., 2012).

The main immunomodulatory mechanism of action of fingolimod is related with its effects on lymphocyte

homing. Fingolimod decreases immune cell trafficking out of secondary lymphoid organs, such as lymph
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nodes, by acting on sphingosine-1-phosphate (S1P) receptors. Therefore, fingolimod prevents immune
cell migration into the CNS (Colombo et al., 2014; Huwiler and Zangemeister-Wittke, 2018). Importantly,
reactive astrocytes represent a direct target of fingolimod, since they overexpress sphingosine-1-
phosphate (S1P) receptors and this drug is able to cross the BBB (Colombo et al., 2014; Van Doorn et
al., 2010). Hence, several in vitroand in vivo studies have explored the effects of fingolimod on astrocytes.
In what concerns the /n viro studies, fingolimod was shown to modulate the expression of genes
associated with migratory pathways, antigen presentation, inflammasome activation, axonal guidance and
fatty acid o-oxidation, when added to a primary astrocytic human culture (Rothhammer et al., 2017).
Van Doorn and co-workers (2010) observed a decrease in TNFa-induced CCL2 release, in primary
cultures of human astrocytes, in a concentration-dependent fashion, after fingolimod pre-treatment (Van
Doorn et al., 2010). Furthermore, it was shown that the astrocyte-conditioned medium (ACM) of cells
cultured in the presence of IL-1, IL-17 or S1P induced /n wifro neuronal degeneration. However, when
neurons were exposed to the same ACM in the presence of fingolimod, or to the ACM of astrocytes
cultured in the presence of fingolimod, neurodegeneration was hampered or reduced (Colombo et al.,
2014; Rothhammer et al., 2017). Further neuroprotective effects of fingolimod were shown by its ability
to induce feukemia inhibitory factor, /L-11 and heparin-binding EGF-like growth factor (HBEGF) expression
in human astrocyte cell cultures, both in the presence and absence of the inflammatory cytokine TNF
(Hoffmann et al., 2015).

As for the /n vivo studies, C57BL/6 EAE animals treated with fingolimod, after the appearance of clinical
signs of disease, presented clinical recovery at later time points (Colombo et al., 2014; Smith et al.,
2018). Moreover, fingolimod-treated animals presented decreased astrocytic activation (Colombo et al.,
2014; Smith et al., 2018) and reduced iNOS levels (Colombo et al., 2014). In another study, fingolimod
was used to treat nonobese diabetic EAE mice, instead of using the chronic EAE model, since this
resembles several aspects of secondary progressive MS (Rothhammer et al., 2017). In this case,
treatment started at day 40 post-immunization, already at the chronic progressive phase of disease, and
after the initial acute neurological event, followed by recovery. After 80 days of treatment, fingolimod-
treated animals presented a decrease in the average clinical score, compared to vehicle-treated animals
(Rothhammer et al., 2017). In what concerns astrocytes, fingolimod treatment downregulated the
expression of pro-inflammatory cytokines and chemokines, including /-6, Ccl2, Ccl20, Ifng, IF-23a, Cxcl10
and /-1b, and of neurotoxic factors, like /nos (Rothhammer et al., 2017). In addition, the conditional
deletion of the S1P, receptor subtype in GFAP-expressing astrocytes, but not in synapsin-expressing

neurons, ameliorated the clinical severity of EAE (Choi et al., 2011). Despite S1P, signaling in astrocytes
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being a key mediator of fingolimod efficacy, conflicting results regarding S1P, signaling have been shown
in the sense that both S1P; deletion in astrocytes and exposure to S1P, agonists, like fingolimod,
ameliorate EAE (Choi et al., 2011). Other studies have targeted S1P; receptors using a different agonist,
namely CYM-5442 (2-(4-(5-(3,4-diethoxyphenyl)-1,2,4-oxadiazol-3-yl)-2,3-dihydro-1H-inden-1-yl amino)
ethanol). The treatment of MOG.:s-induced EAE mice with this agonist, after the appearance of clinical
symptoms, resulted in a significant attenuation of clinical signs and weight loss and astrogliosis inhibition,
as evaluated by decreased GFAP immunostaining (Gonzalez-Cabrera et al., 2012).

In the cuprizone model, which is a T cell independent experimental model of toxic CNS demyelination,
fingolimod treatment significantly suppressed the accumulation of reactive astrocytes, but only when
treatment was initiated soon after the beginning of cuprizone diet (3 days later) (Kim et al., 2018}, and

not after demyelination was already established (Alme et al., 2015).
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Thesis aims

The role of astrocytes in the pathophysiology of MS is not fully understood. Recent studies have provided
information regarding astrocytic genes and pathways possibly altered at specific disease time points,
however an analysis performed throughout disease development is still missing, which we propose to
perform in this work. With this analysis we expect to unravel novel possible disease biomarkers or
therapeutic targets. One protein that was found to be overexpressed by astrocytes in the EAE context,
and that is increased in samples from MS patients, is LCN2. Nevertheless, LCN2 is also increased in the
context of other diseases, so its diagnostic value alone is poor, but its prognostic value in MS is currently
unknown.

As already mentioned, alterations in intracellular Caz levels are important for astrocytic function, and
represent a form of astrocyte excitability. “Silencing” astrocytes, by impairing global astrocytic Caz
signaling, is beneficial in some disease animal models, but detrimental in others, but its impact on EAE
remains to be addressed.

A growing body of data indicates that astrocytes are a good therapeutic target to treat many neurological
conditions. In the case of MS, it could be particularly important for progressive forms of disease, since
astrocytes seem to play an important role during this stage of the disease. Moreover, astrocytes also
seem to play a role in the mechanisms leading to cognitive deficits in MS patients. In this regard, DMF
could be a good drug to target astrocytes and improve cognition in MS, since it presents
immunomodulatory and neuroprotective effects, and was shown to modulate the inflammatory response

of astrocytes.

Taking all this into consideration, in this work we intended to:
- Explore the transcriptomic and morphological alterations occurring in astrocytes during EAE, at
distinct time points along disease development;
- Assess the impact of “silencing” astrocytes for EAE development and progression;
- Study the impact of dimethyl fumarate on the cognitive performance of EAE animals and its effect
on astrocytes;

- Evaluate the prognostic value of LCN2 for MS progression.
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Abstract

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system that presents a
largely unknown etiopathology. The presence of reactive astrocytes in MS lesions has been described for
a long time, however the role that these cells play in the pathophysiology of MS are still not fully
understood. Recent transcriptomic studies have suggested that different immune-related and metabolic
pathways are altered in astrocytes of experimental autoimmune encephalomyelitis (EAE) animals, a model
used to study MS, in comparison to control animals. However, few information is available regarding
alterations occurring in astrocytes in different disease time points. So, in this study, we performed a
transcriptomic analysis of astrocytes isolated from the cerebellum of EAE animals at three different
disease time points: pre-symptomatic, onset/peak and chronic phases. We observed an upregulation of
genes associated with a neurotoxic astrocytic phenotype (Al astrocytes), concomitantly with an increased
expression of genes involved in several metabolic pathways, including glycolysis and tricarboxylic acid
cycle (TCA) cycle, and this was more pronounced at the onset phase of disease. These results suggest
that astrocytes could be undergoing metabolic reprogramming, similarly to what occurs in microglia and
macrophages. Furthermore, at each disease time point we also reconstructed the morphology of
cerebellum’ astrocytes in non-induced controls and in EAE animals, near lesion regions and in the normal
appearing white mater (NAWM). We found that near lesions astrocytes presented increased length and

complexity, compared to control astrocytes, while no significant alterations were observed in the NAWM.
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Introduction

The term astrogliosis has been use for a long time and was first applied to designate pronounced
structural changes occurring in astrocytes in response to CNS damage and disease (Sofroniew, 2014).
Some astrogliosis features are transversal to several pathologies, like upregulation of glial fibrillary acidic
protein (GFAP) and cellular hypertrophy, however these alterations can occur in different degrees, varying
from small to very intense changes (Sofroniew, 2014). Of interest, the presence of highly abnormal
astrocytes in multiple sclerosis (MS) lesions is known for a long time, namely, hypertrophic astrocytes
were found both in acute and chronic active lesions, while chronic silent lesions display astroglial scar
tissue (Correale and Farez, 2015; Frohman et al., 2006; Williams et al., 2007; Wu and Alvarez, 2011).
MS is a chronic inflammatory neurodegenerative disease of the central nervous system (CNS) with
unknown cause and diverse pathophysiological mechanisms (Negrotto and Correale, 2017; Noseworthy,
1999; Noseworthy et al., 2000). Several studies have also shown the presence of reactive astrocytes in
the experimental autoimmune encephalomyelitis (EAE) model, which is an animal model of immune-
mediated demyelination (Aquino et al., 1990; Luo et al., 2008; Smith and Eng, 1987; Smith et al., 1983;
Tani et al., 1996). Still, the role of astrocytes, and the alterations occurring in these cells throughout
disease development are not fully understood. Previous transcriptomic studies have demonstrated
variability in astrocytic gene expression among different CNS regions in response to EAE induction, at the
chronic phase of disease (days 45-50 post-disease induction) (Itoh et al., 2018; Tassoni et al., 2019).
Nevertheless, commonly upregulated genes are associated with immune-related pathways, like antigen
presentation and interferon (IFN) signaling pathways, while cholesterol synthesis pathways were
downregulated, compared with control animals (ltoh et al., 2018; Tassoni et al., 2019). Moreover, Chao
and colleagues (2019) recently described that alterations in immunometabolic pathways of astrocytes
contribute to a pro-inflammatory profile of these cells in EAE animals (Chao et al., 2019).

In the present work, we studied the alterations occurring in astrocytes along disease development, by
looking at different disease time points, namely the pre-symptomatic, the onset (peak of disease) and
chronic phases. To do so, we studied the morphology and transcriptomic profile of astrocytes from the
cerebellum, a CNS region widely affected in MS and EAE (das Neves et al., 2018; Du et al., 2019; Itoh
et al., 2018; MacKenzie-Graham et al., 2006; Saab et al., 2004; Schreck et al., 2018). Interestingly, at
the onset phase of disease, astrocytes presented a significant overexpression of genes associated with a

neurotoxic phenotype (Liddelow et al., 2017) and others involved in metabolic pathways.
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Methods

Animals and EAE induction

All experiments were reviewed and approved by the Portuguese national authority for animal
experimentation, Direccao Geral de Veterinaria (ID: DGV9458). Animals were housed and handled in
accordance with the guidelines for the care and handling of laboratory animals in the Directive
2010/63/EU of the European Parliament and the Council.

Animals were housed under specific-pathogen-free conditions and maintained under standard laboratory
settings: 12 h light/dark cycles (lights on at 8 a.m.), relative humidity of 55%, temperature between 22—
24°C, and fed with regular rodent chow (4RF21, Mucedola SRL) and tap water ad /ibitum.

Disease was induced in 10-weeks old female C57BL/6J mice, purchased from Charles River Laboratories
(France) using a commercial kit (EK-2110; Hooke Laboratories, Lawrence, MA, USA) according to the
manufacturer’s instructions. Briefly, animals were immunized subcutaneously with 200 pg of myelin
oligodendrocyte glycoprotein (MOG).s.s;, emulsified in complete Freund’s adjuvant (CFA), at the upper and
lower back. Pertussis toxin (PTX) in phosphate buffered saline (PBS) was administered intraperitoneally
2 and 24 h after immunization [136 ng of PTX per injection (lot #1006)]. Non-induced age-matched
littermate females were used as controls and were injected subcutaneously with a control emulsion and
PTX (CK-2110; Hooke Laboratories) at the same concentration and time points as the EAE animals.
Animals were daily weighted and monitored for clinical symptoms of disease.

Disease severity was assessed daily as follows: O = no clinical symptoms; 0.5 = partially limp tail; 1 =
paralyzed tail; 1.5 = at least one hind limb falls through consistently when the animal is placed on a wire
rack; 2 = loss in coordinated movement, wobbly walk; 2.5 = dragging of hind limbs; 3 = paralysis of both
hind limbs; 3.5 = hind limbs paralyzed and weakness of forelimbs; 4 = complete hind limbs paralysis and
partial forelimbs paralysis; 4.5 = animal is not alert, no movement; 5 = moribund state or death. Paralyzed
mice, with clinical scores above 3, were offered easier access to food and water.

For biological sample collection, groups of EAE and non-induced animals were sacrificed, at the light
phase of the diurnal cycle, at day 6 post-immunization (p.i.) (pre-symptomatic phase), on the first day of
a clinical score of 3 (onset/peak phase; days 9-12), and on days 20-21 p.i. (chronic phase). Animals
were anesthetized with an intraperitoneal injection of ketamine hydrochloride (150 mg/kg, Imalgene
1000) plus medetomidine hydrochloride (0.3 mg/kg, Dorben). Under deep anesthesia, mice were
transcardially perfused with cold 0.9% saline solution, and the brain was dissected. For histological
analysis, the brain was immediately embedded in Tissue-Tek O.C.T. compound (Sakura Finetek, Japan),

snap-frozen and kept frozen (-20°C) until further sectioning.
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Astrocyte isolation

The cerebellum was macrodissected for astrocyte isolation using magnetic-activated cell sorting (MACS)
(Holt and Olsen, 2016). Briefly, the cerebellum was mechanically dissociated using a scalpel, followed by
enzymatic dissociation using the Neural Tissue Dissociation kit (P) (Miltenyi Biotec, Cologne, Germany),
according to the manufacturer’s instructions. Myelin and cell debris were removed using the Myelin
removal kit (Miltenyi Biotec), followed by microglia removal using Cd11b microbeads (Miltenyi Biotec).
Finally, astrocytes were isolated using anti-astrocyte cell surface antigen (ACSA)-2 beads (Miltenyi Biotec).

All the separation steps were performed using the AutoMACS Pro Separator equipment (Miltenyi Biotec).

Gene expression analysis by RNA-sequencing

Total RNA was extracted from isolated astrocytes using the RNeasy Plus Micro kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. RNA quality and quantification were performed
using the Experion RNA HighSens Analysis kit (Bio-Rad, CA, USA) according to the manufacturer’s
instructions.

RNA samples were sequenced at the UCLA Neuroscience Genomics Core. RNA-sequencing (RNAseq)
was carried out using Nugen Ovation RNA Ultra Low Input and Kapa Hyper. The RNA samples were made
into barcoded cDNA library and then sequenced at 2x75bp paired end reads output with lllumina HiSeq
4000. No read trimming or filtering was done with this dataset, because the quality distribution and
variance appeared normal. Short reads were aligned using STAR to the mouse (mm10), with default
parameters. Differential expression analysis was performed using observation based-model (limma-
voom). Genes with counts per million (CPM) > 0.5 in at least 3 non-induced samples and adjusted p-
values < 0.05 were considered statistically significant and were used for differential expression analysis.
Pathway analysis was performed using the ConsensusPathDB-mouse tool (Kamburov et al., 2011;
Kamburov et al., 2009). A total of three non-induced and four EAE animals were sacrificed per

experimental time point for the RNAseq experiments.

Gene expression analysis by qRT-PCR

Total RNA was extracted from isolated astrocytes using the RNeasy Plus Micro kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. RNA quality and quantification were performed
using the Experion RNA HighSens Analysis kit (Bio-Rad, CA, USA) according to the manufacturer’s
instructions. 750 pg of total RNA from each sample were reverse transcribed into cDNA using the iScript

cDNA synthesis kit (Bio-Rad), according to the manufacturer’s instructions. gRT-PCR was performed on
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a CFX96 realtime instrument (Bio-Rad) using the SsoFast EvaGreen Supermix (Bio-Rad). For each
reaction, 5 UL of reaction mix, 0.5 uL of each primer (initial concentration 10 uM), 3 uL of RNase/DNase
free water and 1 L of cDNA were used. The cycling parameters were 1 cycle at 95°C, for 1 minute (min),
followed by 40 cycles at 95°C for 15 seconds (s), annealing temperature (primer specific) for 20 s and
72°C for 20 s, finishing with 1 cycle at 65°C to 95°C for 5 s (melting curve). Product fluorescence was
detected at the end of the elongation cycle. All melting curves exhibited a single sharp peak at the expected
temperature. Adenosine Triphosphate subunit 5 beta (Atp5b), Heat Shock Protein 90 alpha family class
B member 1 (Hspch) and TATA binding protein (Thp) were used as reference genes. Primers used to
measure the expression levels of selected mRNA transcripts by gRT-PCR were designed using the Primer-
BLAST tool of NCBI (Bethesda, MD, USA) on the basis of the respective GenBank accession numbers, or
were used as described by Liddelow and colleagues (2017) (Liddelow et al., 2017). Primers DNA

sequences and annealing temperatures are provided in Supplementary table 2. 1.

GFAP immunofiuorescence and 3-dimensional reconstruction of astrocytes

Serial 20 um sections of cerebellum were fixed in 4% paraformaldehyde in PBS for 30 min at room
temperature (RT). After antigen retrieval, with pre-heated citrate buffer (Sigma-Aldrich) in the microwave
for 20 min, tissue slices were permeabilized with PBS-triton 0.3% at RT for 10 min, and subsequently
blocked with 10% fetal bovine serum in PBS-riton 0.3% at RT for 30 min. Slides were incubated over-
night with rabbit anti-mouse GFAP antibody (1:200; Dako, Denmark), diluted in blocking solution.
Afterwards, slides were incubated with Alexa Fluor® 594 donkey anti-rabbit (1:500; Fisher Technologies,
Thermo Fisher Scientific), diluted in PBS-triton 0.3%, for 2 h at RT. After incubation with 4',6-diamidino-
2-phenylindole (DAPI; 1:200; Invitrogen, Thermo Fisher Scientific), for 10 min at RT, slides were cover-
slipped with Immumount (Fisher Scientific, Thermo Fisher Scientific) and examined under fluorescent
light.

To perform the 3-dimensional reconstruction of astrocytes, 3-4 photographs per animal were taken from
the cerebellum white matter, using a confocal microscope (FV1000, Olympus) and the following
parameters: 40x objective, 1024x1024 resolution, 1 um increment. In the case of EAE animals,
photographs were acquired both near lesion regions and in regions of normal appearing white matter
(NAWM), except for animals at the pre-symptomatic phase which did not present lesions. The confocal
images were then used to performed the morphological reconstruction using the Fiji plugin “Simple
Neurite Tracer” (Longair et al., 2011; Schindelin et al., 2012), as previously described (Tavares et al.,

2017). For Sholl analysis, concentric circles were superimposed on astrocytes, with origin in the cell
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soma and with 4 um distance from each other. Results are presented as the average of 4-5 animals per

experimental group, and 7-8 astrocytes were reconstructed per animal.

Statistical analysis

Statistical analysis was performed using SPSS software (version 23, IBM, USA) and GraphPad Prism
(version 8, La Jolla, California, USA). The number of biological replicates (n) are specified in the legend
of each figure. Results are presented as mean + standard error of the mean (SEM), or only as mean for
astrocytic sholl analysis. Statistical significance was considered for p < 0.05 (*), p < 0.01 (**), p < 0.001
(***), p < 0.0001 (****). The partial eta squared value (n,?) was calculated as a measure of effect size

(Lakens, 2013).
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Results

Alfered astrocytic gene expression in EAE animals

To explore the alterations occurring in astrocytes throughout disease development, we performed
transcriptomic analysis, by RNAseq, in astrocytes isolated from the cerebellum at different disease time
points (Figure 2. 1A). The cerebellum is known to be affected both in the human disease and in the EAE
model, and ACSA-2 was shown to be highly expressed in this region (Kantzer et al., 2017). To validate
the specificity of our isolation protocol, in our RNAseq data we looked for the expression levels of genes
associated with different CNS cell types and with different types of immune cells (Supplementary figure
2. 1 and Supplementary table 2. 2). We confirmed that this sorting method provided a cell population
enriched in astrocytes, since the majority of astrocyte and Bergmann glia associated genes were highly
expressed in our samples, while the majority of genes associated with other cell types were not expressed
or presented low expression values. The A7Pase Na+/K+ Transporting Subunit Beta 2 (Atp1b2) gene,
which was identified as being the ACSA-2 epitope (Batiuk et al., 2017), also presented high expression
levels.

PTX has been suggested to facilitate EAE development by increasing the BBB permeability, thereby
facilitating the migration of pathogenic T cells to the CNS, among other important biological effects
(Hofstetter et al., 2002; Turley and Miller, 2007). Considering that astrocytes play an important role in
the maintenance of BBB permeability (Abbott et al., 2006; Allen and Barres, 2009), and that non-induced
animals were also injected with PTX, we also sacrificed a group of non-induced animals at each of the
experimental time points. In fact, we observed that several astrocytic genes were significantly altered in
non-induced animals, when comparing the animals of the three experimental time points (Supplementary
figure 2. 2A).

Next, we compared gene expression values between EAE and non-induced animals, for each time point
analyzed, and observed a total of 804 genes significantly altered at the pre-symptomatic phase, 470
genes altered at the onset phase and 296 genes altered at the chronic phase of disease (Figure 2. 1B).
To explore the alterations occurring along disease development, we also compared the three EAE time
points among each other (Supplementary figure 2. 2B). However, some of the differences found were
also present in the comparison between time points in non-induced. For that reason, we next normalized
each disease time point for the respective non-induced group, and verified which differences remained
significant when comparing the EAE groups (Figure 2. 1C). Of interest, the chronic and pre-symptomatic

phases of disease were more similar among each other than with the onset phase.
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Figure 2. 1 — Sample collection for RNAseq analysis and differentially expressed genes.

(A) Schematic overview of the methodology used to isolate astrocytes from the cerebellum and posterior RNAseq
analysis; average clinical score of the animals used in the study. (B) Volcano plot and Venn diagram depicting the
differentially expressed astrocytic genes after comparing EAE and non-induced animals for each experimental time
point. (C) Volcano plot and Venn diagram depicting the differentially expressed genes after comparison between
disease time points in EAE animals, normalized for the respective non-induced group. In the Volcano plots,
significant underexpessed genes are represented in blue; significant overexpressed genes are represented in red;
genes whose expression was not significantly altered are represented in gray. Images obtained and adapted from
Servier Medical Art. CFA - complete Freund'’s adjuvant; C - chronic time point; MACS - magnetic-activated cell
sorting; MOG - myelin oligodendrocyte glycoprotein; O — onset time point; PBS - phosphate buffered saline; P -

pre-symptomatic time point.

Over-representation pathway analysis was performed for the differentially expressed genes between EAE

and non-induced animals (Figure 2. 2A-C, Supplementary table 2. 3, Supplementary table 2. 4,
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Supplementary table 2. 5) and between EAE time points (Figure 2. 2D-F, Supplementary table 2. 6,
Supplementary table 2. 7, Supplementary table 2. 8). Interestingly, several pathways related with
extracellular matrix organization were significantly altered in EAE animals at the pre-symptomatic phase
of disease, while at the onset phase, the mostly represented pathways were involved in metabolic

pathways.
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Figure 2. 2 — Pathway analysis results.
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Astrocytic metabolic reprogramming at the onset phase of disease

As already mentioned, several metabolic pathways were significantly altered at the onset phase of disease.
Among these were genes involved in glycolysis and the tricarboxylic acid cycle (TCA) cycle (Figure 2. 3A).
The overexpression of some of these genes was confirmed by gRT-PCR, in a different group of animals
(Figure 2. 3B. Two-Way ANOVA - between subject factors: disease and sacrifice time point.
Phosphofructokinase muscle (Pfkm): disease — F.., = 0.0212, p = 0.8854; sacrifice time point - Fy., =
4.858, p = 0.0179, n2 = 0.297, Bonferroni’s multiple comparison test — p < 0.05 for onset vs. chronic
phase; interaction - F.., = 0.4698, p = 0.6312; fructose-bjphosphate aldolase C (Aldoc): disease — F.,
= 0.3990, p = 0.5341; sacrifice time point — F,., = 2.832, p = 0.0805; interaction - F,., = 4.161, p =
0.0293, n? = 0.229; /socitrate dehydrogenase 3 (NAD+) gamma (ldh3g): disease - F,., = 6.639, p =
0.0172, n? = 0.089; sacrifice time point - F,.,, = 17.140, p < 0.0001, n? = 0.462; interaction - F,,, =
5.664, p = 0.0104, n? = 0.153; succinate dehydrogenase complex subunit A flavoprotein (Sdha): disease
- Fun = 0.9211, p = 0.3476; sacrifice time point - F,,, = 5.358, p = 0.0127, n2 = 0.309, Bonferroni's

multiple comparison test — p < 0.05 for onset vs. chronic phase; interaction - F.,, = 0.5214, p = 0.6009).

Recently, Liddelow and colleagues (2017) characterized a population of reactive astrocytes, termed Al,
induced by classically activated neuroinflammatory microglia (Liddelow et al., 2017). In our samples, we
observed an overexpression of Al-specific genes in EAE animals, that was more evident at the onset
phase of disease, while A2-specific genes did not present major alterations (Figure 2. 4A-B. Two-Way
ANOVA - between subject factors: disease and sacrifice time point. Fibulin 5 (Fbin): disease — F., =
21.370, p=0.0001, n? = 0.214; sacrifice time point - F,,, = 12.670, p = 0.0002, n? = 0.253; interaction
- Foan = 15.670, p < 0.0001, n2 = 0.313; adhesion molecule with Ig like domain 2 (Amigo2): disease -
Fuzs = 15.070, p = 0.0008, n? = 0.209; sacrifice time point - F,., = 10.150, p = 0.0008, n? = 0.281 ,
1? = ; interaction - F.., = 7.406, p = 0.0035, 2 = 0.205; FA506 binding protein 5 (Fkbpb): disease —
Fuz = 34.860, p < 0.0001, n? = 0.326; sacrifice time point - F,., = 9.893, p = 0.0009, n2 = 0.185;
interaction - Fy,., = 15.170, p < 0.0001, 2 = 0.284).

Classically activated (M1) macrophages are characterized by an induction of aerobic glycolysis, that
results in lactate production, and increased levels of TCA cycle intermediates (Galvan-Pena and O'Neill,
2014). Considering that similar metabolic alterations occur in astrocytes of EAE animals, and that these
cells acquire a neurotoxic phenotype, it is possible that astrocytes could also undergo metabolic

reprogramming in the EAE context.
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Figure 2. 3 - Increased expression of metabolic genes in astrocytes from EAE animals.

(A) Representation of the enzymes involved in glycolysis and the TCA cycle and respective RNAseq expression
levels. (B) gRT-PCR expression levels of enzymes involved in glycolysis and the TCA cycle, namely Pfkm, Aldoc,
ldh3gand Sdha. Data presented as mean + SEM. n=3-4in (A) and n = 3-6 in (B). ** p <0.05, ** p <0.01, ****
p < 0.0001. Heatmaps obtained using the Morpheus APP tool of CLUE, Broad Institute, Cambridge, MA, USA. C

- chronic time point; NI - non-induced; O - onset time point; P — pre-symptomatic time point.
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Increased astrocytic length and complexity in EAE animals near lesion regions
In EAE animals, at the onset and chronic phases, it was possible to observe focal perivascular lesions in
the cerebellum white matter, absent in non-induced animals and at the pre-symptomatic phase of EAE.
However, at those disease time points, animals also presented regions where the white matter appeared
normal (NAWM regions). To explore the morphological alterations occurring in astrocytes after disease
induction, we reconstructed their morphology in the cerebellum white matter of EAE animals, around
lesion regions and also in NAWM regions, and compared them with astrocytes from non-induced animals.
Figure 2. 5A shows representative images of the GFAP staining in non-induced animals, EAE animals
sacrificed at the pre-symptomatic phase, and NAWM and lesion regions of EAE animals sacrificed at the
onset and chronic phases. The stacked images were used to perform a 3-dimensional reconstruction of
astrocytes, and the representative drawings for each experimental group are shown in Figure 2. 5B.
We started by comparing astrocytes from the NAWM of EAE animals with non-induced animals and no
significant differences were observed in the total astrocytic length (Figure 2. 5C. Two-Way ANOVA -
between subject factors: disease and sacrifice time point. Disease — F.., = 1.158, p = 0.2941; sacrifice
time point - F,.,, = 0.174, p = 0.8415; interaction - F,., = 0.637, p = 0.5389). In addition, there were
no differences in astrocytic ramification, as evaluated by the Sholl analysis, between the NAWM region of
EAE animals and non-induced mice (Figure 2. 5F. Mixed ANOVA - between subject factors: disease,
sacrifice time point; within subject factor: radius. Radius - F, = 354.805, p < 0.0001, n,2 = 0.944;
radius*disease interaction - F,.5;, = 1.049, p = 0.4034; radius*sacrifice time point interaction — Fss =
0.479, p = 0.9946; radius*disease*sacrifice time point interaction — Fg.s:, = 0.793, p = 0.7920; disease
Fu.ny =0.939, p = 0.3435; sacrifice time point — F.., = 0.159, p = 0.8544; disease*sacrifice time point
interaction — Fy.,, = 0.762, p = 0.4794).
In lesioned areas of the EAE cerebellum, astrocytes were longer (Figure 2. 5D. Two-Way ANOVA - between
subject factors: disease and sacrifice time point. Disease - F.., = 9.548, p = 0.0080, 1,2 = 0.405;
sacrifice time point — F,., = 0.243, p = 0.6297; interaction - F.., = 0.149, p = 0.7050), and more
ramified, compared to non-induced controls (Figure 2. 5G. Mixed ANOVA - between subject factors:
disease, sacrifice time point; within subject factor: radius. Radius - Fis. = 330.458, p < 0.0001, n, =
0.959; radius*disease interaction — Fs.. = 4.685, p < 0.0001, n,2 = 0.251; radius*sacrifice time point
interaction — Fys.10 = 0.903, p = 0.5613; radius*disease*sacrifice time point interaction — Fs.1 = 1.061,
p = 0.3949; disease - F,., = 9.201, p = 0.0089, 1,2 = 0.397; sacrifice time point - F,., = 0.104, p =
0.7524; disease*sacrifice time point interaction - F.,, = 0.490, p = 0.4952).
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We also observed an overall tendency for increased astrocytic length (Figure 2. 5E. Two-Way repeated
measures ANOVA - between subject factor: sacrifice time point; within subject factor: cerebellum region.
Cerebellum region - F.q = 5.214, p = 0.0518, 1,2 = 0.395; sacrifice time point — F,5 = 0.182, p =
0.6809; interaction - F., = 0.821, p = 0.3915) and ramification, near lesion regions compared to NAWM
regions (Figure 2. 5H. Mixed ANOVA - between subject factor: sacrifice time point; within subject factors:
cerebellum region, radius. Cerebellum region — F,, = 4.418, p = 0.0687, 1,2 = 0.356; Cerebellum
region*sacrifice time point interaction — F,5 = 0.548, p = 0.4802; radius — F.:9 = 153.157, p < 0.0001,
N2 = 0.950; radius*sacrifice time point interaction — F,, .. = 0.299, p = 0.9969; cerebellum region*radius
interaction — Fu,.9 = 2.991, p = 0.0002, n,2 = 0.272; cerebellum region*radius*sacrifice time point

interaction — F,.59 = 1.673, p = 0.0550, n,2 = 0.173; sacrifice time point - F.s = 0.426, p = 0.56321).
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Figure 2. 5 — Astrocytes near lesion regions, in EAE animals, were longer and more complex
compared to astrocytes from non-induced animals.

(A) Representative images of cerebellum sections from non-induced and EAE animals immunostained for GFAP
(scale bar represents 20 um). (B) Representative drawings of astrocytes reconstructed using the Simple Neurite
Tracer plugin of Fiji (scale bar represents 20 um). (C) Comparison between astrocytic total process length of non-
induced and NAWM regions of EAE animals. (D) Comparison between astrocytic total process length of non-induced
and lesion regions of EAE animals. (E) Comparison between total astrocytic process length of NAWM and lesion
regions of EAE animals. (F) Comparison between number of intersections per radius in astrocytes from non-induced
and from NAWM regions of EAE animals. (G) Comparison between number of intersections per radius in astrocytes
from non-induced and from lesion regions of EAE animals. (H) Comparison between number of intersections per
radius in astrocytes from NAWM and lesion regions of EAE animals. Data presented as mean + SEM for total length
or as mean for sholl analysis. n = 4-5, average of 7-8 astrocytes per animal. ** p < 0.01 for comparison between
lesion region in EAE animals (onset and chronic phases) and non-induced groups (onset and chronic phases). GL

- granular layer; L - lesion; N/A - not applicable; NAWM - normal appearing white matter; WM - white matter.
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Discussion

Herein, we showed an astrocytic upregulation of glycolytic and TCA cycle regulatory genes in the MS
animal model. Together with these alterations, we also detected an upregulation of genes associated with
an astrocytic neurotoxic phenotype. How these metabolic alterations are linked with a pro-inflammatory
and neurotoxic astrocytic phenotype and disease progression is unknown, but these results are in line
with data from other fields, showing that a TCA cycle rate increase in monocytes is associated with a
stronger immune response. Indeed, metabolic reprogramming is known to occur in macrophages and
microglia in response to different stimuli. M1 (classically activated) macrophages/microglia are activated
by bacterial-derived products, like LPS, and infection-associated signals, such as IFN gamma, and are
usually part of the first line of defense of the innate immune system (Galvan-Pena and O'Neill, 2014;
Orihuela et al., 2016). M1 polarized cells then produce pro-inflammatory cytokines and high levels of NO
in order to kill the foreign pathogen and activate T cells to mount an adaptive immune response. A similar
response can occur in the absence of microorganisms, as a result of trauma, ischemia-reperfusion injury
or chemical exposure (Orihuela et al., 2016). On the other hand, M2 (alternatively activated) macrophages
play an important role in the resolution phase of inflammation (Galvan-Pena and O'Neill, 2014; Orihuela
et al., 2016), by producing anti-inflammatory factors that switch off pro-inflammatory cell phenotypes and
re-establish homeostasis (Orihuela et al., 2016). Notably, the cells metabolic profile is a reflection of these
functions. Namely, in M1 cells aerobic glycolysis is induced, to provide the cell with rapid energy, and the
pentose phosphate pathway and respiratory chain functions are induced and attenuated, respectively, to
increase the production of ROS and RNS (Galvan-Pena and O'Neill, 2014; Orihuela et al., 2016). M2
polarized cells need to be sustained for longer periods of time, so oxidative metabolism and fatty acid
oxidation are induced (Galvan-Pena and O'Neill, 2014; Orihuela et al., 2016). Interestingly, the
polarization for one of these phenotypes can be induced not only by the inflammatory factors already
mentioned, but also by the modification of the cells metabolic state. Specifically, blocking oxidative
metabolism drives macrophage polarization to an M1 state, while forcing it in M1 macrophages
potentiates the M2 phenotype (Galvan-Pena and O'Neill, 2014).

Of relevance, astrocytes were recently classified into “Al” (neurotoxic) and “A2" (neuroprotective), in
analogy to the M1/M2 macrophage nomenclature (Liddelow et al., 2017). Liddelow and colleagues
(2017) showed that neuroinflammation induced an Al phenotype, characterized by the loss of normal
astrocytic functions and the gain of a neurotoxic role, which was deleterious for both neurons and
oligodendrocytes. Conversely, A2 astrocytes were induced by ischemic conditions and presented a

neuroprotective phenotype (Liddelow et al., 2017). Additionally, C3+ Al astrocytes were found to be
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present in demyelinating lesions of MS patients (Liddelow et al., 2017). In accordance, we observed that
astrocytes isolated from the cerebellum of EAE animals presented an Al phenotype, particularly at the
onset phase of disease. Moreover, several genes involved in metabolic pathways were altered during this
time point, including glycolytic and TCA cycle genes. Previous studies had also reported alterations in
other metabolic pathways, namely sphingolipid metabolism and cholesterol biosynthesis, in astrocytes
during EAE, which we also observed here (Chao et al., 2019; ltoh et al., 2018; Mayo et al., 2014; Mueller
et al., 2008; Sevastou et al., 2016; Tassoni et al., 2019). Considering all these data, and the fact that
metabolic alterations are associated with M1/M2 polarization, we hypothesize that similar metabolic
alterations could occur in A1/A2 astrocytes.

To further explore this hypothesis, we are currently using primary astrocytic cultures, isolated by MACS
from the cerebellum of P5-P7 pups, that are being stimulated with IL-1a, TNFa and Clq, to induce an
Al phenotype. Then, we will move to the characterization of their metabolic profile, focusing on the
expression levels of genes involved in glycolysis and TCA cycle. Interestingly, a recent /n vitro study has
demonstrated differential metabolic profiles in astrocytes exposed to LPS for short or long periods of time.
Namely, 30 min of LPS treatment increased the astrocytic glycolytic rate, but did not affect their oxidative
phosphorylation rate, while treatment with LPS for 24 hours decreased the glycolytic capacity and
increased the mitochondrial respiration of astrocytes (Robb et al., 2020). This study suggests that pro-
inflammatory stimuli are able to modulate the metabolic profile of astrocytes, supporting the findings

observed in our work.

In this work we also performed for the first time a morphological analysis of astrocytes of the cerebellum
white matter in different disease time points. As already expected, astrocytes near lesion regions, at the
onset and chronic phases of disease, were more reactive than astrocytes from non-induced animals, as
evaluated by increased total length and number of ramifications. Regarding the NAWM, previous studies
reported the presence of gliosis in MS patients (Allen and McKeown, 1979), however, Graumann and
colleagues (2003) did not observe significant differences in GFAP expression between the NAWM of MS
patients and control subjects (Graumann et al., 2003). In accordance, we also did not find significant

differences in the astrocytic morphology between the NAWM of EAE animals and non-induced controls.

Altogether, in this work we propose that, in response to EAE, astrocytes showed an increased expression
of enzymes of the glycolysis and TCA cycle suggesting a metabolic shift to oxidative phosphorylation.
Those alterations are concomitant with the development of an Al neurotoxic phenotype. Hence, we
hypothesize that TCA cycle upregulation in MS astrocytes is contributing to exacerbate brain inflammation,

leading to myelin damage, which needs further investigation.
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Supplementary material

Astrocytes Bergmann glia Immune cells FPKM values

0.00 10.00 50.00
NI EAE NI EAE NI EAE

B cells

T cells

Granulocytes

= Atp1b2

Oligodendrocytes Neurons Endothelial cells
NI EAE NI EAE NI EAE NI EAE

Supplementary figure 2. 1 — Expression levels of cell-type specific markers.

Expression levels of genes associated with CNS cells (astrocytes, Bergmann glia, microglia, oligodendrocytes and
neurons), with endothelial cells and different immune cell populations (B cells, T cells and granulocytes). The
expression levels of Afp1b62, which was identified as the ACSA-2 epitope, used in the MACS technigue to isolate
the astrocytes, is highlighted. Heatmaps obtained using the Morpheus APP tool of CLUE. C - chronic time point;
FPKM - fragments per kilobase of exon per million fragments mapped; NI — non-induced; O — onset time point; P

- pre-symptomatic time point.
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Comparison between experimental time points in non-induced animals
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Supplementary figure 2. 2 — Volcano plots of differentially expressed genes.

(A) Differentially expressed astrocytic genes for the comparisons between experimental time points in non-induced
animals. (B) Differentially expressed genes for the comparisons between disease time points in EAE animals, before
normalization to the respective non-induced group. Genes whose expression was not altered are represented in
gray; significant underexpessed genes are represented in blue; significant overexpressed genes are represented in

red. C - chronic time point; O — onset time point; P — pre-symptomatic time point.
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Supplementary table 2. 1 — Primers sequence and annealing temperature.

Gene

Primer sequence (5'—3’)

Annealing temperature
(*C)

Amigo2

Fbind

Fkbpb

Atpbb

Hspcb

Thp

ldh3g

Aldoc

Sdha

Pfkm

Fw: GAGGCGACCATAATGTCGTT
Rv: GCATCCAACAGTCCGATTCT
Fw: CTTCAGATGCAAGCAACAA

Rv: AGGCAGTGTCAGAGGCCTTA
Fw: TATGCTTATGGCTCGGCTGG
Rv: CAGCCTTCCAGGTGGACTTT
Fw: GGCCAAGATGTCCTGCTGTT
Rv: GCTGGTAGCCTACAGCAGAAGG
Fw: GCTGGCTGAGGACAAGGAGA
Rv: CGTCGGTTAGTGGAATCTTCATG
Fw: GGGAGAATCATGGACCAGAA
Rv: TTGCTGCTGCTGTCTTTGTT

Fw: GGCAATGCTCAAGCCAACTC
Rv: TGGAGGAATTGTTTGTTGTGAGG
Fw: GCCTGTTTGGTTAGGAGAGGA
Rv: CATGCTGCCTACGGACTCAT
Fw: TGATGCTGTGGTTGTAGGCG
Rv: GATACCTCCCTGTGCTGCAA
Fw: GGTTTGGAAGCCTCTCCTCC
Rv: GGGTCATGATCCACTCTTGTAGT

60

58

60

60

60

55

60

60

60

60
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Supplementary table 2. 2 — List of genes specifically associated with CNS cells (astrocytes,

Bergmann glia, microglia, oligodendrocytes and neurons), endothelial cells and different immune

cell populations (B cells, T cells and granulocytes).

Cell type

Associated markers

Astrocytes

Bergmann glia

Microglia

2610034M16Rik, Myom3, Sctr, Faml18la, Pla2g3, Chrdll, Hgf, Fzd10,
2900052N01Rik, Ttl8, Gent4, Ptx3, 2900005J15Rik, Vnnl, Ppplr3g, Crb2,
Tmem82, Celsrl, Prdm16, Grhll, Cybrdl, P4ha3, Fzd2, Agp9, Pipox, ltga7,
Gm266, Ccdc37, Slclba2, Ccdc80, Glis3, Entpd2, Frem2, Pamrl, Cyp4flb,
Sypl2, Gdpd2, SIcl4a2, Kcnn3, Cth, Pm20d1, Sorcs2, Ephx2, Gli2, Adhfel,
Plcd4, Ranbp3l, Glil, Slc25a34, Nat8, Gli3, Gm973, Fmol, St6galnacb, Ttpa,
Mamdc2, Lgr6, Abcd2, Gm5089, Trim9, Phkgl, Tnc, Egfr, Slc7all, Rgs20,
Aifm3, Paqr6, Slc30al0, Rorb, Notch3, Atpl3a4, Daam?2, Slcé6all, Al464131,
Vcam1, Cbs, Slc7al0, Bmprlb, Aldhlll, Fam20a, Fgfr3, Slc39al2, Cldnl0,
1700084CO01Rik, Slc7a2, Grm3, Sox9, Itih3, Ppplr3c, Dio2, Lrigl, Slcl4al,
Elovli2, A2m, Nwd1, Gjal, Micl, Aqp4, Slc4a4, Slcla3

Rasgeflc, 1110032F04Rik, Duspb, Slitrk6, 1700086L19Rik, 5830416P10Rik,
Fhod1, Col4a6, Dbpht2, 6530402F18Rik, Phf19, Cdk6, Chrm4, Otof, Sema3a,
Lmcdl, Mboatl, Hs3stl, Thcld4, Col5a3, Vwabbl, Ning2, Secl14l2, Cpne8,
Wntba, Nfatcl, Rhbdfl, Pdlim3, Prss23, Plekha2, Brinp3, Nedd9, Etv4,
2810459M11Rik, Ppplrldc, Gas2I3, Trhde, Pcdh20, Pid1, Arhgef4, Carhspl,
Rab3gap2, Abcb9, F730043M19Rik, Gpr89, Pde3a, Selenbpl, Lpin2, Arhgap26,
Cd44, Stb, Gperl, KIf15, Gpc4, Cdh7, Slitrk2, Idhl, Slc12a4, Car8, Dmd, Lifr,
Ddr1, Fam181b, Rhoj, Stom, Hnmt, Ttyh2, Sox8, Gm7694, Gsap, Rasa3, Gabra4,
Fam81a, Spred2, Cyp51, Hmgcsl1, Fgfrl, Addl, Satl, Mt3, Tubb2a, SmpdI3a,
Ugp2, Ecm2, SIc9a3rl, Etvb, Tubb2b, Gucyla3, Tagln2, Fbxo2, Nkain4, Lgi4,
Shisa9, Gabrb1, Mcc, Cpne2, Tril, Grid2, Prex1, Mybpcl, Cacngb, Lxn, Acsbgl,
Abat, Fabp7, Ddahl, Hopx, Serpine2, Gdfl0, Luzp2, Kcnjl0, Pin, Pealba,
Ptprzl, Metrn, Timp4, Pla2g/, Paqr8, Cst3, Atpla2, Gstml, S100b, Slcla2,
Atp1b2, Mt2, Dbi, Sparcll, Fam107a, Gpm6b

Bcl2ald, Ccl3, Tnf, Ccl4, Bcl2alb, P2ry6, Gdfl5, Tmem119, Ccl9, Ccr7, Ptafr,
Slc15a3, Selplg, Cd300a, Charl, Gprl83, Irf8, Hck, Sash3, TIr9, Slamf8, Ncf4,
Abcc3, Cd37, H2-Oa, 1110ra, Lag3, Rasal3, Rhoh, Vavl, ll1b, Snx20, Ltc4s, Cd68,
Cd52, Csf3r, Itgb2, Cbr2, Nlrp3, Blnk, Myolg, Pik3apl, Fcgr3, 1121r, Rac2,
Aloxbap, Tnfaip8I2, Nfkbid, Myolf, Parvg, Ccl7, Fcerlg, Slamf9, Siglech, Psd4,
Pik3rb, Cx3crl, H2-DMb1, Was, Ccdc88b, Gprl57, Nckapll, Nfaml, Kcnke,
Csflr, Ncfl, Ccrb, Ptpn6, Irf5, Angptl7, Hmhal, Pld4, Tbxasl, Hk3, Cxcll6,
Clgb, Card9, Csf2rb, Sicllal, Asb2, TIr2, Cd83, Lyz2, Clqgc, Ncf2, Laptmb,
Cd74, Fermt3, Arhgap9, Tyrobp, Slfn2, Ch25h, Plau, OIfmI3, Pla2glb, Cd14,
Ccrl2, Fcgr2b, Ang, Ccl2

(Continues)

104



Supplementary table 2. 2 (Continued).

Cell type Associated markers

Slcball, Pkd2I1, Cldnl4, Sh3gl3, Mog, Carnsl, Tmeml5la, D7Ertd443e,
S1pr5, Mag, Gjc2, Galnt6, Nkain2, Adssll, Fa2h, Ldb3, Slc45a3, Ermn, Anln,
Rab37, Phosphol, Lgi3, Fam178b, Tmem117, Ccdc13, Ppap2c, Cntn2, Gpr62,
Arsg, Smtnl2, Dbil5, Stmn4, Nkainl, Glra4, Pigz, Ppplrl4a, Rftnl, Mobp, Synj2,
Srdbal, Adamtsl4, ltgh4, Plekhh1, Cldnl1, Padi2, Tprn, Tmeff2, Larp6, Dock5,
Aspa, Wnt3, Phlda3, Cdc42ep2, Bace2, Tmem88b, Acy3, Prrbl, Gss, Nol3,
B3galtb, Slainl, Carl4, Prrl8, Inf2, Gsn, Gamt, Josd2, Nkx6-2, Gngl3, Pdlim2,
Gpr37, Histlh4h, Fbxo36, Tmodl, Rhou, Slco3al, Mbp, Qdpr, Mal, Sic48al,
Ctnna3, Ndrgl, Dbndd2, Tppp3, Trak2, Efhdl, Pla2gl6, Adil, Lparl, Cryab,
Aplpl, Cnp, Scdl, Trp53inp2, Cmtmb, Kifba, Trf, Septd, Apod, Plekhbl

Nhih2, 5330417C22Rik, Mrap2, Gdf5, Slc10a4, Pnoc, Grem2, Kcnj5, Lhx1,
Hcn4, Npas4, Pcskl, Lhx6, P2rxb, Nxph3, Hs6st3, Samd3, Faml3lc,
E330013P04Rik, Kecnb2, Stk32b, Sic17a8, Trankl, Trim66, Bclllb, Galntl6,
Islr2, Abcc8, Kenh7, Col2bal, Ripk4, Nelll, Igfbpll, Casz1l, Mme, Plek2, Synpr,
Kctd8, 1gsf9, Bellla, Barhl2, Cchel, Celsr3, Kenc2, Cacng2, Slc32al, Ebf3,

Neurons Penk, Tmem130, Cdh8, L1cam, Necabl, Elavl2, Srrm4, Clstn2, Vmn2r1, Amy1,
Kenk9, Nosl, Mab2111, Meg3, Ajapl, Dynclil, Dpysl5, Trp73, Nppc, Cpned,
Nxph4, Gad2, Crmp1, Scube3, St8sia2, Tubb3, Rian, Bhlhe22, March4, Ankrd35,
Mirg, Cd274, Ina, Snhgl1, Sytl, Reln, Syt4, Sphkap, Calb2, Celf4, BCO05764,
Cacna2d2, Bmpb, Fibin, Neurodl, Robo2, Mytll, Gap43, Rgs8, Stmn2,
Fam183b, Ndrg4, Npy

Fgtbpl, Adamtsl2, Apinr, Ly6c2, Adhl, Myctl, Sigirr, Kengl, Abcc6, DII4,
Mmp25, 4930578C19Rik, Stap2, Asb4, Pcdhl12, Gimap4, Gm694, Fam124b,
Igsfb, Ctsw, Ly75, Hmcnl, Sema3g, Cd40, Megf6, Ushbpl, Clecl4a, Tiel,
Sox17, Gimap8, Rnf125, Akrlc14, AU021092, Ptgis, Fam129a, Mecom, Scarfl,
Mfsd7c, Icam2, Trim16, Robo4, Nos3, Slc19a3, Flt4, Foxql, Angpt2, She,

Endothelial cells 8430408G22Rik, C130074G19Rik, Mmrn2, Erg, Wfdcl, Slc39a8, Scgh3al,
Hmgcs2, Slc16a4, Strab, Nostrin, Adcy4, Slc38ab, Csrp2, Kdr, Ctla2a, Cyyrl,
Serpinb6b, Tek, Itgad, Cdhb, Lsr, Egfi7, Hrctl, Cd93, Slfn5, Cd34, Ptprb, Foxf2,
Rassf9, Cgnll, Ocln, Pecaml, Cldn5, Abcbla, Emcn, Eltd1l, Apoldl, Pglyrpl,
Gprl16, Gja4, Slcolad, Slc22a8, Fnl, Flt1, Itm2a, Esam, Ly6cl, Car4, Higd1b,
Tmdsfl, Ly6a, Igfbp7

H2-DMb2, Cd19, Igj, Cd79a, Btk, Cd79b, Cd22, Spib, Cd86, Syk, Irf4, Cebpb,

Oligodendrocytes

B cells H2-DMa, Cd72, Stat6, Lyn, Cd200
Immune T cells Cd3e, Cd3g, Cd3d, Cd8a, Cd8b1, Cd4, Cd2, Cd28, Lat, Cdb6, Stat4, Gata3, Lck,
cells Cdb, Klrgl, Klrcl, Cst7, Zap70, Prfl, Fyb, Runx2, Pim1, Tcf7, Lefl, Satb1
Mnda, Il1rn, Ctss, 11r2, Ctsc, 113ral, Rgs2, Taldol, Gnb2, Gca, Fcgrt, Bcl6,
Granulocytes

Sod?2, Rassf?, Ifitm2, Ctsb, Itm2b
Data obtained from (Cahoy et al., 2008; Heng et al., 2017; Koirala and Corfas, 2010; Palmer et al., 2006; Zhang

et al., 2014).
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Supplementary table 2. 3 — Pathways significantly altered in the comparison between EAE and non-

induced animals at the pre-symptomatic phase.

p-value g-value Pathway

2.41E-09 2.05E-06  XPodNet - protein-protein interactions in the podocyte expanded by STRING
6.75E-09 2.88E-06  Extracellular matrix organization

5.22E-08 1.48E-05  ECM-receptor interaction - Mus musculus (mouse)

1.50E-07 3.19E-05 Neuronal system

4.67E-06  0.000795 Focal adhesion - Mus musculus (mouse)

6.19E-06 0.000879  PodNet- protein-protein interactions in the podocyte
7.56E-06 0.00092  Phospholipase D signaling pathway - Mus musculus (mouse)
1.38E-05 0.001468 Focal adhesion

1.90E-05 0.0018 Calcium signaling pathway - Mus musculus (mouse)
3.29E-05 0.0028 ECM proteoglycans

4.38E-05 0.003391 Transmission across chemical synapses

6.36E-05  0.004033 Adherens junction - Mus musculus (mouse)

6.39E-05 0.004033  Signaling by receptor tyrosine kinases

6.63E-05  0.004033 Insulin secretion - Mus musculus (mouse)

8.52E-05  0.004688 Laminin interactions

9.35E-05  0.004688  GABAergic synapse - Mus musculus (mouse)

9.35E-05 0.004688 Dilated cardiomyopathy (DCM) - Mus musculus (mouse)
0.000132  0.006006 Dopaminergic synapse - Mus musculus (mouse)
0.000145 0.006006 Morphine addiction - Mus musculus (mouse)
0.000147  0.006006 Collagen biosynthesis and modifying enzymes
0.000148 0.006006 Regulation of actin cytoskeleton - Mus musculus (mouse)
0.000167  0.006454  Protein-protein interactions at synapses
0.000198 0.007324 GABA receptor activation
0.000294 0.010434 RHO GTPases activate PAKs
0.000316 0.010768  Neurotransmitter receptors and postsynaptic signal transmission
0.000329 0.010768 Adenylate cyclase activating pathway
0.000416  0.013117 Estrogen signaling pathway - Mus musculus (mouse)
0.000456 0.01386  Retrograde endocannabinoid signaling - Mus musculus (mouse)
0.000596  0.017496 Nicotine addiction - Mus musculus (mouse)
0.000681 0.01933  Pathways in cancer - Mus musculus (mouse)
0.000803  0.022063 Huntington disease - Mus musculus (mouse)
0.001047  0.027863  Human papillomavirus infection - Mus musculus (mouse)
0.001131 0.028556 cAMP signaling pathway - Mus musculus (mouse)

(Continues)
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Supplementary table 2.3 (Continued).

p-value g-value Pathway
0.00114 0.028556  Thyroid hormone signaling pathway - Mus musculus (mouse)
0.001175 0.028611 Collagen formation
0.001316  0.030945 Arrhythmogenic right ventricular cardiomyopathy (ARVC) - Mus musculus (mouse)
0.001391 0.030945 Adenylate cyclase inhibitory pathway
0.001391 0.030945 Inhibition of adenylate cyclase pathway
0.001421 0.030945 Signaling by MET
0.001453  0.030945 Thyroid hormone synthesis - Mus musculus (mouse)
0.001558 0.03172  Axon guidance
0.001601 0.03172  Gastric acid secretion - Mus musculus (mouse)
0.001601 0.03172  Bacterial invasion of epithelial cells - Mus musculus (mouse)
0.001752 0.033931 Amoebiasis - Mus musculus (mouse)
0.0019 0.035982  Post-translational protein phosphorylation
0.001975 0.036022 VEGFR2 mediated vascular permeability
0.002008 0.036022 Endocytosis - Mus musculus (mouse)
0.002029 0.036022 Rapl signaling pathway - Mus musculus (mouse)
0.002107 0.03663 (R;ref:/[;ti?;\;(frlréis:(lji;-gksr(ig?r\:\gtlegﬁgssr)(IGF) transport and uptake by Insulin-like
0.002319 0.039515 Salivary secretion - Mus musculus (mouse)
0.002372  0.039619 MET promotes cell motility
0.00254 0.041615 MAP2K and MAPK activation
0.002909  0.046004  Signaling by EGFR
0.002916  0.046004  Signaling by PDGF
0.00314 0.047911  Cholinergic synapse - Mus musculus (mouse)
0.003154 0.047911 MAPK family signaling cascades
0.003318 0.047911 Activation of GABAB receptors
0.003318 0.047911 GABA B receptor activation
0.003318 0.047911 Signaling by SCF-KIT
0.003392 0.048167 Circadian entrainment - Mus musculus (mouse)
0.003553  0.049625 VEGFA-VEGFR2 Pathway
0.003767  0.05177  Kinesins
0.003852  0.052097  Hypertrophic cardiomyopathy (HCM) - Mus musculus (mouse)
0.003927 0.052276 Melanogenesis - Mus musculus (mouse)
0.004106  0.053815 Membrane trafficking
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Supplementary table 2.3 (Continued).

p-value g-value Pathway
0.004225 0.054537 Focal adhesion-PI3K-Akt-mTOR-signaling pathway
0.004651  0.059142  Recycling pathway of L1
0.004978 0.061858 Factors involved in megakaryocyte development and platelet production
0.00501 0.061858  y-glutamyl cycle
0.005261  0.064039 Neurexins and neuroligins
0.005814  0.069767 MAPK1/MAPKS3 signaling
0.005962 0.07055  MAPK signaling pathway
0.006538 0.075113 Signaling by VEGF
0.006538 0.075113 G Protein Signaling Pathways
0.0067 0.075113  Crosslinking of collagen fibrils
0.0067 0.075113 Interleukin-6 signaling
0.006917  0.076536 CD28 co-stimulation
0.007722 0.078732 Calcium regulation in the cardiac cell
0.007811  0.078732 Integrin cell surface interactions
0.007811 0.078732 Longevity regulating pathway - multiple species - Mus musculus (mouse)
0.007811 0.078732  Costimulation by the CD28 family
0.007811 0.078732  Synaptic vesicle cycle - Mus musculus (mouse)
0.00784 0.078732  ATP sensitive Potassium channels
0.007868 0.078732 NCAM signaling for neurite out-growth
0.00804  0.078732  Calmodulin induced events
0.00804 0.078732  CaM pathway
0.00804  0.078732  GP generic
0.00814 0.078811 Adrenergic signaling in cardiomyocytes - Mus musculus (mouse)
0.00849 0.081275  Vascular smooth muscle contraction - Mus musculus (mouse)
0.008906  0.083838 EPHB-mediated forward signaling
0.008955 0.083838 Platelet activation, signaling and aggregation
0.009094 0.084217 Proteoglycans in cancer - Mus musculus (mouse)
0.009196 0.08425  Vesicle-mediated transport
0.009452 0.085673 DAG and IP3 signaling
0.009779  0.086793 Leukocyte transendothelial migration - Mus musculus (mouse)
0.009779 0.086793 Glutamatergic synapse - Mus musculus (mouse)
0.009994  0.087543  Regulation of actin cytoskeleton
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Supplementary table 2. 4 — Pathways significantly altered in the comparison between EAE and non-

induced animals at the onset phase.

p-value g-value Pathway

2.70E-10 1.87E-07  Metabolism

5.33E-08 1.85E-05  Cholesterol metabolism (includes both Bloch and Kandutsch-Russell pathways)
1.78E-07 4.12E-05  Cholesterol biosynthesis lll (via desmosterol)

3.24E-07 4.83E-05  Superpathway of cholesterol biosynthesis

3.48E-07 4.83E-05 Cholesterol biosynthesis |

5.84E-07 6.75E-05  Adarl editing defficiency immune response

1.08E-06 0.000107 Omega-9 FA synthesis

1.76E-06 0.000152  Cholesterol biosynthesis

3.15E-06  0.000243  Metabolism of amino acids and derivatives

493E-06  0.000329 Cholesterol biosynthesis

5.22E-06  0.000329 Metabolism of lipids

8.66E-06  0.000501  Steroid biosynthesis - Mus musculus (mouse)

1.90E-05 0.001013 Oleate biosynthesis Il (animals)

2.22E05  0.001101 Branched-chain amino acid catabolism

3.71E-05 0.001644 Cholesterol biosynthesis Il (via 24,25-dihydrolanosterol)
3.79E-05 0.001644  Valine degradation

7.46E-05  0.003045 HSP90 chaperone cycle for steroid hormone receptors (SHR)
8.20E-05  0.003162 Phosphatidylinositol signaling system - Mus musculus (mouse)
0.000128 0.00467  Gap junction - Mus musculus (mouse)
0.000143  0.004947 Valine, leucine and isoleucine degradation - Mus musculus (mouse)
0.000213 0.007052 Biosynthesis of unsaturated fatty acids - Mus musculus (mouse)
0.000398 0.012568 Fatty acid metabolism
0.000444 0.013396 AGE-RAGE signaling pathway in diabetic complications - Mus musculus (mouse)
0.00056 0.01554  Antigen processing and presentation - Mus musculus (mouse)
0.00056 0.01554  PPAR signaling pathway - Mus musculus (mouse)
0.000606  0.015635 Human cytomegalovirus infection - Mus musculus (mouse)
0.000621 0.015635 Omega-3-Omega-6 FA synthesis
0.000653  0.015635  Antigen processing-Cross presentation
0.000653 0.015635 Platelet activation - Mus musculus (mouse)
0.000699 0.016098 AMPK signaling pathway - Mus musculus (mouse)

0.00075  0.016098  Signaling by SCF-KIT
0.000763  0.016098 NOD-like receptor signaling pathway - Mus musculus (mouse)
0.000765 0.016098 Epoxysqualene biosynthesis
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Supplementary table 2.4 (continued).

p-value g-value Pathway
0.001065 0.02173  Valine degradation |
0.001169 0.022541 Estrogen signaling pathway - Mus musculus (mouse)
0.001169 0.022541 Adipogenesis genes
0.001243  0.023315 Dopaminergic synapse - Mus musculus (mouse)
0.001327 0.02423  Thyroid hormone signaling pathway - Mus musculus (mouse)
0.001389  0.024696  Salivary secretion - Mus musculus (mouse)
0.001423  0.024696 Longterm depression - Mus musculus (mouse)
0.001564  0.025896  Acetylcholine regulates insulin secretion
0.001567 0.025896 Endochondral ossification
0.001773  0.028622 PPAR signaling pathway
0.001988 0.031282 Type Il interferon signaling (IFNG)
0.002066  0.031282  Glucagon signaling pathway - Mus musculus (mouse)
0.002073 0.031282 VEGFA-VEGFR2 Pathway
0.002254  0.032592  Metallothioneins bind metals
0.002254  0.032592 Response to metal ions
0.002463  0.034891 Longterm potentiation - Mus musculus (mouse)
0.002599 0.036077 Antigen presentation: folding, assembly and peptide loading of class | MHC
0.002853  0.038077  Synthesis of IP3 and IP4 in the cytosol
0.002853 0.038077 Fatty acid biosynthesis
0.002948  0.038605 The role of GTSE1 in G2/M progression after G2 checkpoint
0.003429 0.044072 Adipocytokine signaling pathway - Mus musculus (mouse)
0.003693  0.046411 Signaling by VEGF
0.003756  0.046411 Mitochondrial fatty acid Beta-oxidation
0.003851  0.046411 Leucine catabolism
0.004009 0.046411 Inositol phosphate metabolism - Mus musculus (mouse)
0.004325 0.046411 Gastric acid secretion - Mus musculus (mouse)
0.004426 0.046411 Valine, leucine and isoleucine biosynthesis - Mus musculus (mouse)
0.004426  0.046411 Astrocytic glutamate-glutamine uptake and metabolism
0.004426  0.046411 Neurotransmitter uptake and metabolism in glial cells
0.004426  0.046411 Lysine degradation Il
0.004426  0.046411 y-linolenate biosynthesis Il (animals)
0.004426  0.046411 Cholesterol biosynthesis via desmosterol
0.004426  0.046411 Cholesterol biosynthesis via lathosterol
0.004515 0.046411 Proteoglycans in cancer - Mus musculus (mouse)
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Supplementary table 2.4 (continued).

p-value g-value Pathway
0.004547  0.046411 Apoptosis - Mus musculus (mouse)
0.005523  0.055241 Herpes simplex infection - Mus musculus (mouse)
0.005572  0.055241 Insulin signaling pathway - Mus musculus (mouse)
0.005817  0.056861 Inositol phosphate metabolism

0.00614  0.058494 Fatty acid [B-oxidation |
0.006153  0.058494  Choline metabolism in cancer - Mus musculus (mouse)
0.006399 0.060011 Platelet activation, signaling and aggregation
0.007241  0.063615 Activation of RAS in B cells
0.007241 0.063615 Sodium-coupled phosphate cotransporters
0.007241 0.063615 The fatty acid cycling model
0.007241 0.063615 The proton buffering model
0.007241 0.063615 Mitochondrial Uncoupling Proteins
0.007489 0.064161 Isoleucine degradation
0.007489 0.064161 Syndecan interactions
0.007594  0.064273 SLC-mediated transmembrane transport
0.008984  0.075118 Circadian rhythm - Mus musculus (mouse)
0.009326 0.077051 Epstein-Barr virus infection - Mus musculus (mouse)
0.009742  0.079211 Collagen biosynthesis and modifying enzymes
0.009816  0.079211 Extracellular matrix organization
0.009942  0.079305  Necroptosis - Mus musculus (mouse)
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Supplementary table 2. 5 — Pathways significantly altered in the comparison between EAE and non-

induced animals at the chronic phase.

p-value g-value Pathway

1.29E-12 7.84E-10  Adarl editing deficiency immune response

4.83E-11 1.47E-08  Epstein-Barr virus infection - Mus musculus (mouse)
4.66E-10 7.96E-08 Th17 cell differentiation - Mus musculus (mouse)

5.24E-10 7.96E-08  Cell adhesion molecules (CAMs) - Mus musculus (mouse)
2.20E-09 2.68E-07  Antigen processing and presentation - Mus musculus (mouse)
2.71E-09 2.74E-07  Immune System

6.28E-09 5.44E-07  Human T-cell leukemia virus 1 infection - Mus musculus (mouse)
1.01E-08 7.67E-07  Viral myocarditis - Mus musculus (mouse)

3.14E-08 2.10E-06  NOD-like receptor signaling pathway - Mus musculus (mouse)
3.47E-08 2.10E-06  Influenza A - Mus musculus (mouse)

6.42E-08 3.54E-06  Toxoplasmosis - Mus musculus (mouse)

7.19E-08 3.64E-06  Type Il interferon signaling (IFNG)

8.24E-08 3.85E-06  TNF signaling pathway - Mus musculus (mouse)

2.05E-07 8.88E-06  Th1 and Th2 cell differentiation - Mus musculus (mouse)
2.46E-07 9.95E-06  Herpes simplex infection - Mus musculus (mouse)

2.64E-07 1.00E-05  TCR signaling

5.81E-07 2.07E-05  Apoptosis

1.25E-06 4.23E-05  Kaposi sarcoma-associated herpesvirus infection - Mus musculus (mouse)
1.38E-06 4.40E-05 TYROBP Causal Network

2.31E-06 7.02E-05  Osteoclast differentiation - Mus musculus (mouse)

6.22E-06 0.000175 Translocation of ZAP-70 to Immunological synapse

6.34E-06 0.000175 Measles - Mus musculus (mouse)

7.34E-06  0.000194  Staphylococcus aureus infection - Mus musculus (mouse)
8.33E-06  0.000211  Tuberculosis - Mus musculus (mouse)

9.94E-06 0.000241 Allograft rejection - Mus musculus (mouse)

1.06E-05 0.000248 Downstream TCR signaling

1.33E-05  0.000288 Inflammatory bowel disease (IBD) - Mus musculus (mouse)
1.33E-05  0.000288  Graft-versus-host disease - Mus musculus (mouse)

1.50E-05 0.000305 Human cytomegalovirus infection - Mus musculus (mouse)
1.51E-05 0.000305  Phosphorylation of CD3 and TCR zeta chains

1.56E-05  0.000306 Generation of second messenger molecules

1.71E-05  0.000323  Death Receptor Signalling

2.02E-05 0.000372 Human immunodeficiency virus 1 infection - Mus musculus (mouse)
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Supplementary table 2.5 (continued).

p-value g-value Pathway
2.10E-05 0.000374  C-type lectin receptor signaling pathway - Mus musculus (mouse)
2.30E-05 0.000398  Natural killer cell mediated cytotoxicity - Mus musculus (mouse)
2.61E-05  0.000441 Type | diabetes mellitus - Mus musculus (mouse)
2.99E-05 0.000491 NF-kappa B signaling pathway - Mus musculus (mouse)
3.16E05 0.000505 PD-1 signaling
3.32E-05 0.000511 B Cell Receptor Signaling Pathway
3.36E-05 0.000511 Leishmaniasis - Mus musculus (mouse)
4.28E-05 0.000633 Innate immune system
5.87E-05 0.000848 Adaptive immune system
6.79E-05 0.000959  Autoimmune thyroid disease - Mus musculus (mouse)
9.10E-05  0.001255 Regulation of actin cytoskeleton - Mus musculus (mouse)
0.000115 0.001546  Adipogenesis genes
0.000133 0.001755 Endosomal/Vacuolar pathway
0.000142 0.001832  Apoptosis - Mus musculus (mouse)
0.000145 0.001838 TRAIL signaling
0.000158 0.001961 Osteoclast
0.000166  0.001992 Cytokine signaling in immune system
0.000169 0.001992 Downstream signaling events of B cell receptor (BCR)
0.000174 0.001992 XPodNet - protein-protein interactions in the podocyte expanded by STRING
0.000174 0.001992 Hepatitis C - Mus musculus (mouse)
0.000188 0.002117 Rheumatoid arthritis - Mus musculus (mouse)
0.000198  0.002187 T cell receptor signaling pathway - Mus musculus (mouse)
0.000287 0.003111 Neutrophil degranulation
0.000396 0.004118 Phagosome - Mus musculus (mouse)
0.000407 0.004118 RIPK1-mediated regulated necrosis
0.000407 0.004118 Regulated necrosis
0.000407 0.004118 Interleukin-4 and 13 signaling
0.000468  0.004653 T cell receptor signaling pathway
0.000492 0.004821 Viral carcinogenesis - Mus musculus (mouse)
0.000546  0.005264 Intestinal immune network for IgA production - Mus musculus (mouse)
0.000568  0.005389 IL-2 signaling pathway
0.000608 0.005676  Chemokine signaling pathway
0.000674 0.006092 TNF-alpha NF-xB Signaling Pathway
0.000677  0.006092  Salmonella infection - Mus musculus (mouse)
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Supplementary table 2.5 (continued).

p-value g-value Pathway
0.000682  0.006092 Activation of NF-kappaB in B cells
0.000719  0.006324  Pathways in cancer - Mus musculus (mouse)
0.000744  0.006407 MHC class Il antigen presentation
0.000749  0.006407  JAK-STAT signaling pathway - Mus musculus (mouse)
0.000776  0.006539 Inflammatory response pathway
0.00082 0.006622  Cytokine-cytokine receptor interaction - Mus musculus (mouse)
0.000821 0.006622 Costimulation by the CD28 family
0.000829 0.006622 AGE-RAGE signaling pathway in diabetic complications - Mus musculus (mouse)
0.000829 0.006622 Immunoregulatory interactions between a lymphoid and a non-lymphoid cell
0.001001 0.007888 Chemokine signaling pathway - Mus musculus (mouse)
0.001053  0.008191 Apoptosis - multiple species - Mus musculus (mouse)
0.001273 0.00978  Regulation of actin cytoskeleton
0.001397 0.010598 CLEC7A (Dectin-1) signaling
0.001461  0.010945  Necroptosis - Mus musculus (mouse)
0.00159  0.011271 CASPS activity is inhibited
0.00159 0.011271 Regulation of necroptotic cell death
0.00159 0.011271 Dimerization of procaspase-8
0.00159 0.011271  Regulation by c-FLIP
0.001597 0.011271 Antigen presentation: folding, assembly and peptide loading of class | MHC
0.001724 0.012027 C-ype lectin receptors (CLRs)
0.001838 0.012536 B cell receptor signaling pathway - Mus musculus (mouse)
0.001838 0.012536 Adipocytokine signaling pathway - Mus musculus (mouse)
0.001994 0.013451 Hematopoietic cell lineage - Mus musculus (mouse)
0.002091 0.013949 Leukocyte transendothelial migration - Mus musculus (mouse)
0.002531 0.016701 Interferon signaling
0.002613 0.016982  Antigen processing-cross presentation
0.002658 0.016982 Asthma - Mus musculus (mouse)
0.002658 0.016982 Interleukin-6 family signaling
0.002809 0.017764 TNFR1-induced proapoptotic signaling
0.002963  0.018543  Hepatitis B - Mus musculus (mouse)
0.003266  0.020232 Nucleotide-binding domain, leucine rich repeat containing receptor (NLR) signaling
pathways
0.003365 0.020629  IL-3 Signaling Pathway
0.003555  0.020992 TFs Regulate miRNAs related to cardiac hypertrophy
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Supplementary table 2.5 (continued).

p-value g-value Pathway

0.003555  0.020992 CLEC7A/inflammasome pathway

0.003577 0.020992 Chagas disease (American trypanosomiasis) - Mus musculus (mouse)
0.003597 0.020992 Novel Jun-Dmp1l Pathway

0.003597  0.020992 TNFR1-induced NFkappaB signaling pathway
0.003905 0.022576  IL-4 signaling Pathway

0.004141  0.023713 NOD1/2 Signaling Pathway

0.004457  0.025282 IL-7 signaling pathway

0.005252 0.02952  Cellular senescence - Mus musculus (mouse)
0.005499 0.030624 Ligand-dependent caspase activation
0.006101  0.032953 DAP12 signaling

0.006101  0.032953 Interferon alpha/beta signaling

0.006101  0.032953  Amine compound SLC transporters
0.006135 0.032953 Platelet degranulation

0.006485 0.03453  TNFR2 non-canonical NF-kB pathway
0.006645 0.034591 EDA Signalling in Hair Follicle Development
0.006667  0.034591  IL-5 signaling pathway

0.006667 0.034591 RIG--like receptor signaling pathway - Mus musculus (mouse)
0.007746  0.039844  Response to elevated platelet cytosolic Ca2+
0.007923  0.040078 Complement activation, classical pathway
0.007923  0.040078 RHO GTPases activate PAKs

0.008596  0.043124 Toll like receptor signaling

0.009086  0.045208 Chemokine receptors bind chemokines
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Supplementary table 2. 6 — Pathways significantly altered in the comparison between EAE animals

at the onset and pre-symptomatic phases, after normalization for the respective non-induced group.

p-value g-value Pathway

6.46E-08 4.69E-05  Extracellular matrix organization

1.30E-07 4.74E-05  Metabolism

1.19E-06  0.000279 Metabolism of amino acids and derivatives

1.53E-06  0.000279 ECM-receptor interaction - Mus musculus (mouse)

8.06E-06  0.001172 HSP90 chaperone cycle for steroid hormone receptors (SHR)
3.18E-05  0.003851  Laminin interactions

4.26E-05 0.00442  Branched-chain amino acid catabolism

6.58E-05 0.005499 Valine degradation

6.81E-05  0.005499 Proteoglycans in cancer - Mus musculus (mouse)

8.16E-05 0.00558  Thyroid hormone synthesis - Mus musculus (mouse)
8.44E-05 0.00558  ECM proteoglycans

0.000134 0.008114 PodNet- protein-protein interactions in the podocyte
0.000177 0.009913 XPodNet - protein-protein interactions in the podocyte expanded by STRING
0.000215 0.011175 Longterm potentiation - Mus musculus (mouse)

0.000241 0.011697 Amphetamine addiction - Mus musculus (mouse)

0.000295 0.013128 PPAR signaling pathway - Mus musculus (mouse)

0.000313 0.013128 Valine, leucine and isoleucine degradation - Mus musculus (mouse)
0.000325 0.013128 Gap junction - Mus musculus (mouse)

0.000374 0.013698 Leucine catabolism

0.000382  0.013698 Non-integrin membrane-ECM interactions

0.000397 0.013698 Fatty acid Beta-oxidation (streamlined)

0.000415 0.013698 Amoebiasis - Mus musculus (mouse)

0.000451 0.013918 Focal Adhesion-PI3K-Akt-mTOR-signaling pathway

0.000459  0.013918 Gastric acid secretion - Mus musculus (mouse)

0.000563 0.016364 Focal adhesion

0.00068 0.018331  Salivary secretion - Mus musculus (mouse)

0.000683  0.018331 Vascular smooth muscle contraction - Mus musculus (mouse)
0.000706  0.018331 Calcium signaling pathway - Mus musculus (mouse)
0.000896 0.019522 PPAR signaling pathway

0.000896  0.019522  Estrogen signaling pathway - Mus musculus (mouse)
0.000958 0.019522 Dopaminergic synapse - Mus musculus (mouse)

0.000958  0.019522  Syndecan interactions

0.000965 0.019522 Cysteine formation from homocysteine
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Supplementary table 2.6 (continued).

p-value g-value Pathway

0.000965 0.019522 Cysteine biosynthesis/homocysteine degradation

0.000965  0.019522  Cysteine hiosynthesis |l

0.000967 0.019522 Collagen biosynthesis and modifying enzymes

0.001032  0.020268 Cellular responses to external stimuli

0.001082 0.020268 Melanogenesis - Mus musculus (mouse)

0.001087 0.020268 A tetrasaccharide linker sequence is required for GAG synthesis
0.001246  0.022343  Mitochondrial LC-fatty acid Beta-oxidation

0.00126 0.022343  Glucagon signaling pathway - Mus musculus (mouse)
0.001311 0.0227 MAPK signaling pathway

0.001404  0.023513  Focal adhesion - Mus musculus (mouse)

0.00146 0.023513  Post-translational protein phosphorylation

0.001488 0.023513 Leucine degradation |

0.001488 0.023513 Valine degradation |

0.001563  0.024169 Cellular responses to stress

0.001749  0.026351 PI3K-Akt signaling pathway - Mus musculus (mouse)

0.001776  0.026351 Inflammatory mediator regulation of TRP channels - Mus musculus (mouse)
0.002127 0.030928 Inflammatory response pathway

0.00218 0.031081  Acetylcholine regulates insulin secretion

0.002261 0.031612 Histidine, lysine, phenylalanine, tyrosine, proline and tryptophan catabolism
0.00274 0.036155  Long-term depression - Mus musculus (mouse)

0.002835 0.036155 Metallothioneins bind metals

0.002835  0.036155 Response to metal ions

0.002835 0.036155 Fatty acid B-oxidation Il (unsaturated, odd number)

0.002835  0.036155  Inositol transporters

0.003005 0.03767  Chondroitin sulfate biosynthesis

0.003313 0.040827 Signaling by receptor tyrosine kinases

0.003752 0.044715 Fatty acid Beta-oxidation

0.003752  0.044715 COPl-independent Golgi-to-ER retrograde traffic

0.004089  0.046348 The role of GTSEL in G2/M progression after G2 checkpoint
0.004089 0.046348 Dermatan sulfate biosynthesis

Regulation of Insulin-like Growth Factor (IGF) transport and uptake by Insulin-like
Growth Factor Binding Proteins (IGFBPs)

0.00432 0.046348  Triacylglyceride synthesis
0.004355 0.046348 Chondroitin sulfate/dermatan sulfate metabolism

0.0043 0.046348
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Supplementary table 2.6 (continued).

p-value g-value Pathway

0.004355 0.046348 Fatty acid degradation - Mus musculus (mouse)

0.004355  0.046348 Arginine and proline metabolism - Mus musculus (mouse)
0.004399 0.046348 Pathways in cancer - Mus musculus (mouse)

0.004526  0.047001  Peroxisome - Mus musculus (mouse)

0.004864  0.049804 Insulin secretion - Mus musculus (mouse)

0.004943  0.049907 Protein processing in endoplasmic reticulum - Mus musculus (mouse)
0.005044  0.050232  Fluid shear stress and atherosclerosis - Mus musculus (mouse)
0.005297  0.051637  One carbon metabolism and related pathways

0.005327 0.051637 CDP-diacylglycerol biosynthesis Il

0.005553  0.053116 Valine, leucine and isoleucine biosynthesis - Mus musculus (mouse)
0.005982  0.056482 MAPK signaling pathway

0.006116  0.057002  Mitochondrial fatty acid Beta-oxidation

0.006413 0.059019 Primary focal segmental glomerulosclerosis FSGS

0.006767  0.059995 Phosphatidylglycerol biosynthesis | (plastidic)

0.006767 0.059995 CDP-diacylglycerol biosynthesis |

0.006767  0.059995 Regulation of KIT signaling

0.006855 0.060047 GnRH signaling pathway - Mus musculus (mouse)

0.007805  0.067547  Small cell lung cancer - Mus musculus (mouse)

0.008416  0.071147 Phosphatidylglycerol biosynthesis Il (non-plastidic)

0.008416  0.071147 Omega-9 FA synthesis

0.008618 0.072013 Fatty acid metabolism

0.009065 0.072417 Disinhibition of SNARE formation

0.009065 0.072417 The fatty acid cycling model

0.009065 0.072417  The proton buffering model

0.009065 0.072417 Mitochondrial uncoupling proteins

0.009174  0.072496 Fatty acid Beta-oxidation |
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Supplementary table 2. 7 — Pathways significantly altered in the comparison between EAE animals

at the chronic and pre-symptomatic phases, after normalization for the respective non-induced

group.
p-value g-value Pathway
0.000164 0.028341 Cilium assembly
0.000384  0.033188 Organelle biogenesis and maintenance
0.001049 0.056976 Cell junction organization
0.001634  0.056976 Adherens junctions interactions
0.002353  0.056976  Acyl-CoA hydrolysis
0.002811 0.056976 Translocation of ZAP-70 to Immunological synapse
0.002811 0.056976 TNFR1-induced proapoptotic signaling
0.002868 0.056976  Cell-cell communication
0.002964 0.056976 |Intraflagellar transport
0.003594  0.060421  Cell-cell junction organization
0.003842 0.060421 Phosphorylation of CD3 and TCR zeta chains
0.006249  0.089271 Phagosome - Mus musculus (mouse)
0.006708 0.089271 Tuberculosis - Mus musculus (mouse)
0.009364 0.108426 Huntington disease - Mus musculus (mouse)
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Supplementary table 2. 8 — Pathways significantly altered in the comparison between EAE animals

at the chronic and onset phases, after normalization for the respective non-induced group.

p-value g-value Pathway

7.33E-13 4.43E-10  Metabolism

7.32E07  0.000221  Metabolism of amino acids and derivatives

1.32E-06 0.000266 Translocation of ZAP-70 to Immunological synapse

2.28E-06 0.00028  Fatty acid metabolism

2.66E-06 0.00028 AMPK signaling pathway - Mus musculus (mouse)

2.93E-06 0.00028  PPAR signaling pathway - Mus musculus (mouse)

3.24E-06 0.00028  Phosphorylation of CD3 and TCR zeta chains

7.53E-06  0.000569 Cell adhesion molecules (CAMs) - Mus musculus (mouse)
1.48E-05 0.000997 PPAR signaling pathway

1.98E-05 0.001199 Metabolism of lipids

2.73E-05  0.001503 Insulin resistance - Mus musculus (mouse)

3.78E-05 0.001908 Fatty acid biosynthesis

6.54E-05 0.003044  Estrogen metabolism

0.000109 0.00473  MHC class Il antigen presentation

0.00016 0.006434  PD-1 signaling

0.000193 0.007311 Oleate biosynthesis Il (animals)

0.000206  0.007319  Serotonin and anxiety

0.00025 0.008393  Fatty acid Beta-oxidation (streamlined)

0.000268 0.008546  Fluid shear stress and atherosclerosis - Mus musculus (mouse)
0.000286  0.008662 Adipocytokine signaling pathway - Mus musculus (mouse)
0.000336 0.00969  Proteoglycans in cancer - Mus musculus (mouse)

0.000499 0.013712 Valine, leucine and isoleucine degradation - Mus musculus (mouse)
0.000643 0.01691  Viral myocarditis - Mus musculus (mouse)

0.000703  0.017715 Generation of second messenger molecules

0.000745 0.018019 VEGFA-VEGFR2 Pathway

0.000859 0.019359  Antigen processing and presentation - Mus musculus (mouse)
0.000864 0.019359  Serotonin and anxiety-related events

0.000964  0.020118 Metallothioneins bind metals

0.000964 0.020118 Response to metal ions

0.001135 0.02289  Thyroid hormone signaling pathway - Mus musculus (mouse)
0.001285  0.024883  Signaling by VEGF

0.001316  0.024883 Fatty acid Beta-oxidation |

0.001458 0.02673  Import of palmitoyl-CoA into the mitochondrial matrix

(Continues)

120



Supplementary table 2.8 (continued).

p-value g-value Pathway
0.001659 0.028823 Post-translational protein phosphorylation
0.001745 0.028823 Chemokine signaling pathway
0.001757 0.028823 Primary Focal Segmental Glomerulosclerosis FSGS
0.001831 0.028823 Omega-9 FA synthesis
0.001843  0.028823 TCR signaling
0.001906  0.028823  vy-linolenate biosynthesis Il (animals)
0.001906  0.028823  Amine oxidase reactions
0.002019  0.029077 Fatty acid degradation - Mus musculus (mouse)
0.002019  0.029077  Arginine and proline metabolism - Mus musculus (mouse)
0.00223 0.031053  Amino acid synthesis and interconversion (transamination)
0.002258 0.031053 Valine degradation
0.002482  0.032349  Glucagon signaling pathway - Mus musculus (mouse)
0.002513 0.032349 Downstream TCR signaling
0.002513  0.032349 Citrate cycle (TCA cycle) - Mus musculus (mouse)
0.002584 0.03257  Chemokine signaling pathway - Mus musculus (mouse)
0.002743  0.033445  Mitochondrial LC-Fatty Acid Beta-Oxidation
0.002853 0.033445 Adipogenesis genes
0.003081  0.033445  Signaling by FGFR1
0.003138  0.033445 Activation of RAS in B cells
0.003138  0.033445  The fatty acid cycling model
0.003138 0.033445 The proton buffering model
0.003138 0.033445 Mitochondrial Uncoupling Proteins
0.003151 0.033445 Fatty acid Beta-oxidation
0.003151  0.033445  Metabolism of polyamines
0.003338 0.034818 MAPK signaling pathway
0.003407 0.034824 Biological oxidations
0.003508  0.034824  Glycolysis
0.003511  0.034824  Pathways in cancer - Mus musculus (mouse)
0.003578 0.034916 The citric acid (TCA) cycle and respiratory electron transport
0.003891 0.036351 Fatty acyl-CoA biosynthesis
0.003905  0.036351 gfﬁti?xsrl;?:gggksri?ﬁ%gﬁgg)(IGF) transport and uptake by Insulin-like
0.003905  0.036351 Insulin signaling pathway - Mus musculus (mouse)
0.004109 0.037667 Peroxisome - Mus musculus (mouse)
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Supplementary table 2.8 (continued).

p-value g-value Pathway

0.004651 0.040783  Regulation of ornithine decarboxylase (ODC)

0.004651  0.040783  AMPK inhibits chREBP transcriptional activation activity

0.004741 0.040976 Mitochondrial fatty acid Beta-oxidation

0.005177 0.043772  Costimulation by the CD28 family

0.005209 0.043772 Downstream signaling of activated FGFR1

0.00575 0.047522  Regulation of actin cytoskeleton - Mus musculus (mouse)

0.005813 0.047522 Human cytomegalovirus infection - Mus musculus (mouse)

0.006095  0.049167 Non-integrin membrane-ECM interactions

0.006236  0.049646  Bladder cancer - Mus musculus (mouse)

0.006632  0.052018  Oxytocin signaling pathway - Mus musculus (mouse)

0.006797  0.052018 Intestinal immune network for IgA production - Mus musculus (mouse)
0.006964  0.052018 Downstream signaling events of B Cell Receptor (BCR)

0.006964  0.052018 Branched-chain amino acid catabolism

0.006964  0.052018  GP generic

0.008016  0.059143  Mineral absorption - Mus musculus (mouse)

0.008478 0.061795 Dopamine degradation

0.008914  0.064202 Asthma - Mus musculus (mouse)

0.009507 0.067665 AGE-RAGE signaling pathway in diabetic complications - Mus musculus (mouse)
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Abstract

Growing evidence suggest that peripheral inflammatory cells alone cannot explain the neurodegenerative
processes observed in multiple sclerosis (MS). Rather, evidence suggests that disease progression and
disability is better correlated with the maintenance of a low-grade persistent inflammation inside the CNS,
driven by local glial cells, such as astrocytes. Considering that the modulation of intracellular Ca levels
is the major modulator of astrocyte signaling, in this work we explored the role of astrocytic calcium
signaling in MS. To do so, we induced EAE in type 2 inositol 1,4,5-triphosphate receptor (IP,R2)-null
animals, whose astrocytes present minimal Ca> elevations in the soma and main processes. No
differences were observed regarding disease progression, as evaluated by the clinical score, however
IP;R2-null animals presented a decreased lesion burden in the cerebellum, compared to Wt littermates.
Also, astrocytes from IP;R2-null animals had increased length and complexity near lesions, compared to
the non-lesioned areas. We hypothesize that in IP;R2-null animals, at a more inflammatory phase of the
disease, astrocytes become more reactive near the lesions, and so are able to control better immune cell

infiltration, resulting in smaller lesions.
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Introduction

Multiple sclerosis (MS) is characterized by an autoimmune reaction against the myelin sheath that
surrounds central nervous system (CNS) axons, leading to demyelination and, consequently, to axonal
and neuronal damage (Sospedra and Martin, 2005). However, growing evidence suggest that T cell-
mediated inflammatory mechanisms alone cannot explain the neurodegenerative processes observed. In
this regard, it was proposed that the innate immune response of resident CNS cells, including microglia
and astrocytes, also plays a role in oligodendrocyte injury and axonal degeneration (Correale and Farez,
2015). Regarding astrocytes, in the disease context, they become hypertrophied and upregulate GFAP
and vimentin, and gliosis is a characteristic feature of demyelinated plaques (Williams et al., 2007).
Moreover, astrocytes may contribute for leukocyte migration to the CNS by secreting both cytokines and
metalloproteinases (Brosnan and Raine, 2013). On the other hand, astrocytes may also play a beneficial
role in MS by secreting factors involved in lesion repair (Voskuhl et al., 2009).

Alterations in intracellular calcium (Caz) levels ([Ca#]) are the major modulator of astrocyte signaling
(Guerra-Gomes et al., 2017; Petravicz et al., 2008; Strokin et al., 2011). Appropriate Ca* signaling is
important for several astrocytic functions, including regulation of gene expression, gliotransmitter release,
local blood flow and morphological plasticity of astrocytic processes (Strokin et al., 2011; Wu et al., 2019).
The most widely accepted mechanism for astrocytic Caz increase is the phospholipase C (PLC)/inositol
1,4,5triphosphate (IP,) pathway. In response to G, G protein-coupled receptor activation, PLC hydrolyses
phosphatidylinositol 4,5-biphosphate to diacylglycerol and IP;, which is going to activate IP, receptors
(IPsRs) and result in Ca* release from the endoplasmic reticulum (Agulhon et al., 2008; Petravicz et al.,
2008; Vardjan and Zorec, 2015). Immunohistochemistry and transcriptomic analysis showed that, in the
CNS, type 2 IP;R (IP;R2) is mainly expressed in astrocytes (Hertle and Yeckel, 2007; Sharp et al., 1999).
In addition, previous /n vifro and in vivo studies showed that genetic deletion of IP,R2 resulted in complete
loss of spontaneous and agonist-evoked IP;R-dependent Ca# increases in astrocytes (Agulhon et al., 2008;
Petravicz et al., 2008). Of interest, Staats and colleagues (2016) observed an overexpression of the /fpor2
gene in the spinal cord of experimental autoimmune encephalomyelitis (EAE) animals (Staats et al.,
2016), and our transcriptomic results also demonstrated an increased astrocytic expression of this gene,
in the cerebellum of EAE animals, at the onset phase of disease (unpublished results).

Thus, considering that EAE animals overexpress /for2in regions affected by the disease and that proper
Caz signaling in astrocytes is crucial for their function, in this work we studied the functional outcome of

“silencing” astrocytes in the EAE mice model.
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Methods

Animals and EAE induction

All experiments were reviewed and approved by the Portuguese national authority for animal
experimentation, Direcdo Geral de Veterindria (ID: DGV9458). Animals were housed and handled in
accordance with the guidelines for the care and handling of laboratory animals in the Directive
2010/63/EU of the European Parliament and the Council.

Animals were housed and maintained in a specific pathogen free environment at 22-24°C and 55%
humidity, on 12 hours (h) light/dark cycles (lights on from 8 a.m. to 8 p.m.) and fed with regular chow
and tap water ad /ibitum. Paper towels were used as environmental enrichment. Paralyzed mice, with
clinical scores above 3, were offered easier access to food and water.

IP;R2-null mice were kindly given by Prof. Alfonso Araque (University of Minnesota, USA) (Navarrete et
al., 2012), under agreement with Prof. Ju Chen (University of San Diego, USA) (Li et al., 2005). Mice
were backcrossed to C57BL/6 for at least five generations in our lab. IP;R2-null and wild-type (Wt)
littermates were obtained in our lab by crossing IP;R2+- mice. Toe clipping was performed on P6-P7 pups
for genotyping and identification.

IP,R2-null female mice and Wt littermates, with 9-15 weeks of age (18.1-26.0 g) were induced with EAE
using a commercially available kit (EK-2110; Hooke Laboratories, USA). Briefly, animals were immunized
subcutaneously with 200 ug of myelin oligodendrocyte glycoprotein 35-55 (MOGss.s), emulsified in
complete Freund’s adjuvant (lot# 0114 and #0126 for experiments 1 and 2, respectively), at the upper
and lower back. Pertussis toxin (PTX) in phosphate buffered saline (PBS) was administered
intraperitoneally 2 and 24h after immunization (227 ng of PTX from lot# 1001 and 90.8 ng per injection
from lot#1007, for experiments 1 and 2 respectively).

Animals were daily weighted and monitored for clinical symptoms of disease. Disease severity was
evaluated as previously described (das Neves et al., 2018), in a blind manner regarding the animals’
genotype. Only one animal, an IP;R2-null, died during the experiment, at day 17 post-induction, and was

excluded from all analysis.

Tissue sample collection

For biological sample collection, EAE animals were sacrificed at the light phase of the diurnal cycle, at
day 16 (active phase of disease, onset phase, experiment 1) and 30 (chronic phase, experiment 2) post-
disease induction. Animals were anesthetized with an intraperitoneal injection of ketamine hydrochloride

(150 mg/kg, Imalgene 1000; Merial, USA) plus medetomidine hydrochloride (0.3 mg/kg, Dorben Vet;
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Pfizer, USA). Under deep anesthesia, mice were transcardially perfused with cold 0.9% saline solution,
and the brain and spinal cord were dissected. For histological analysis, the brain was immediately
embedded in Tissue-Tek O.C.T. compound (Sakura Finetek, Japan), snap-frozen and kept frozen until

further sectioning.

Luxol Fast Blue staining

Serial 20 um sections of frozen cerebellum were cut in the cryostat and collected to SuperFrost Plus
slides (ThermoFisher Scientific, USA), and were posteriorly stained with Luxol Fast Blue as reported
previously (das Neves et al., 2018). The quantification of the total lesioned area was done in 5 non-
consecutive sections per animal, representative of the entire cerebellum, in a blind manner regarding the
animals’ genotype. The sections were visualized with an Olympus BX51 stereological microscope, and
the quantification of the areas was performed with the Visiopharm integrator system software (version
2.12.3.0, Hoersholm, Denmark). The total white matter area was drawn using a 4x objective, and the
lesion areas using the 10x objective. The percentage of lesioned area, for each section, was calculated
by dividing the sum of the lesioned areas by the total white matter area. Statistical analysis was performed

using the average of all sections of the animal.

GFAP immunofiuorescence and 3-dimensional reconstruction of astrocytes

Serial 20 um sections of cerebellum (coronal sections) were stained for GFAP. Sections were fixed in 4%
paraformaldehyde (PFA) in PBS for 30 minutes (min) at room temperature (RT). After antigen retrieval,
with pre-heated citrate buffer (Sigma-Aldrich) in the microwave for 20 min, tissue slices were
permeabilized with PBS-triton 0.3%, for 10 min, and subsequently blocked with 10% fetal bovine serum
in PBS-triton 0.3%, for 30 min. Sections were incubated over-night with rabbit anti-mouse GFAP antibody
in blocking solution (1:200; Dako), and, afterwards, with Alexa Fluor 594 goat anti-rabbit diluted in PBS-
triton 0.3% (1:500; Fisher Technologies, Thermo Fisher Scientific), for 2 hours. After incubation with 4’,6-
diamidino-2-phenylindole (DAPI; 1:200; Invitrogen, Thermo Fisher Scientific), for 10 min, slides were
coversliped with Immumount (Fisher Scientific, Thermo Fisher Scientific). All steps were performed at RT,
except for antigen retrieval, and were followed by a washing step using PBS or PBS-triton 0.3%.

To perform the 3-dimensional reconstruction of astrocytes, 2-4 photographs per animal were taken from
the cerebellum white matter, near lesion regions and in normal appearing white matter (NAWM) regions,
using a confocal microscope (FV1000, Olympus) and the following parameters: 40x objective,

1024x1024 resolution, 1 pm increment. The confocal images were then used to performe the
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morphological reconstruction using the Fiji plugin “Simple Neurite Tracer” (Longair et al., 2011;
Schindelin et al., 2012), as previously described (Tavares et al., 2017). For Sholl analysis, concentric
circles were superimposed on astrocytes, with origin in the cell soma and with 4 um distance from each

other. 5-6 astrocytes were reconstructed per animal, and their average was used for statistical analysis.

Statistical analysis

Statistical analysis was performed using SPSS software (version 23, IBM, USA). Sample normality was
assessed using the Shapiro-Wilk normality test. EAE animals of both genotypes were compared using a
two-tailed unpaired t-test or the Mann-Whitney U test, respectively, for samples with and without a normal
distribution. For the percentage of lesioned area, comparison between genotypes and disease time points
was performed with a two-way ANOVA. The repeated measures ANOVA was used to analyze the results
of the weight, clinical score, total astrocytic length and astrocytic Sholl analysis. The Bonferroni’s multiple
comparison test was used as post-hoc test. The partial eta squared value (n,2) was calculated as a
measure of effect size.

Results are presented as mean + standard error of the mean (SEM) for parametric statistical tests, or
median =+ interquartile range (IQR) for non-parametric statistical tests. For Sholl analysis, results are
presented only as mean. The number of biological replicates (n) are specified in the legend of each figure.

Statistical significance was considered for p < 0.05 (*), p < 0.01 (**), p <0.001 (***), p < 0.0001 (****).
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Results

Similar disease development in IP,R2-null animals and Wt littermates

IP;R2-null animals and Wt littermates immunized with MOG.;; developed disease in a similar fashion
(Figure 3. 1A. Time factor: Fuoso = 92.033, p < 0.0001, n,2 = 0.836; genotype factor: F..5 = 1.036, p =
0.3222; interaction: Fuse = 0.459, p = 0.9945). The animals reached the peak of disease by days 15-
16 post-induction, and this average clinical score was maintained until the end of the experiment, at day
30 post-induction. The weight of both genotypes was also similar along disease development. As
expected, we observed a weight loss in the days following symptoms appearance (Figure 3. 1B. Time
factor: Fuos = 41.698, p < 0.0001, n2 = 0.710; genotype factor: .., = 0.859, p = 0.3669; interaction:
Fuosio = 0.730, p = 0.8528).

On average, IP,R2-null and Wt littermates presented the first clinical symptoms of disease at the same
day post-induction (Figure 3. 1C. t,5= 0.521, p = 0.6088), and they also progressed similarly to a score
of 3 (paralysis of both hind paws) (Figure 3. 1D. U = 32.50, p = 0.5016). Moreover, both genotypes
presented similar clinical scores on the first day of disease (Figure 3. 1E. U = 48.00, p = 0.8703).
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Figure 3. 1 — IP,R2-null EAE animals presented a disease course similar to their Wt EAE littermates.
(A) IP,R2-null and Wt littermates developed EAE in a similar way until the end of the experiment (day 30), presenting
no differences regarding the clinical score. (B) Also, the weight variation was similar between genotypes, having
both groups lost weight after the appearance of clinical symptoms of disease. (C) IP,R2-null and Wt littermates

presented the first symptoms of disease and (D) reached a clinical score of 3 on average on the same day. (E) The
(Continues)
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score given on the first day of disease was similar between genotypes. Data from one representative experiment is

presented as mean + SEM or median + IQR. n,= 10, Npsou= 8 in (D); Ny = 10, Npaonw= 10 for remaining graphs.

Decreased lesion burden in the cerebellum of IP;,R2-null animals at the onset phase of disease

Even though no differences were observed between genotypes regarding their clinical score, which is
mainly dependent on lesion burden at the spinal cord, we next wanted to evaluate if the lesion burden
was altered in the cerebellum, which is also affected in EAE and MS. To do so, we quantified the
percentage of lesioned area in the cerebellum white matter (Figure 3. 2A), at a more active phase of the
disease, the onset phase (day 16), and later at the chronic phase (day 30). As previously published by
our group (das Neves et al., 2018), we found a decreased percentage of lesioned area at the chronic
phase of disease compared to the onset phase. Interestingly, at the onset phase, the IP,R2-null animals
showed a significant decrease in lesion burden compared to their Wt littermates (Figure 3. 2B. Time point
factor: F,; = 54.259, p <0.0001 , n,2 = 0.702; genotype factor: F,,; = 10.636, p = 0.0034, n,2 = 0.316;
interaction: F, = 20.308, p = 0.0002, n,2 = 0.469).
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Figure 3. 2 - IP.R2-null presented a decreased percentage of lesion area compared to Wt animals,
at the onset phase of disease.

(A) Both groups of EAE animals presented lesioned areas, characterized by inflammatory infiltrates and paler blue
staining with LFB [scale bars indicate 1 mm for lower magnification (left) and 100 um for higher magnification

(Continues)
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(right)]. (B) The percentage of white matter area occupied by these lesions was decreased in IP,R2-null animals
compared to Wt littermates, at the onset phase of disease. Data presented as mean + SEM. Ny o= 47 Nisrort onces =
4 Nyrone= 105 N enenc= 9. p < 0.001, *** p < 0.0001. GL - granular layer; LFB — Luxol Fast Blue; ML -

molecular layer; WM - white matter.

Increased astrocytic complexity near lesion regions in IP,R2-null animals

Since we observed differences between genotypes regarding the total white matter area occupied by
lesions, at the onset phase of disease, we next reconstructed astrocytes near these lesion regions and
compared with astrocytes from regions where the white matter appeared normal (NAWM) (Figure 3. 3A).
Representative images of the astrocytes reconstructed are presented in Figure 3. 3B. Regarding the total
astrocytic length, we observed that astrocytes located near lesion regions were significantly longer than
astrocytes from the NAWM, but this was only significant for the IP,R2-null animals (Figure 3. 3C. Region
factor: F.q = 11.820, p = 0.0138, n,2 =0.663; genotype factor: F.o= 0.657, p = 0.4485; interaction: F
=7.682, p = 0.0324, n2 = 0.561). Moreover, IP,R2-null astrocytes were also more complex, presenting
more ramifications, near lesion regions compared to NAWM regions (Figure 3. 3D. Region factor: F¢ =
17.413, p = 0.0059, n,2 =0.744; genotype factor: F., = 0.192, p = 0.6765; radius factor: Fis.s =
261.762, p < 0.0001, n,2 =0.978; region*genotype interaction: F,, = 9.401, p = 0.0221, n,> =0.610;
radius*genotype interaction: Fusie = 1.049, p = 0.4129; region*radius interaction: Fs15 = 0.814, p =
0.6799; region*radius*genotype interaction: Fus109 = 0.521, p = 0.9429).

At the chronic phase of disease, no differences were observed between genotypes or cerebellum regions
(Supplementary figure 3. 1. Total length: region factor: F,, = 3.914, p = 0.0952; genotype factor: Fq=
1.037, p = 0.3478; interaction: F,s = 1.942, p = 0.2129. Sholl analysis: Region factor: F,¢ = 2.643, p =
0.1551; genotype factor: F., = 0.673, p = 0.4434; radius factor: Fy..9 = 251.819, p < 0.0001, 2 =
0.977; region*genotype interaction: F,, = 1.510, p = 0.2651; radius*genotype interaction: F;.: = 0.566,
p = 0.9436; region*radius interaction: F;.: = 1.647, p = 0.0419, n, = 0.215; region*radius*genotype
interaction: Fps.: = 0.700, p = 0.8392).
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Figure 3. 3 — At the onset phase of disease, astrocytes from IP;R2-null animals were more complex
near lesion regions.

(A) Representative images of cerebellum sections immunostained for GFAP (scale bar represents 20 um). (B)
Representative drawings of astrocytes reconstructed using the Simple Neurite Tracer plugin of Fiji (scale bar
represents 20 um). (C) At the onset phase of disease, IP.R2-null mice presented longer astrocytes near lesion
regions compared to NAWM regions, while Wt animals’ astrocytes were similar in both regions. (D) IP,R2-null
animals also presented astrocytes more complex near lesion regions, compared to NAWM regions, as evaluated
by the Sholl analysis. Data presented as mean + SEM for total length and as mean for Sholl analysis. n = 4 per
experimental group, 5-6 astrocytes reconstructed per animal. ** p < 0.01. L — lesion, NAWM - normal appearing

white matter, WM - white matter.
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Discussion

It is well known that astrocytes play diverse and important roles both in physiological and pathological
conditions. In this regard, astrocytic intracellular Caz signaling has gained increased attention since these
cells are electrically not excitable, but present robust spontaneous and stimulus-induced Caz transients
(Okubo et al., 2019; Shigetomi et al., 2016). In fact, alterations in glial Caz signaling were suggested to
be associated with different neuropathologies (Nedergaard et al., 2010; Shigetomi et al., 2016). In stroke,
the propagation of the infarction was associated with aberrant astroglial Caz waves, which in turn induced
waves of astroglial glutamate release that resulted in distant excitotoxicity (Nedergaard et al., 2010). /n
vivo imaging studies have also suggested that astrocytic Caz homeostasis and signaling is altered in an
Alzheimer’'s disease mice model, particularly in astrocytes surrounding amyloid beta plaques (Kuchibhotla
et al., 2009; Nedergaard et al., 2010; Shigetomi et al., 2016).

In this work we sought to explore the role of astrocytic Caz signaling in MS. To do so, we induced EAE in
IP;R2-null animals, which present “silent” astrocytes, with minimal Caz elevations in the soma and main
processes. Regarding the clinical score of the animals, we did not find differences between genotypes,
however IP;R2-null animals presented a decreased lesion burden in the cerebellum, compared to Wt
littermates. In the IP,R2-null animals, this was accompanied by a significant increase in astrocytic length
and complexity near lesions, compared to the NAWM. We hypothesize that in IP;R2-null animals, at a
more active phase of the disease, astrocytes become more reactive near the lesions, and so are able to
control better cell infiltration, resulting in smaller lesions.

Our results go along with studies performed in other disease models, which have shown a phenotype
improvement after IP;R2 ablation. In particular, IP,R2 ablation in the APPPS1 mice model of Alzheimer's
disease (Apppsl x IP,R2+) was able to improve spatial memory deficits, in comparison with diseased
animals presenting functional astrocytic Ca> signaling (Appps1+ x IP,R2+) (Reichenbach et al., 2018). In
another study, using a model of brain ischemia, IP-R2-null animals exhibited reduced brain damage,
neuronal death and tissue loss, compared to Wt mice, which resulted in improved functional behavioral.
However, in this study the authors refer an attenuation of the reactive astrogliosis, characterized by a
decreased density of GFAP positive cells (Li et al., 2015), while we suggest that the decrease in the
lesioned area observed in IP;R2-null animals is accompanied by an increased astrocytic reactivity. It is
conceivable that different pathologies present differences in the inflammatory mediators produced,
resulting in different states of astrocytic reactivity, and also that the same activation state could be
beneficial in the context of a disease, but deleterious in another. Even in the context of EAE model,

different results were observed after targeting astrogliosis. In one study, EAE mice treated with MWO1-5-
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188WH, a drug that targets glial activation, for 30 days, starting on the day of induction, presented an
amelioration of the clinical score, accompanied by a partial rescue of oligodendrocytes from cell death
(Guo et al., 2007). In another study, GFAP-thymidine kinase mice induced with EAE and treated with
ganciclovir, since day 7 post-immunization, to ablate proliferating reactive astrocytes, exhibited a rapid
acute EAE course that was significantly more severe (Voskuhl et al., 2009).

Herein, after EAE induction, we showed that IP,R2-null animals presented decreased lesion burden in the
cerebellum in comparison with Wt littermates and this was probably associated with increased astrocytic

length and complexity near lesion regions.
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Supplementary figure 3. 1 — At the chronic phase of disease, astrocytes from both genotypes and
white matter sub-regions were similar.

(A) Total length and (B) Sholl analysis of astrocytes reconstructed from IP,R2-null animals and Wt littermates, near
lesions or at NAWM regions. Data presented as mean + SEM for total length and as mean for Sholl analysis. n= 4

per experimental group, 5-6 astrocytes reconstructed per animal.
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In multiple sclerosis (MS), cognitive dysfunction is common but difficult to treat. We analyzed the impact of
dimethyl fumarate, an MS drug with neuroprotective properties, in spatial memory performance in a mouse
model of MS and looked for structural correlates in the hippocampus. Treated mice presented better cognitive
performance which was not associated with structural hippocampal damage but with decreased demyelination
in the fimbria. Dimethyl fumarate, even if initiated after hindlimb paralysis, ameliorated memory deficits in the
MS mouse model due, at least in part, to its positive impact in the demyelination of the main hippocampal output

1. Introduction

Multiple sclerosis (MS) is a chronic immune-mediated demyeli-
nating disease of the central nervous system (CNS) (Compston and
Coles, 2008; Noseworthy et al., 2000; Steinman, 2001). In developed
countries it is the second cause of neurological disability in young
adults, with high burden for the patient and his family, and also for the
health system (Borreani et al., 2014; Kobelt et al., 2017). MS patients
present a strong immune response directed against the myelin sheath of
CNS axons (Compston and Coles, 2008), and the hallmarks of the dis-
ease are focal demyelination, inflammation, glial scar formation and
axonal damage (Lucchinetti et al., 2005). Lesion plaques are wide-
spread in the patients' brain, consequently leading to a wide range of
clinical symptoms, including motor, cognitive and neuropsychiatric
problems (Chiaravalloti and DeLuca, 2008).

Cognitive impairments have a great negative influence on the daily
life and employment of MS patients, constituting a heavy burden not
only for the patient, but also for the family and healthcare and social
welfare systems (Muckschel et al., 2016; Rao et al., 1991). Several
studies have reported cognitive impairments in early phases of MS, and

even in patients with clinically isolated syndrome (CIS) (reviewed in
(Muckschel et al., 2016)). Different cognitive functions were found to
be affected, such as attention, information processing efficiency, ex-
ecutive functioning, processing speed and long-term memory (reviewed
in (Chiaravalloti and DeLuca, 2008) and (Guimaraes and Sa, 2012)).
Moreover, deficits in spatial memory are commonly found. Some of
these deficits are likely caused by damage to the hippocampus, a critical
structure for learning and memory (Roosendaal et al., 2010).

Studies suggest that cognitive deficits could be better explained by
irreversible demyelination and consequent neuronal damage, than by
acute inflammatory activity (Geurts and Barkhof, 2008). Therefore,
drugs able to confer neuroprotection in addition to modulating the
immune response, could present better results in the prevention and
improvement of cognitive deficits. One of these drugs is dimethyl fu-
marate (DMF), which was found to interfere with the cellular redox
system and to exert a neuroprotective role (Linker et al., 2011).

In the MS animal model of experimental autoimmune en-
cephalomyelitis (EAE), it was shown that the neuroprotective role of
DMF in later stages of the disease is dependent on the function of nu-
clear factor erythroid-related factor 2 (Nrf2) (Linker et al., 2011). The
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Nrf2 pathway is involved in the regulation of the oxidative and meta-
bolic stress response (Burness and Deeks, 2014). Moreover, a recent
study has also found that DMF can present clinical and immunological
benefits independently of Nrf2, in an earlier and more inflammatory
phase of EAE (Schulze-Topphoff et al., 2016).

Considering the possible association between cognitive impairment
and neurodegeneration, and the neuroprotective role of DMF, the main
objective of this work was to evaluate the effect of DMF on cognitive
performance in the EAE mouse model. We used a spatial reference
memory task to evaluate the cognitive performance of animals, and
then performed several analyses on the structure of the dorsal hippo-
campus, to correlate with the behavioral performance. More specifi-
cally, we estimated hippocampal volume and cell density, reconstructed
neurons from the granular and pyramidal layers, assessed cell pro-
liferation in the subgranular zone (SGZ) and evaluated the myelination
of the main output tract (the fimbria). In addition, we also assessed
astrocytic and microglial activation.

We concluded that, when compared with no treatment, DMF re-
sulted in better spatial reference memory performance of EAE mice.
Intriguingly, we could only correlate this with decreased demyelination
of the fimbria, as we did not observe differences in the hippocampal
volume, in hippocampal neuronal morphology, pyramidal and granular
cell numbers, or in hippocampal cell progenitor proliferation.

2. Materials and methods
2.1. Animals

All experiments were conducted in accordance with the Portuguese
national authority for animal experimentation, Direccdo Geral de
Veterindria (ID: DGV9457). Animals were housed and handled in ac-
cordance with the guidelines for the care and handling of laboratory
animals in the Directive 2010/63/EU of the European Parliament and
Council.

Animals were acquired from Charles River (Barcelona, Spain),
housed and maintained in an SPF facility at 22-24 °C and 55% hu-
midity, on 12 h' light/dark cycles (lights on at 8 a.m.), and fed with
regular rodent's chow and tap water ad libitum.

2.2. EAE induction and experimental groups

Female C57BL/6J wild-type mice were used to induce EAE. Disease
induction was performed at 9-11 weeks of age, using a commercial kit
(EK-2110; Hooke Laboratories, Lawrence, MA, USA), according to the
manufacturer's instructions. This experiment was repeated twice.
Briefly, animals were immunized subcutaneously with 200 pg of myelin
oligodendrocyte glycoprotein 35-55 (MOGs3s_s5), emulsified in com-
plete Freund's adjuvant (CFA), at the upper and lower back (100 pL of
emulsion per site of injection). Pertussis toxin (PTX) in phosphate
buffered saline (PBS) was administered intraperitoneally after 2 and
24 h of immunization (227 ng of PTX per injection). Non-induced age-
matched female littermates were used as controls. Non-induced animals
were injected subcutaneously with an emulsion of PBS in CFA (Difco
Laboratories, Detroit, USA), and were injected with PTX at the same
concentration and timepoints as the EAE animals.

Animals were daily weighted and monitored for clinical symptoms
of disease, and the evaluation of the clinical disease score was per-
formed with the experimenter blinded to the treatment group. Animals
were treated by oral gavage, two times per day, starting on day 18,
accordingly to Linker et al. (2011) (Linker et al., 2011). On day 18,
animals were scored and weighted, and EAE animals were divided in
two groups of equal size (DMF-treated and vehicle-treated). Animal
division ensured that both treatment groups had the same average
clinical score and weight, on the first day of treatment. EAE animals
were treated with vehicle solution, 0.8% hypromellose (Sigma-Aldrich,
St. Louis, Missouri, USA), or with 15 pg/g of DMF (Sigma-Aldrich) in
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0.8% hypromellose. Non-induced animals were treated with vehicle
solution and followed the same treatment timeline.

Disease severity was assessed as previously described (Stromnes and
Goverman, 2006), with few changes, as follows: 0 — no clinical symp-
toms; 0.5 — partially limp tail; 1 — paralyzed tail; 1.5 — at least one hind
limb falls through consistently when the animal is placed on a wire
rack; 2 — loss in coordinated movement, wobbly walk; 2.5 — dragging of
hind limbs; 3 - paralysis of both hind limbs; 3.5 — hind limbs paralyzed
and weakness of forelimbs; 4 — complete hind limbs paralysis and
partial forelimbs paralysis; 4.5 — animal is not alert, no movement; 5 —
moribund state or death. Paralyzed mice were offered easier access to
food and water.

Three animals were excluded from all analyses because they did not
present clinical symptoms of EAE throughout the entire experiment.
Another three animals had to be sacrificed taking into account humane
endpoints, not disease-related, and were also excluded from all ana-
lyses.

2.3. Cognitive behavioral assessment — Morris water maze (MWM)

The cognitive behavioral assessment was performed during the
mice-resting period (between 8 a.m. and 8 p.m.). Before behavioral
assessment, mice were transported to the testing room and left for ha-
bituation to room conditions for 30 min. Behavioral data analysis was
performed with the experimenter blinded to the treatment group, and
only animals with a clinical score equal or inferior to 2.5 performed the
behavioral task.

To assess spatial reference memory, mice were tested in a circular
pool (116 cm diameter) filled with water (24-25 °C) placed in a dimly
lit room. Titanium oxide (IV) (Sigma-Aldrich) was added to the water to
give it a white color, to allow the tracking system to distinguish mice
from the background. The pool was divided in four imaginary quad-
rants, and a spatial cue was placed in the wall near each quadrant
(square, stripes, triangle and a cross). A platform with 11 cm of dia-
meter was hidden in one of the quadrants (stripes). Data was collected
using a fixed camera placed in the ceiling and connected to a video-
tracking system (Viewpoint, Champagne-au-Mont-d'or, France).

Mice had to learn the position of the hidden platform over a period
of four days. Each day, mice were placed facing the wall of the pool for
a total of 4 trials per day. In each trial, the mice started from a different
quadrant, and the sequence of quadrants was different every day. Each
trial was completed whenever the mouse reached the platform or when
60 s elapsed. Latency to reach the platform (latency to platform) and
the distance swam until reaching the platform (distance to platform)
was recorded for each trial during the four days. On the fifth day, the
platform was removed and a trial of 30 + 30 s was performed (probe
trial). During the probe trial, the percentage of time and of distance that
each mouse swam in each quadrant was recorded to confirm the ac-
quisition of platform location through reference memory.

2.4. Animals sacrifice

Non-induced, vehicle- and DMF-treated EAE animals were sacrificed
at the light phase of the diurnal cycle, at days 40-41 post-EAE induc-
tion. Animals were anesthetized with an intraperitoneal injection of
ketamine hydrochloride (150 mg/kg, Imalgene 1000) plus medetomi-
dine hydrochloride (0.3 mg/kg, Dorben).

For stereology and Golgi analysis, mice were transcardially perfused
with cold 0.9% saline solution, and the brains were removed. For ste-
reology analysis, one brain hemisphere was posteriorly fixed in 4%
paraformaldehyde (PFA), with constant agitation for at least 24 h, and
kept in 4% PFA until further processing. For Golgi analysis, the other
brain hemisphere was immersed in Golgi-Cox solution for 21 days and
then was transferred to a 30% sucrose solution until further processing.

For histological analysis, mice were transcardially perfused with
cold 0.9% saline solution, followed by perfusion with 4% PFA. The
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brains were then collected, left in 4% PFA for 24 h, and switched to a
30% sucrose solution for 24 h. The brains were then embedded in
Tissue-Tek O.C.T. compound (Sakura Finetek, Japan), snap-frozen and
kept frozen until further sectioning.

The brains of the animals that were able to perform the MWM were
processed for stereology and Golgi analysis, while the brains of those
that did not perform the behavioral task were processed for histological
analysis.

2.5. Stereology analysis

Brains were processed for stereology according to the method de-
scribed previously (Keuker et al., 2001). Briefly, brains were embedded
in glycomethacrylate (Tecnovit, 7100; Heraeus Kulzer, Werheim, Ger-
many) and 30 um-thick sections were obtained using a microtome.
Every other section was collected into non-coated glass slides, were
stained with Giemsa and cover-slipped using Entellan (Merck, Darm-
stadt, Germany). Each brain was coded to keep the experiment blind to
the experimental group. The hippocampal formation was analyzed ac-
cording to its main anatomical divisions: dentate gyrus (DG) (molecular
layer, granular layer and hilus), cornu ammonis (CA) 3 and CA1 (strata
oriens, pyramidale and radiatum). Volumes of the different hippocampal
subregions were determined using the Cavalieri's principle (Gundersen
et al., 1988). Briefly, every eighth section was used and its' cross-sec-
tional area was estimated by point counting. For this, we randomly
superimposed onto each area a test point grid in which the interpoint
distance, at a tissue level, was 150 um for the DG and 200 ym for CA3
and CA1 regions. The volume of the region of interest was calculated
from the number of points that felt within its boundaries and the dis-
tance between the systematically samples sections. Average neuronal
cell density numbers were estimated using the optical fractionator
method (West et al., 1991). Briefly, using the same sections drawn
before, a grid of virtual three-dimensional boxes for granule cell layer of
the DG (20x20x15) and for pyramidal cell layer of CA1 and CA3 regions
(40x40x15) was superimposed onto each section and neurons were
counted whenever their nucleus (identified by size, shape and a pro-
minent nucleoli) came into focus within the counting box. Volume and
neuronal number estimations were performed using Stereo Investigator
software (MBF Bioscience, Williston, VT, USA) and a motorized mi-
croscope (Olympus, Hamburg, Germany).

2.6. Hippocampal neurons morphology

To assess the three-dimensional (3D) dendritic morphology of hip-
pocampal neurons we used the Golgi-Cox method. Coronal sections
200 pum-thick were cut on a vibratome, were collected in 6% sucrose
and blotted dry onto gelatin-coated microscope slides. They were sub-
sequently alkalinized in 18.7% ammonia, developed in Dektol (Kodak,
Rochester, NY, USA), fixed in Kodak Rapid Fix, dehydrated, xylene
cleared, mounted and coverslipped with Entellan (Merck). All incuba-
tion steps were performed in a dark room. Five to eight Golgi-im-
pregnated neurons, from the DG and CAl, were reconstructed, and the
average of each animal was used for statistical analysis. The following
criteria were used to select the neurons to reconstruct: (1) full Golgi-
impregnation along the dendritic tree; (2) complete dendrites without
truncated branches; and (3) relative isolation from neighboring im-
pregnated neurons, astrocytes or blood vessels to avoid interference
with the analysis. Slides containing the region of interest were ran-
domly searched and the first five to eight neurons fulfilling the criteria
(maximum of 3 neurons per section) were selected. For each selected
neuron, all branches of the dendritic tree were reconstructed using the
x100 (immersion oil) objective of a motorized microscope (Axioplan 2,
Carl Zeiss, Germany) and using the Neurolucida software (MicroBright
Field, Williston, VT, USA). A 3D analysis of the reconstructed neurons
was performed using the NeuroExplorer software (MicroBright Field).
Dendritic morphology was examined by the total dendritic length and

Journal of Neuroimmunology 340 (2020) 577163

arrangement of dendritic material using a 3D version of sholl analysis
(Sholl, 1956) of intersections. The number of dendritic intersections
with concentric spheres positioned at radial intervals of 10 um from the
soma was registered.

2.7. Immunofluorescence

Hippocampal coronal slices were double stained for Ki67 and dou-
blecortin (DCX) to evaluate cell proliferation. Briefly, the slides were
permeabilized with PBS-triton 0.3% for 10 min. After washing with
PBS, the slides were transferred to pre-heated citrate buffer (Sigma-
Aldrich), left in the microwave for 20 min, and then washed with PBS.
Blocking was performed with 10% fetal bovine serum (FBS) in PBS-
triton for 30 min. Slides were then incubated over-night, at room
temperature (RT), with the primary antibodies rabbit anti-Ki67 (1:300;
Millipore, Billerica, MA, USA) and goat anti-DCX (1:300; Dako,
Glostrup, Denmark). After washing with PBS-triton, slides were in-
cubated with the secondary antibodies donkey anti-goat 488 (1:500,
Invitrogen, Life Technologies, Carlsbad, CA, USA) and donkey anti-
rabbit 594 (1:500, Invitrogen), for 2 h at RT. After washing with PBS-
triton, the nuclei were stained with DAPI (1:1000, Invitrogen) for
10 min at RT. Slides were washed with PBS and mounted with
Immumount (Fisher Scientific, Thermo Fisher Scientific, Waltham, MA,
USA).

Proliferation densities were estimated in the SGZ of the DG as a ratio
between the total number of immunostained cells and the area of the
SGZ. For each animal, a minimum of three sections were analyzed,
including both the right and left brain hemispheres. The SGZ area was
evaluated using an Olympus BX51 optical microscope (Olympus) and
Stereo Investigator software (MBF Bioscience). The double staining was
evaluated using a confocal microscope (FV1000 Olympus) and the
FV10-ASW software (Olympus). Ki67 positive and double stained cells
were counted for each section, by an observer naive to the animals'
experimental group, and the average of each animal was used for sta-
tistical analysis.

To evaluate astrocytic and microglial activation, coronal brain slices
were stained for glial fibrillary acidic protein (GFAP) (mouse, 1:200,
Novocastra, Wetzlar, Germany) and calcium-binding adapter molecule
1 (Ibal) staining (rabbit, 1:250, Wako Chemicals, VA, USA). After
fixation in 4% PFA, sections were incubated with blocking solution
(1 nM HEPES, 2% heat-inactivated horse serum, 10% heat-inactivated
FBS, 1% BSA and 0.25% Triton X-100 in HBSS) for 1 h at RT. Slices
were then incubated with primary antibodies diluted in blocking so-
lution for 24 h, at 4 °C, following incubation with the secondary anti-
bodies goat anti-mouse 594 (1:1000, Invitrogen) and goat anti-rabbit
488 (1:1000, Invitrogen). To identify the total number of cells, nuclei
were stained with Hoechst 33258 dye (1:1000). Fluorescent images
were acquired using a confocal microscope (Confocal Point Scanning
Microscope Zeiss LSM 710 META, Carl Zeiss) using a 20/1.2 (zoom).
Binary masks were defined using a cut-off intensity threshold value for
each region of interest, which corresponds to a minimum intensity due
to specific staining above background values. The number of Ibal and
GFAP positive cells were counted in sections from different animals, by
an observer naive to the animals' experimental group. The number of
cells was normalized to the area of interest, the fimbria, and the average
of each animal was used for statistical analysis.

2.8. Assessment of myelination

Hippocampal coronal slices (intercalated with the ones used for
immunostaining) were stained for Luxol Fast Blue (LFB) and visualized
by light microscopy to assess the degree of demyelination. Slides were
allowed to dry overnight (approximately 16 h) at RT. Then, they were
incubated with 0.1% LFB solution in 96% ethanol and 10% acetic acid
overnight at 56 °C. The excess of dye was removed by washing with
distilled water. Tissue differentiation was performed using 0.05%
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lithium carbonate solution followed by 70% ethanol, and these steps
were repeated until the white and gray matter were distinguishable.
The slices were then rinsed with distilled water and counterstained with
hematoxylin (Merck) for 10 min at RT, and rinsed with tap water for
5 min. Hydrochloric acid was used to differentiate the slices followed
by water one last time for 5 min. Finally, the slides were allowed to dry
on air, and were mounted with Entellan (Merck). The images were
taken using an optical microscope, Leica DC 100 camera (Leica,
Wetzlar, Germany) using the x10 objective under a bright field. Then
the level of myelination was quantitatively evaluated by determining
the percentage of brain area that was stained with LFB, using the Fiji
software (Schindelin et al., 2012).

2.9. Statistical analysis

Results are presented as mean * standard error of mean (SEM), for
parametric statistical tests, or median and interquartile range (IQR), for
non-parametric statistical tests, and as the average of the two in-
dependent experiments performed (Supplementary tables 1 and 2). The
number of biological replicates (n) of the representative independent
experiments is specified in the legend of each figure. Sample normality
distribution was tested using the Shapiro-Wilk normality test. Data from
the reference memory and sholl analysis was analyzed using a two-way
repeated measures ANOVA, and differences between groups compared
with the post hoc Tukey's test. The remaining data was analyzed using a
parametric one-way ANOVA with the post hoc Tukey's test, or the non-
parametric Kruskal-Wallis test with Dunn's multiple comparison test,
when at least one of the groups did not present a normal distribution.
To quantify the strength of the differences, the partial eta-squared (n,?)
(0.02 was considered a small-, 0.13 a medium- and 0.26 a large-effect
size) or the eta-squared (nz) (0.01 was considered a small-, 0.06 a
medium- and 0.14 a large-effect size) were calculated as a measure of
effect size. Partial eta-squared values were calculated with the SPSS v24
(SPSS Inc., Chicago, Illinois, USA), and eta-squared values were calcu-
lated according to Tomczak and Tomczak (2014) (Tomczak and
Tomczak, 2014). Statistical significance was considered for p < 0.05
(™, p <0.01 (*%), p <0.001 (***), p < 0.0001 (****). Statistical
analyses were performed with the GraphPad Prism 6.01 (GraphPad
Software, Inc., La Jolla, San Diego, CA, USA) and the SPSS.

3. Results

3.1. C57Bl/6J mice inmunized with MOG3s_s5 developed a chronic disease
course

Non-induced animals maintained a similar weight until the end of
the experiment (Fig. 1A). On the other hand, EAE animals started losing
weight by day 11 post-EAE induction (Fig. 1A), when they started
presenting the first clinical symptoms of disease (Fig. 1B). By day 17,
EAE animals had lost around 15% of their initial weight, and main-
tained that weight until the end of the experiment (Fig. 1A). Con-
sidering that only animals with a clinical score equal or inferior to 2.5
were able to perform the MWM task, we verified if there were differ-
ences in the clinical score between the vehicle- and DMF-treated ani-
mals during the testing days, and found no significant differences
(Fig. 1C).

3.2. DMF treatment improved the cognitive performance of EAE animals

Non-induced and EAE animals of both treatment groups performed
a reference memory task after 18 days of treatment. During the first
4 days of MWM, animals had to learn the location of a hidden platform
in a swimming pool. In each day, four trials were performed, and the
average of the four trials was used for statistical comparison between
groups, to compare the learning curve of each group. In the fifth day, a
probe trial was performed, to evaluate the animals' recollection of the
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platform location. As mentioned before, during the five days of testing
the clinical scores were not different between the two EAE groups
(Fig. 1C).

Throughout the four days of reference memory task, EAE animals
treated with DMF presented a learning curve similar to the non-induced
animals (Fig. 2A). On the other hand, EAE animals treated with vehicle
were not able to learn the location of the platform (Fig. 2A) (two-way
repeated measures ANOVA, time factor — F(3 93y = 8.249, p < 0.0001,
npz = 0.210; group factor — F5 31y = 3.727, p = 0.0354, np2 = 0.194;
interaction — F 93y = 1.553, p = 0.1699).

In addition, non-induced animals significantly reduced the distance
swam to reach the platform, indicating that they took shorter paths
from day to day (Fig. 2B). EAE animals from both treatment groups did
not present such a significant decrease in the distance swam until
reaching the platform, throughout the days (Fig. 2B) (two-way repeated
measures ANOVA, time factor - Fi3o3y = 15.554, p < 0.0001,
ny> = 0.334; group factor - Fiz 31y = 4.715, p = 0.0163, n,> = 0.233;
interaction — Fg 03y = 2.560, p = 0.0244, npz = 0.142). Considering
that EAE animals treated with vehicle took longer to reach the platform
but swam distances similar to DMF-treated EAE mice, we concluded
that this group swam without purpose for longer periods of time com-
pared to the animals treated with DMF. In line with this, the average
swimming speed was not different between both EAE groups but, as
expected, significantly decreased when compared with non-induced
animals (Fig. 2C) (two-way repeated measures ANOVA, time factor —
Fsosy = 1534, p = 0.211; group factor — F53;) = 13.943,
p < 0.0001, npz = 0.474; interaction — F 93y = 1.853, p = 0.0973).

In the probe trial, vehicle-treated EAE animals spent significantly
less time, and swam less distance, in the platform quadrant, i.e., in the
stripes quadrant, while the DMF-treated EAE animals spent almost the
same time as non-induced animals (Fig. 2D and E) (percentage of time —
one-way ANOVA, F, 31y = 4.270,p = 0.023, n? = 0.216; percentage of
distance —Kruskal-Wallis, X(zz) = 5.849, p = 0.0537). Interestingly, and
also in the probe trial, EAE animals treated with vehicle spent more
time in the quadrant from where they were dropped, compared to the
other two groups (Fig. 2F) (cross quadrant — Kruskal-Wallis test,
X&) = 3.766, p = 0.1522; square quadrant — Kruskal-Wallis test,
x(zz) = 6.236, p = 0.0443, 12> = 0.125; triangle quadrant — one-way
ANOVA, F(534) = 0.5050, p = 0.608).

Overall, these results suggest that animals treated with DMF do not
show the spatial learning deficits revealed by their non-treated EAE
counterparts.

3.3. EAE induction and DMF treatment did not affect the dorsal
hippocampal volume nor the dendritic arborization of dorsal hippocampal
neurons

To evaluate the cognitive performance of the animals we performed
a reference memory task, which is mostly dependent on the dorsal
hippocampus. For that reason, after sacrificing the animals, at days
40-41 post-EAE induction, we studied the dorsal hippocampus struc-
ture and neuronal morphology. At the sacrifice, one brain hemisphere
was processed for Golgi staining and the other hemisphere for Giemsa
staining.

For the 3D morphological reconstruction of neurons, a minimum of
5 neurons per animal was drawn in each region, and the average
measures for each animal were used for statistical comparison. Due to
technical difficulties, we were not able to reconstruct CA3 neurons.
Representative images of the reconstructed DG and CA1l neurons are
presented in Fig. 3C and H. The total dendritic length and the ramifi-
cation of DG granular neurons were similar between the three groups
analyzed (Fig. 3A and B) (length - one-way ANOVA, F;19) = 0.872,
p = 0.434; sholl analysis - two-way repeated measures ANOVA, radius
factor — Fa7513) = 304.9, p < 0.0001, npz = 0.941; group factor —
F(2)19) = 07625, p = 0.4803; interaction — F(54’513) = 0.4829, p =
0.9993). Likewise, the total length and ramification of both the basal
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Fig. 1. — EAE animals treated with vehicle or DMF presented a
similar disease course. EAE animals started losing weight
around day 11 (A), when the first clinical symptoms of disease
began (B). Diseased animals presented a chronic disease
course, characterized by an increase in the clinical score until
around day 17, and maintaining a similar clinical score for the
remaining time of the experiment (B). Treatment with DMF or
vehicle solution started at day 18 post-EAE induction, and
both treatment groups presented a similar disease course until
the end of the experiment (B). Only animals with clinical
scores equal or inferior to 2.5 performed the MWM, and the
average clinical score of both treatment groups was similar
during the testing days (C) (Non-induced = 14, Npap = 42, Npag
treated with vehicle = 20 in (B) and 10 in (C), NgAE treated with
pvr = 22 in (B) and 10 in (C). Data presented as
mean * SEM).

!

0 10 20 30
Days post-EAE induction

w
@

40

5 o ERERE

] =

2 3{ © O 3 ¢ s III i!!iiii!!

g 21 MWM day . !iIII%f;iii{i%i

=

G h
0 '- e = v
0 10 20 30 40

Days post-EAE induction

and apical CAl dendrites did not differ significantly between experi-
mental groups (Fig. 3D-G) (CAl basal length — one-way ANOVA,
Fo18) = 0.4459, p = 0.6471; CAl basal sholl analysis — two-way re-
peated measures ANOVA, radius factor - Fpza149 = 327.9,
p < 0.0001, qu = 0.948; group factor — F5 1) = 0.4257,p = 0.6598;
interaction — F46 414y = 0.5601, p = 0.9913; CAl apical length — one-
way ANOVA, F3 15 = 0.664, p = 0.5271; CAl apical sholl analysis —
two-way repeated measures ANOVA, radius factor — Fyg ge4y = 243.3,
p < 0.0001, np2 = 0.931; group factor — F(5 15y = 0.5804, p = 0.5698;
interaction — Fog ge4y = 0.9119, p = 0.7115). These results suggest that
EAE induction and DMF treatment do not induce dendrite remodeling
in DG and CA1 neurons.

For the hippocampal structural analysis, the hippocampus was di-
vided in DG, CAl and CA3, and each region was sub-divided in three
other regions. The DG was sub-divided in granular, molecular and hilus
layers (Fig. 4A). The CAl and CA3 were sub-divided in pyramidale,
radiatum and oriens layers (Fig. 4A). We did not find differences be-
tween the volumes of these sub-regions in the three experimental
groups, for that reason, the results for each region — DG, CA1 and CA3 -
are presented as the sum of the volume of their respective sub-divisions.
All three groups presented similar DG, CAl1 and CA3 volumes, in-
dicating that neither EAE induction nor DMF treatment altered hippo-
campal volume (Fig. 4B) (DG - one-way ANOVA, F; 1) = 0.634,p =
0.541; CAl - one-way ANOVA, F5 19y = 1.403, p = 0.270; CA3 — one-
way ANOVA, F310) = 1.342, p = 0.285).

Likewise, non-induced animals and EAE animals treated with ve-
hicle or DMF presented similar total neuronal cell numbers in the
granular layer of the DG, and in the pyramidale layers of the CA1 and
CA3, indicating that total neuronal cell number in dorsal hippocampus
was not affected by EAE induction or DMF treatment (Fig. 4C) (DG -
one-way ANOVA, F5 19y = 0.424, p = 0.660; CA1 — Kruskal-Wallis test,
¥%) = 3.317,p = 0.194; CA3 — one-way ANOVA, Fy 10y = 1.199,p =

0.323).

3.4. Hippocampal progenitor cell proliferation was similar between EAE
animals treated with vehicle and DMF and non-induced animals

Besides studying the hippocampal structure and neuronal mor-
phology, we also looked at the SGZ of the DG, a brain region in which
adult neurogenesis occurs. To quantify the number of proliferating cells
in the SGZ we used the Ki67 marker, and to specifically evaluate im-
mature neurons we stained for DCX (Fig. 5A). We found that EAE an-
imals, of both treatment groups, and non-induced animals, presented
similar numbers of Ki67 positive cells (Fig. 5B) and double stained cells
(Fig. 5C) per area unit (number Ki67+ /area — Kruskal-Wallis test,
x(zz) = 0.442, p = 0.819; number Ki67 + DCX + /area — Kruskal-Wallis
test, xé) = 0.709, p = 0.731). Moreover, all experimental groups
presented similar percentages of DCX positive cells within the total
Ki67 positive population (Fig. 5D) (Kruskal-Wallis test, x%, = 0.733,
p = 0.715).

3.5. DMF treated animals have less demyelination in the fimbria

Finally, we also assessed both demyelination and glial activation in
the fimbria, the main white matter tract out of the dorsal hippocampus.
To evaluate demyelination, hippocampal sections were stained with
LFB (Fig. 6A-B). We found that vehicle-treated EAE animals had sig-
nificantly more demyelination (decreased percentage of LFB stained
area) than both DMF-treated EAE mice and non-induced animals, which
did not differ (Fig. 6C) (one-way ANOVA, F, 15y = 11.650, p = 0.0006,
n% = 0.5642).

Furthermore, we observed an increased astrocyte activation in the
fimbria of vehicle-treated animals, as evaluated by an increased number
of GFAP positive cells per area unit, which was reverted to control



S.P. das Neves, et al. Journal of Neuroimmunology 340 (2020) 577163

A

w
(@)

- Non-induced

150+ 5000 150 : 2
% —g -+ EAE treated with vehicle
e> ) o ~ EAE treated with DMF
F=i] 4000 [
2% E |- E
5 2 1009 S # § 100,
Y g S s S
25 |- 3 -
g ]"5 2 2000 a
€ N 50 ] @ 50} ns
g5 g £
8 E S 1000 3
° K] ”n
c o
0 0 0

MWM day MWM day

MWM day

=)
m
M

Probe trial Probe trial

Probe trial

ns

301 * ns i 407 801 O Non-induced
g T £ GE, [ EAE treated with vehicle
= 1 » 30 S 60 O EAE treated with DMF
%S 20 T £ T ‘S
5] °
o J_ ‘S T o —_
(=2 o 204 J_ D) 40 —
S o S
c T © c
@ 19 1 k= ]
10 204
5 B 5 A Ld
o = o
0 & o o
Cross Square Triangle O

Fig. 2. - DMF treatment improved the cognitive performance of EAE animals. In the spatial learning task, and similarly to non-induced animals, EAE animals treated
with DMF were able to learn the task and find the platform, as assessed by a decrease in the latency time to platform (A). EAE animals from both treatment groups
presented locomotion problems, observed as a less accentuated decrease in the distance swam until reaching the platform (B) and a decreased velocity (C), compared
to non-induced animals. At the probe trial, DMF-treated animals presented similar percentages of time (D) and distance swam (E) in the platform quadrant to non-
induced animals, while the EAE animals treated with vehicle spent less time in the platform quadrant. Regarding the percentage of time spent on the other pool
quadrants, EAE animals treated with vehicle spent more time in the square quadrant (F), which was the quadrant from where they were dropped (Mnon-induced = 14,

DEAE treated with vehicle = 10, NEAE treated with pmr = 10. Data presented as mean
statistical analysis. * p < 0.05, ** p < 0.01, **** p < 0.0001).

levels after DMF treatment (Fig. 6D-E)
Fi219) = 8.837,p = 0.0019, n* = 0.4819).

Regarding microglial activation, we observed an increased number
of Ibal positive cells after EAE induction, that further increased by DMF
treatment (Fig. 6F-G) (one-way ANOVA, F, 13y = 31.860,p < 0.0001,
n% = 0.8306).

(one-way ANOVA,

4. Discussion

Previous studies have shown that DMF was able to modulate EAE
progression (Linker et al., 2011; Schilling et al., 2006; Schulze-Topphoff
et al., 2016), however the exact mechanism of action is not fully elu-
cidated. Some authors suggest that the neuroprotective effects of DMF
are dependent on Nrf2 mediated anti-oxidative pathways (Linker et al.,
2011), while others have shown beneficial effects independent of Nrf2
(Schulze-Topphoff et al., 2016). Nevertheless, it is accepted that DMF
improves the clinical course of EAE and exerts a neuroprotective role.
Moreover, studies performed in MS patients showed that DMF treat-
ment was associated with continuously low clinical and magnetic re-
sonance imaging (MRI) disease activity in relapse-remitting patients
(Gold et al., 2017).

Considering the potential neuroprotective role of DMF, this could be
a good candidate drug to improve cognitive deficits in MS patients. For
that reason, in this work, we intended to evaluate the effects of DMF on

SEM, for parametric statistical analysis, or median *= IQR, for non-parametric

the cognitive performance of an MS animal model, the EAE model. To
do so, we induced EAE in C57BL/6J females, using a commercial kit
and MOG3s_s5 as an encephalitogenic peptide. MOG-induced C57BL/6
mice presented a chronic disease course, characterized by a gradual
worsening of the clinical score, which never showed a full score re-
duction, as already reported (McCarthy et al., 2012). The DMF treat-
ment timeline and dosage were chosen according to a published work
by Linker et al. (2011). These authors observed beneficial effects in the
clinical score of the animals 10 days after treatment initiation, on day
28 post-EAE induction (Linker et al., 2011). Contrary to their results,
we did not observe a significant improvement in the clinical score of
our DMF-treated animals, and even after 18 days of treatment the
clinical scores of EAE animals from the vehicle- and the DMF-treated
groups did not differ significantly. So, even though we used similar
induction and treatment protocols, our animals showed a different
disease course. At the time of treatment initiation, our group of EAE
animals presented hind limb paralysis — average clinical score of 3 in a
scale from O to 5 —, while in the previous work animals only presented
with gait ataxia — average clinical score of 4 in a scale from 0 to 10. This
could indicate that, in our experiment, EAE was more severe and the
extension and degree of damage were greater and already installed
when treatment was started, thus explaining the puzzling findings re-
garding the impact of DMF treatment on the clinical score.

In a hippocampal-dependent task, the MWM, EAE animals treated
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Fig. 3. - DG and CAl hippocampal neurons of EAE animals were similar to non-induced animals. The total dendritic length (A) and differential dendritic re-
arrangement (B) of DG neurons was similar between non-induced animals and EAE animals treated with either vehicle or DMF. Computer assisted 3D reconstructions
of representative granular neurons (C). The total dendritic length (D and F) and differential dendritic rearrangement (E and G) of CA1 pyramidal neurons was similar
between non-induced animals and EAE animals of both treatment groups. Computer assisted 3D reconstructions of representative CA1 pyramidal neurons (H) (Scale

bar = 50 um. (A) to (B) Nnon-induced = 7> NEAE treated with vehicle = 75 NEAE treated with DMF = 8; (D) 10 (G) Npon-induced = 7> NEAE treated with vehicle = 0, NEAE treated with

pmr = 8. Data presented as mean * SEM).

with vehicle solution presented a worst performance than non-induced
animals and were not able to learn the location of the platform, as
evaluated in the probe trial. These results are similar to previously
published works, in which EAE mice also showed cognitive deficits in
hippocampal-dependent tasks (Dutra et al., 2013; Kim et al., 2012;
Ziehn et al., 2010). Interestingly, DMF treatment was able to revert the
cognitive deficits of EAE animals, which presented a behavioral per-
formance similar to non-induced animals.

It is important to point out the difficulties associated to cognitive
assessment in the EAE mice model, since the most widely used cognitive
tests are all dependent on some kind of motor behavior. MOG-im-
munized animals develop a chronic disease course, and most of them
become paralyzed, making it difficult for them to perform the beha-
vioral tasks. The test used in this work, the MWM, is no exception. For
that reason, we had to exclude animals a priori solely based on their
clinical score, making it impossible to evaluate the cognitive perfor-
mance of animals in most advanced stages of the disease. Hence, it is

important to keep developing new behavioral tasks, which allow cog-
nitive assessment in animals with motor deficits, like the one published
by Novkovic et al. (2015) (Novkovic et al., 2015).

We further studied the hippocampus of the animals to explore
possible alterations which could explain the cognitive improvement
observed. We analyzed the hippocampus for differences in volume, cell
density, dendritic morphology, and altered proliferation rate of neu-
ronal precursors. A Golgi staining protocol was used in hippocampal
slices, and the 3D morphology of neurons was posteriorly reconstructed
using the Neurolucida software. DG and CA1 neurons presented similar
dendritic lengths and ramifications, between both EAE groups and non-
induced animals. This indicates that neurons from these hippocampal
regions did not alter their morphology in response to EAE induction.
Additionally, this also suggests that the behavioral cognitive improve-
ments shown by the DMF-treated EAE group are not a result of hip-
pocampal dendritic remodeling. In a previous work by Planche and co-
workers (2017), the total dendritic length and the complexity of the
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dendritic arbor of DG neurons were found decreased in EAE mice,
compared to non-induced animals. In this study, animals were sacri-
ficed at day 20 post-induction and, even though the reconstruction
software used was also Neurolucida, neurons were immunostained for
anti-neurofilament H non-phosphorylated (SMI-32) and they used the
x40 objective for reconstruction (Planche et al., 2017), which could
have contributed for differences observed in the results. Using an un-
biased stereological approach to estimate the hippocampal volume of
mice, we observed that EAE animals, treated with vehicle or DMF, and
non-induced animals presented similar DG, CA1l and CA3 volumes.
Additionally, all groups presented similar cell numbers in the granular
layer of the DG, and pyramidale layers of CA1l and CA3. These results
suggest that the cognitive improvement observed in the EAE animals
treated with DMF was not due to hippocampal structural alterations.
Previous studies both in the EAE animal model (Hamilton et al., 2019;
Kim et al., 2012; Ziehn et al., 2010) and in MS patients (Papadopoulos
et al., 2009; Sicotte et al., 2008) showed hippocampal atrophy in the
disease context. It is important to refer that in all these studies, except
for one (Ziehn et al., 2010), the hippocampal volume was estimated
using MRI acquisitions, while in our study we performed an unbiased
stereology estimation using the Stereo Investigator software. Ziehn
et al. (2010) also performed an unbiased stereology approach, but using
the Fiji software, and they studied males instead of females (Ziehn
et al., 2010). Interestingly, a recent work by Hamilton et al. (2019)
showed that in later stages of the disease, after day 66 post-induction,
only EAE animals with high scores (full hind limb paralysis with some
weakness in the forelimbs) presented hippocampal atrophy. On the
other hand, EAE animals with low scores (tail paralysis, hindlimb
weakness and some limb dragging) were similar to both naive and non-
induced animals. In fact, they found a negative correlation between the
volume of some brain regions, including the hippocampus, and the
cumulative long-term clinical disease score (Hamilton et al., 2019). As
previously mentioned, only the animals with clinical scores equal or
below 2.5 performed the MWM, and the brains of these animals were
processed for stereological analysis. So the hippocampal volume was

estimated only in animals with lower clinical scores, which might ex-
plain the absence of hippocampal atrophy.

It is widely accepted that the formation of new neurons is involved
in almost all of the known hippocampal functions, including learning
and memory (Opendak and Gould, 2015). Hence, we next quantified
the percentage of neuronal progenitor cells proliferating in the SGZ of
the DG. Previous studies which assessed neurogenesis in the EAE model,
using BrdU or IddU staining, show contradictory results, with some
defending an increase in neurogenesis (Giannakopoulou et al., 2013),
and others a decrease (Guo et al., 2010; Pluchino et al., 2008). In this
study, we did not observe differences in the number of Ki67 + pro-
liferating cells in the SGZ of EAE mice, nor in the numbers of neuronal
progenitors (Ki67 + DCX+). Moreover, DMF treatment also did not
affect neurogenesis. Our results are in accordance with those by Gian-
nakopolou and co-workers (2017) (Giannakopoulou et al., 2017),
which previously found that at the chronic phase of EAE, on day 30
post-disease induction, the proliferative capacity of neural precursor
cells, evaluated by Ki67 immunohistochemistry staining, was almost
the same between EAE and controls. Also in accordance, Planche et al.
(2017) did not found significant differences in the number of DCX+
cells in the SGZ, between EAE and non-induced animals (Planche et al.,
2017).

Finally, we also assessed myelination of the most important white
matter pathway from the hippocampus, the fimbria, which is highly
myelinated. Our data showed that DMF treatment was associated with
an almost complete preservation of fimbria myelin content, which
could, in our opinion, be enough to explain the behavioral effects of
DMF herein described. Importantly, and in line with this hypothesis,
lesions of the fimbria are sufficient to induce cognitive deficits similar
to those associated with hippocampal damage (Galani et al., 2002).
However, this interpretation must be taken with caution, since, due to
the way the experiments were programmed, we could not correlate
individual behavioral performances with the individual degree of fim-
bria demyelination. In addition, other factors such as alterations in the
oxidative state of hippocampal cells ((Di Filippo et al., 2016b). Erratum
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Fig. 5. — Vehicle- and DMF-treated EAE animals presented similar numbers of hippocampal progenitor cells. Hippocampal slices were double stained with Ki67 (red),
to quantify the number of proliferating cells in the SGZ, and with DCX (green), to evaluate specifically the number of immature neurons in this area. Cell nuclei were
stained with DAPI (blue). Double stained cells are evidenced by white arrows and Ki67 single stained cells by yellow arrows (A). The total number of Ki67 positive
cells (B) and double stained cells (C) per area unit were similar in both EAE treated with vehicle or DMF, and the non-induced group. The three experimental groups
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treated with pMF = 7. Data presented as median = IQR). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

in (Di Filippo et al., 2016a)) could also play a role in the observed
behavioral effects of DMF.

Several studies have shown the presence of reactive astrocytes in
different regions of the CNS of EAE models (Aquino et al., 1990; Luo
et al., 2008; Smith and Eng, 1987; Tani et al., 1996). Here, we also
found an increased astrocytic reactivity in the fimbria of EAE animals,
characterized by an increased number of GFAP positive cells in this
region. Interestingly, this increase was reverted to control levels by
DMF treatment, indicating a beneficial effect of this drug on astrocyte
reactivity.

In addition, microglial reactivity was described to be present in the
hippocampus of both EAE mice (Planche et al., 2017) and MS patients
(Colasanti et al., 2016), along with increased expression levels of mi-
croglial activation markers such as Ibal, CD11b and CD68 (Planche
et al., 2017). More so, reactive microglial cells are able to modulate
synaptic plasticity, for example through the production of pro-in-
flammatory cytokines that can influence both synaptic transmission and
long-term potentiation, which is important for the storage of informa-
tion (Di Filippo et al., 2018). In accordance, we have found an increased
number of Ibal positive cells in the animals' fimbria after EAE induc-
tion. However, contrary to astrocyte activation, DMF treatment was not
able to revert microglial activation. In fact, the number of Ibal positive
cells was significantly higher in the DMF-treated animals compared
with both non-induced and vehicle-treated animals. This was also true
for the number of Ibal positive cells in the hippocampus (data not
shown). Without further characterization, that would be relevant in
future studies, it is not possible to say if the microglia in the two EAE
experimental groups presents a different inflammatory profile, that
could also be contributing to symptoms amelioration. Interestingly,

Parodi et al. (2015) observed that the in vitro treatment of microglia
with MMF (active metabolite of DMF) reverted the LPS-induced ex-
pression of pro-inflammatory cytokines, like tumor necrosis factor alfa
and interleukin-1 beta, and stress response molecules, like heme oxyge-
nase-1 and inducible nitric oxide synthase. Concomitantly, they observed
the overexpression of genes associated with an alternative activation
phenotype, like insulin growth factor 1 and arginase 1. This could in-
dicate that MMF could induce a switch from a classically pro-in-
flammatory activated phenotype to an alternative activated microglial
state, that could be neuroprotective (Parodi et al., 2015).

In conclusion, the present study showed that DMF treatment after
the disease was well established was able to ameliorate both the hip-
pocampal-dependent cognitive abilities as well as the myelination and
astrocytic reactivity of the main hippocampal output tract in a chronic
MS mice model. By doing so, it provided new insights into the patho-
physiology of cognitive deficits and new avenues for the preclinical
testing of novel treatment possibilities.
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Fig. 6. - DMF treatment reduced the demyelination of the fimbria. Hippocampal slices were stained with LFB (A) (Scale bar = 400 pm) and the percentage of
myelinated (stained) area in the fimbria (B) was quantified (C). Vehicle-treated EAE animals had significantly less myelinated area compared with both EAE DMF-
treated and non-induced mice (Npon-induced = 7> NEAE treated with vehicle = 7> NEAE treated with DMF = 7). Brain slices containing the fimbria/hippocampus were stained
with GFAP (D) (Scale bar = 500 um). The number of GFAP positive astrocytes increased in the fimbria of EAE animals, but DMF treatment was able to reverse this
increase to control levels (E) (Myon-induced = 8 NEAE treated with vehicle = 0, NEAE treated with pMr = 8). Brain slices containing the fimbria/hippocampus stained with Ibal
(F) (Scale bar = 500 um). The number of Ibal positive microglia was increased in the fimbria of vehicle-treated EAE group, compared to the non-induced animals,
and further increased in the DMF-treated group (G) (Myon-induced = D» NEAE treated with vehicle = D, NEAE treated with pMp = 0). Data presented as mean * SEM. *
p <0.05, **p < 0.01, ***p < 0.001, **** P < 0.0001).

Idec, USA, to Joao J. Cerqueira (PRT-BGT-13-10438), and by project Competitividade (POFC), “MyHealth” — My Data Module. The work at
DoIT - Desenvolvimento e Operacionalizacdo da Investigacdo de ICVS/3B's has been developed under the scope of the project NORTE-
Translagdo (Project number 13853), funded by European Regional 01-0145-FEDER-000013, supported by the Northern Portugal Regional
Development Fund (FEDER) through Programa Operacional Fatores de Operational Programme (NORTE 2020), under the Portugal 2020

10



S.P. das Neves, et al.

Partnership Agreement, through the FEDER, and funded by FEDER
funds through the Competitiveness Factors Operational Programme
(COMPETE), and by National funds, through the FCT, under the scope
of the project POCI-01-0145-FEDER-007038. The work at iMed.ULisboa
was funded by FCT UID/DTP/04138/2013. F.M. is an assistant re-
searcher and recipient of an FCT Investigator grant with the reference
1F/00231/2013. S.N. is a recipient of a PhD fellowship with the re-
ference PD/BD/114120/2015, from MCTES national funds.

Declaration of Competing Interest

This work was funded by an investigator initiated grant from Biogen
to Jodo J. Cerqueira (PRT-BGT-13-10438).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jneuroim.2020.577163.

References

Aquino, D.A., Shafit-Zagardo, B., Brosnan, C.F., Norton, W.T., 1990. Expression of glial
fibrillary acidic protein and neurofilament mRNA in gliosis induced by experimental
autoimmune encephalomyelitis. J. Neurochem. 54, 1398-1404.

Borreani, C., Bianchi, E., Pietrolongo, E., Rossi, I., Cilia, S., Giuntoli, M., et al., 2014.
Unmet needs of people with severe multiple sclerosis and their carers: qualitative
findings for a home-based intervention. PLoS One 9, e109679.

Burness, C.B., Deeks, E.D., 2014. Dimethyl fumarate: a review of its use in patients with
relapsing-remitting multiple sclerosis. CNS drugs. 28, 373-387.

Chiaravalloti, N.D., DeLuca, J., 2008. Cognitive impairment in multiple sclerosis. Lancet
Neurol. 7, 1139-1151.

Colasanti, A., Guo, Q., Giannetti, P., Wall, M.B., Newbould, R.D., Bishop, C., et al., 2016.
Hippocampal neuroinflammation, functional connectivity, and depressive symptoms
in multiple sclerosis. Biol. Psychiatry 80, 62-72.

Compston, A., Coles, A., 2008. Multiple sclerosis. Lancet. 372, 1502-1517.

Di Filippo, M., de Iure, A., Giampa, C., Chiasserini, D., Tozzi, A., Orvietani, P.L., et al.,
2016a. Erratum: persistent activation of microglia and NADPH oxidase drive hip-
pocampal dysfunction in experimental multiple sclerosis. Sci. Rep. 6, 23855.

Di Filippo, M., de Iure, A., Giampa, C., Chiasserini, D., Tozzi, A., Orvietani, P.L., et al.,
2016b. Persistent activation of microglia and NADPH oxidase [corrected] drive
hippocampal dysfunction in experimental multiple sclerosis. Sci. Rep. 6, 20926.

Di Filippo, M., Portaccio, E., Mancini, A., Calabresi, P., 2018. Multiple sclerosis and
cognition: synaptic failure and network dysfunction. Nat. Rev. Neurosci. 19,
599-609.

Dutra, R.C., Moreira, E.L., Alberti, T.B., Marcon, R., Prediger, R.D., Calixto, J.B., 2013.
Spatial reference memory deficits precede motor dysfunction in an experimental
autoimmune encephalomyelitis model: the role of kallikrein-kinin system. Brain
Behav. Immun. 33, 90-101.

Galani, R., Obis, S., Coutureau, E., Jarrard, L., Cassel, J.C., 2002. A comparison of the
effects of fimbria-fornix, hippocampal, or entorhinal cortex lesions on spatial re-
ference and working memory in rats: short versus long postsurgical recovery period.
Neurobiol. Learn. Mem. 77, 1-16.

Geurts, J.J., Barkhof, F., 2008. Grey matter pathology in multiple sclerosis. Lancet Neurol.
7, 841-851.

Giannakopoulou, A., Grigoriadis, N., Bekiari, C., Lourbopoulos, A., Dori, I., Tsingotjidou,
A.S., et al.,, 2013. Acute inflammation alters adult hippocampal neurogenesis in a
multiple sclerosis mouse model. J. Neurosci. Res. 91, 890-900.

Giannakopoulou, A., Lyras, G.A., Grigoriadis, N., 2017. Long-term effects of autoimmune
CNS inflammation on adult hippocampal neurogenesis. J. Neurosci. Res. 95,
1446-1458.

Gold, R., Arnold, D.L., Bar-Or, A., Hutchinson, M., Kappos, L., Havrdova, E., et al., 2017.
Long-term effects of delayed-release dimethyl fumarate in multiple sclerosis: interim
analysis of ENDORSE, a randomized extension study. Mult. Scler. 23, 253-265.

Guimaraes, J., Sa, M.J., 2012. Cognitive dysfunction in multiple sclerosis. Front. Neurol.
3, 74.

Gundersen, H.J., Bendtsen, T.F., Korbo, L., Marcussen, N., Moller, A., Nielsen, K., et al.,
1988. Some new, simple and efficient stereological methods and their use in patho-
logical research and diagnosis. APMIS 96, 379-394.

Guo, J., Li, H., Yu, C., Liu, F., Meng, Y., Gong, W., et al., 2010. Decreased neural stem/
progenitor cell proliferation in mice with chronic/nonremitting experimental auto-
immune encephalomyelitis. Neurosignals. 18, 1-8.

Hamilton, A.M., Forkert, N.D., Yang, R., Wu, Y., Rogers, J.A., Yong, V.W., et al., 2019.
Central nervous system targeted autoimmunity causes regional atrophy: a 9.4T MRI

11

Journal of Neuroimmunology 340 (2020) 577163

study of the EAE mouse model of multiple sclerosis. Sci. Rep. 9, 8488.

Keuker, J.I., Vollmann-Honsdorf, G.K., Fuchs, E., 2001. How to use the optical fractio-
nator: an example based on the estimation of neurons in the hippocampal CA1 and
CA3 regions of tree shrews. Brain Res Brain Res Protoc. 7, 211-221.

Kim, D.Y., Hao, J., Liu, R., Turner, G., Shi, F.D., Rho, J.M., 2012. Inflammation-mediated
memory dysfunction and effects of a ketogenic diet in a murine model of multiple
sclerosis. PLoS One 7, e35476.

Kobelt, G., Thompson, A., Berg, J., Gannedahl, M., Eriksson, J., Group MS, et al., 2017.
New insights into the burden and costs of multiple sclerosis in Europe. Mult. Scler.
23, 1123-1136.

Linker, R.A,, Lee, D.H., Ryan, S., van Dam, A.M., Conrad, R., Bista, P., et al., 2011.
Fumaric acid esters exert neuroprotective effects in neuroinflammation via activation
of the Nrf2 antioxidant pathway. Brain 134, 678-692.

Lucchinetti, C.F., Parisi, J., Bruck, W., 2005. The pathology of multiple sclerosis. Neurol.
Clin. 23, 77-105 (vi).

Luo, J., Ho, P., Steinman, L., Wyss-Coray, T., 2008. Bioluminescence in vivo imaging of
autoimmune encephalomyelitis predicts disease. J. Neuroinflammation 5, 6.

McCarthy, D.P., Richards, M.H., Miller, S.D., 2012. Mouse models of multiple sclerosis:
experimental autoimmune encephalomyelitis and Theiler’s virus-induced demyeli-
nating disease. Methods Mol. Biol. 900, 381-401.

Muckschel, M., Beste, C., Ziemssen, T., 2016. Inmunomodulatory treatments and cog-
nition in MS. Acta Neurol. Scand. 134 (Suppl. 200), 55-59.

Noseworthy, J.H., Lucchinetti, C., Rodriguez, M., Weinshenker, B.G., 2000. Multiple
sclerosis. N. Engl. J. Med. 343, 938-952.

Novkovic, T., Shchyglo, O., Gold, R., Manahan-Vaughan, D., 2015. Hippocampal function
is compromised in an animal model of multiple sclerosis. Neuroscience. 309,
100-112.

Opendak, M., Gould, E., 2015. Adult neurogenesis: a substrate for experience-dependent
change. Trends Cogn. Sci. 19, 151-161.

Papadopoulos, D., Dukes, S., Patel, R., Nicholas, R., Vora, A., Reynolds, R., 2009.
Substantial archaeocortical atrophy and neuronal loss in multiple sclerosis. Brain
Pathol. 19, 238-253.

Parodi, B., Rossi, S., Morando, S., Cordano, C., Bragoni, A., Motta, C., et al., 2015.
Fumarates modulate microglia activation through a novel HCAR2 signaling pathway
and rescue synaptic dysregulation in inflamed CNS. Acta Neuropathol. 130, 279-295.

Planche, V., Panatier, A., Hiba, B., Ducourneau, E.G., Raffard, G., Dubourdieu, N., et al.,
2017. Selective dentate gyrus disruption causes memory impairment at the early
stage of experimental multiple sclerosis. Brain Behav. Immun. 60, 240-254.

Pluchino, S., Muzio, L., Imitola, J., Deleidi, M., Alfaro-Cervello, C., Salani, G., et al., 2008.
Persistent inflammation alters the function of the endogenous brain stem cell com-
partment. Brain 131, 2564-2578.

Rao, S.M., Leo, G.J., Ellington, L., Nauertz, T., Bernardin, L., Unverzagt, F., 1991.
Cognitive dysfunction in multiple sclerosis. II. Impact on employment and social
functioning. Neurology. 41, 692-696.

Roosendaal, S.D., Hulst, H.E., Vrenken, H., Feenstra, H.E., Castelijns, J.A., Pouwels, P.J.,
et al., 2010. Structural and functional hippocampal changes in multiple sclerosis
patients with intact memory function. Radiology. 255, 595-604.

Schilling, S., Goelz, S., Linker, R., Luehder, F., Gold, R., 2006. Fumaric acid esters are
effective in chronic experimental autoimmune encephalomyelitis and suppress
macrophage infiltration. Clin. Exp. Immunol. 145, 101-107.

Schindelin, J., Arganda-Carreras, 1., Frise, E., Kaynig, V., Longair, M., Pietzsch, T, et al.,
2012. Fiji: an open-source platform for biological-image analysis. Nat. Methods 9,
676-682.

Schulze-Topphoff, U., Varrin-Doyer, M., Pekarek, K., Spencer, C.M., Shetty, A., Sagan,
S.A,, et al., 2016. Dimethyl fumarate treatment induces adaptive and innate immune
modulation independent of Nrf2. Proc. Natl. Acad. Sci. U. S. A. 113, 4777-4782.

Sholl, D.A., 1956. The measurable parameters of the cerebral cortex and their significance
in its organization. Prog. Neurobiol. 324-333.

Sicotte, N.L., Kern, K.C., Giesser, B.S., Arshanapalli, A., Schultz, A., Montag, M., et al.,
2008. Regional hippocampal atrophy in multiple sclerosis. Brain. 131, 1134-1141.

Smith, M.E., Eng, L.F., 1987. Glial fibrillary acidic protein in chronic relapsing experi-
mental allergic encephalomyelitis in SJL/J mice. J. Neurosci. Res. 18, 203-208.

Steinman, L., 2001. Multiple sclerosis: a two-stage disease. Nat. Immunol. 2, 762-764.

Stromnes, .M., Goverman, J.M., 2006. Active induction of experimental allergic en-
cephalomyelitis. Nat. Protoc. 1, 1810-1819.

Tani, M., Glabinski, A.R., Tuohy, V.K., Stoler, M.H., Estes, M.L., Ransohoff, R.M., 1996. In
situ hybridization analysis of glial fibrillary acidic protein mRNA reveals evidence of
biphasic astrocyte activation during acute experimental autoimmune en-
cephalomyelitis. Am. J. Pathol. 148, 889-896.

Tomczak, M., Tomczak, E., 2014. The need to report effect size estimates revisited. An
overview of some recommended measures of effect size. Trends in sport. Sciences. 1,
19-25.

West, M.J., Slomianka, L., Gundersen, H.J., 1991. Unbiased stereological estimation of
the total number of neurons in thesubdivisions of the rat hippocampus using the
optical fractionator. Anat. Rec. 231, 482-497.

Ziehn, M.O., Avedisian, A.A., Tiwari-Woodruff, S., Voskuhl, R.R., 2010. Hippocampal
CA1 atrophy and synaptic loss during experimental autoimmune encephalomyelitis,
EAE. Lab. Investig. 90, 774-786.


https://doi.org/10.1016/j.jneuroim.2020.577163
https://doi.org/10.1016/j.jneuroim.2020.577163
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0005
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0005
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0005
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0010
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0010
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0010
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0015
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0015
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0020
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0020
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0025
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0025
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0025
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0030
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0035
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0035
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0035
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0040
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0040
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0040
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0045
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0045
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0045
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0050
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0050
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0050
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0050
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0055
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0055
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0055
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0055
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0060
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0060
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0065
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0065
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0065
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0070
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0070
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0070
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0075
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0075
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0075
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0080
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0080
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0085
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0085
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0085
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0090
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0090
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0090
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0095
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0095
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0095
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0100
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0100
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0100
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0105
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0105
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0105
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0110
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0110
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0110
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0115
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0115
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0115
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0120
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0120
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0125
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0125
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0130
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0130
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0130
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0135
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0135
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0140
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0140
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0145
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0145
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0145
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0150
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0150
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0155
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0155
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0155
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0160
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0160
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0160
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0165
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0165
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0165
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0170
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0170
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0170
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0175
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0175
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0175
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0180
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0180
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0180
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0185
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0185
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0185
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0190
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0190
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0190
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0195
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0195
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0195
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0200
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0200
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0205
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0205
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0210
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0210
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0215
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0220
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0220
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0225
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0225
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0225
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0225
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0230
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0230
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0230
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0235
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0235
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0235
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0240
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0240
http://refhub.elsevier.com/S0165-5728(19)30376-5/rf0240

Supplementary Table 1 — Mean + SEM of data compared using the parametric two-tailed one-way ANOVA with

Tukey’s multiple comparison post-hoc test

Data Group Mean + SEM
. Non-induced 23.85+ 3.194
Pﬁ;‘aer’;;atg(% /Oo)f time in platform £ ¢ yreated with vehicle 10.08 + 3.228
: " EAE treated with DMF 19.15 + 3.718
L Non-induced 25.23 + 3.228
Percentag% of time in triangle ~ EAE treated with vehicle 20.46 + 4.068
quadrant (%) EAE treated with DMF 23.02 + 2.730
» " Non-induced 967.0 + 49.86
I:J‘:Lg:’gdggc length of DG EAE treated with vehicle 1071.0 + 74.95
H " EAE treated with DMF 1004.0 + 39.52
- Non-induced 1186.0 + 101.20
g%il nbeajf;ndse?drr;lt)lc length of  EAE treated with vehicle 1287.0 + 72.21
" EAE treated with DMF 1211.0 + 48.12
Total apical dendritic length of - Non-induced . . 1762.0%159.40
CA1 neurons (um) EAE treated W!th vehicle 1792.0 £ 81.29
 EAE treated with DMF 1622.0 + 80.69
Non-induced 1.19+£0.197
DG volume x 10° (um®)  EAE treated with vehicle 1.05 + 0.159
EAE treated with DMF 1.39 £ 0.255
~ Non-induced 1.44 £ 0.125
CA1 volume x 10° (um?®) EAE treated with vehicle 1.38 +0.082
EAE treated with DMF 1.71£0.194
Non-induced 1.59+£0.116
CA3 volume x 10° (um®)  EAE treated with vehicle 1.34 +0.092
EAE treated with DMF 1.50 +£0.108
Total cell number in granular [ Nor-induced . . 6.28 £0.461
layer of DG X 10° EAE treated with vehicle 5.81 £ 0.322
~ EAE treated with DMF 6.40 + 0.559
Total cell number in pyramidale Non-induced : : 153+0.181
layer of CA3 x 10°  EAE treated with vehicle 1.23+0.110
EAE treated with DMF 1.26 + 0.141
o - Non-induced 76.61 £ 3.272
percentage of myelination INte £ A reated with vehicle 50.59 + 4.474
imbria (%) " EAE treated with DMF 65.33 + 3.621
Non-induced 165.2 + 34.35
GFAP+ cells per area (mm?)  EAE treated with vehicle 365.9 + 44.81
EAE treated with DMF 171.8 £31.80
~ Non-induced 24.2 +1.84
Ibal+ cells per area (mm?) EAE treated with vehicle 43.3£7.33

EAE treated with DMF

76.2+3.76




Supplementary Table 2 — Median + IQR of data compared using the non-parametric two-tailed Kruskal-Wallis with

Dunn’s multiple comparison post-hoc test

Data Group Median IQR
e CICTERTES T Non-induced ' ' 21.59 [17.48, 30.27]
D EAE treated with vehicle | 11.5 [0.00, 23.92]
EAE treated with DMF 21.89 [12.17, 31.37]
Percentage of time in cross Non-induced . . 22.09 [16.17, 28.42]
quadrant (%) EAE treated with vehicle | 16.92 [4.50, 22.50]
EAE treated with DMF 28.59 [16.25, 32.37]
Percentage of time in square Non-induced . . 30.58 [18.25, 37.54]
quadrant (%) EAE treated with vehicle | 47.33 [30.00, 69.58]
EAE treated with DMF 31.42 [22.92, 40.42]
Total cell number in pyramidale Non-induced : 2.068 [1.97, 2.29]
layer of CAL X 10° EAE treated with vehicle | 2.24 [1.68, 2.44]
EAE treated with DMF 2.37 [2.25, 2.65]
Number Ki67+ cells/area Non-induced _ _ 0.00031 | [0.000179, 0.000444]
(cells/um?) EAE treated with vehicle | 0.00028 | [0.000221, 0.000312]
EAE treated with DMF 0.00026 | [0.000156, 0.000366]
. Non-induced 0.000112 | [0.0000724, 0.0001364]
E“C‘éfl‘slirﬁz')mmcx* cells/area £ treated with vehicle | 0,000093 | [0.0000583. 0.0001441]
EAE treated with DMF 0.000079 | [0.0000693, 0.0000988]
Non-induced 36.2 [31.38, 40.99]
Efg%effgfsf(’%“ cellsitotal " \F reated with vehicle | 32.9 [25.00, 40.00]
EAE treated with DMF 29.7 [24.14, 40.88]
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Abstract

Lipocalin-2 (LCN2) is an acute phase protein that was found to be overexpressed by astrocytes in the
active phase of the relapsing-remitting model of multiple sclerosis (MS). Moreover, both experimental
autoimmune encephalomyelitis (EAE) animals and MS patients presented increased cerebrospinal (CSF)
levels of LCN2. In this work, we explored the prognostic value of LCN2 in MS. For that, we collected CSF,
for LCN2 quantification, and clinical data from a group of relapsing-remitting MS (RRMS) patients. We
observed that RRMS patients with higher LCN2 levels at the time of lumbar puncture took less time to
reach an expanded disability status scale (EDSS) of 3, hence presenting a faster disease progression.
Moreover, a higher age, at lumbar puncture, was also associated with faster disease progression, while
no significant association was found for disease progression and presence/absence of oligoclonal bands.
After performing a regression analysis for time until EDSS of 3 including these three parameters, only age
remained statistically significant. However, the confidence intervals do not rule out the possibility of LCN2
concentration being one of the factors contributing for disease progression. Future studies, with increased
number of patients and a longer follow-up period should be performed to elucidate the prognostic value

of LCN2 in MS.
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Introduction

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system (CNS) (Lassmann
and van Horssen, 2011), characterized by an increased migration of autoreactive lymphocytes across the
blood-brain barrier (Compston and Coles, 2008). In the brain parenchyma, autoreactive T cells react
against myelin peptides, inducing inflammation, demyelination, astrocytosis, and axonal and neuronal
degeneration (Nakahara et al., 2010; Noseworthy et al., 2000).

Initial reports in mice have described lipocalin-2 (LCN2) as an acute phase protein (Liu and Nilsen-
Hamilton, 1995), involved in the response to bacterial infection (Flo et al., 2004), inflammatory (Marques
et al., 2008) and stressful stimuli (Mucha et al., 2011). Further studies have also implicated LCN2 in the
pathophysiology of several CNS disorders like Alzheimer’s disease (Choi et al., 2011; Naude et al., 2012),
pain (Jha et al., 2014), and also MS (Al Nimer et al., 2016; Berard et al., 2012; Khalil et al., 2016;
Marques et al., 2012; Nam et al., 2014).

Specifically for MS, most studies report an increase in serum and cerebrospinal fluid (CSF) LCN2 levels,
compared to control groups (Al Nimer et al., 2016; Berard et al., 2012; Marques et al., 2012), while one
study reported decreased levels in the serum and CSF of MS patients (Khalil et al., 2016). Regarding the
experimental autoimmune encephalomyelitis (EAE) animal model, which is used to study MS, we
previously found that ZcnZwas the most significantly upregulated gene in the choroid plexus of a relapse-
remitting EAE mice model, during the active phases of disease (onset and relapse phases). Moreover,
during these active phases of disease, LCN2 was increased in astrocytes of lesioned areas and in the
animals’ CSF. Of interest, LCN2 was described as a pan-reactive astrocytic gene (general marker of
activation induced by neuroinflammation or ischemia) (Liddelow et al., 2017). Furthermore, the increase
of LCN2 in the CSF and its astrocytic production was reverted by natalizumab treatment (Marques et al.,
2012). LCN2-null animals induced with EAE presented a significant decrease in disease severity (Nam et
al., 2014), accompanied by reduced inflammatory infiltration, inflammatory cytokine production, glial
activation and demyelination (das Neves, 2015; Nam et al., 2014), suggesting that LCN2 plays a
detrimental role in the context of MS. Contrarily, another study has reported that LCN2-null mice
presented a more severe EAE phenotype and pro-inflammatory response, compared to wild-type animals
(Berard et al., 2012). To further complement these studies, here we addressed the question of whether

LCN2 levels in MS patients could be used as a predictor of disease progression.
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Methods

Human samples

CSF samples were obtained according to standardized protocols from patients admitted for lumbar
puncture (LP) in Hospital de Braga since 2009. Patients were referred to the Neuroimmunology Clinic,
Hospital de Braga, Portugal and underwent diagnostic program including magnetic resonance imaging
scan and LP. LP was performed within 30 days of symptom debut, thus in the active phase of disease.
Patients included in the study were diagnosed with clinically definite relapsing remitting multiple sclerosis
(RRMS), according to the MacDonald 2017 criteria (Thompson et al., 2018). The studies with human
samples were approved by the ethical committee of Hospital de Braga and all patients signed an informed

consent.

LCNZ protein quantification by ELISA

The primary monoclonal antibody rat anti-human LCN2 (1:200 in phosphate buffered saline (PBS);
MAB17571, R&D Systems, Minneapolis, MN, USA) was incubated over-night at room temperature (RT)
in 96 well plates (MaxiSorpTM, VWR International, Radnor, PA, USA). The blocking was performed with
1% bovine serum albumin in PBS for 2 h at RT. CSF samples (1:2) and standards were diluted in blocking
solution and incubated for 2 h at RT. All samples and standards were analyzed in duplicates. The
secondary polyclonal antibody goat anti-human LCN2 (1:700 in blocking solution; BAF1757, R&D
Systems) was incubated for 2 h at RT. Streptavidin-peroxidase (1:2000 in PBS; S2438, Sigma-Aldrich)
was incubated for 30 min in the dark. All the previous steps were followed by a washing step with PBS-
Tween 20 0.05%. Next, the 3,3’,5,5"-tetramethylbenzidine (Sigma Aldrich) substrate was incubated for
30 min in the dark. The reaction was stopped by adding sulfuric acid (2 M), and the absorbance was
read in a multiplate reader (BioRad Laboratories) at 450 nm, using the 570 nm as reference. The
standard curve was modeled using a four-parameter logistic curve, and the Microplate Manager Software

version 5.2.1 (BioRad Laboratories) was used to calculate the LCN2 concentration in samples.

Statistical analysis

Statistical analysis of the results was performed using GraphPad Prism version 6.01 (GraphPad software
Inc., La Jolla, CA, USA) and IBM® SPSS® version 23. The Mann-Whitney U test was used to compare
the LCN2 concentration of patients with presence/absence of oligoclonal bands (OCBs), after confirming
the sample did not present a normal distribution, using the Shapiro-Wilk normality test. The Kaplan-Meier

survival curve was used to evaluate disease progression until expanded disability status scale (EDSS) 3
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in patients, after dividing them according to LCN2 concentration (above or below group median) or
presence/absence of OCBs. A Cox proportional hazard regression analysis was used to evaluate the effect
of LCN2 concentration, age at LP and presence/absence of oligoclonal bands for EDSS progression (until
EDSS of 3). Information regarding presence/absence of OCBs was not available for 6 MS patients.

Results are presented as mean + standard error of mean (SEM). The statistical significance and number

of biological replicates (n) is specified in the legend of each figure.
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Results

Increased LCN2 CSF levels in MS patients could be associated with faster disease progression

Previous studies from our group (das Neves, 2015) and others (Nam et al., 2014) have shown that LCN2
absence is associated with a decrease disease burden, in the chronic EAE model. To explore the possible
clinical relevance of such findings in the MS context, we assessed if LCN2 CSF levels were associated
with the disease progression rate. Table 5. 1 presents the demographic characteristics of the RRMS
patients included in the study. LCN2 concentration was quantified in CSF samples of patients, that were
subsequently divided in two sub-groups (high and low LCN2), according to the median value of the whole
group (0.9557 ng/mL). The sub-group of patients with higher LCN2 levels presented a significantly faster
disease progression, taking less time to reach an EDSS of 3 (Figure 5. 1A; median survival s mes. = 389.0,
median survival .weman = 141.0, Log rank = 4.499, p = 0.0339). Considering that the presence of OCBs
is commonly used as part of the diagnosis for MS, we next evaluated if disease progression was different
according to the presence/absence of OCBs. In our sample, we did not find significant differences in
disease progression when dividing the patients according to the presence/absence of OCBs (Figure 5.
1B; median survival ,, = 389.0, median survival .. = 152.0, Log rank = 1.876, p = 0.171). LCN2
concentration was significantly increased in the group positive for OCBs, compared to the group without
OCBs (Figure 5. 1C; U = 138.0, p = 0.0275). Considering this difference, and the fact that patients’ age
was significantly different between the high and low LCN2 concentration groups, we used these three
variables to perform a Cox regression analysis (Table 5. 2). We observed that higher LCN2 concentration
was significantly associated with faster disease progression until EDSS 3, however this was no longer
statistically significant after adjusting for age at LP and OCBs presence/absence. Increased age at LP
was also associated with faster disease progression and remained significant after adjustment. In
addition, no significant associations were found between LCN2 CSF concentration and the number of

Barkhof criteria or the presence of active lesions at the time of LP (data not shown).
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Table 5. 1 — Sample demographic information.

Below LCN2 Above LCN2
Total patient sample median median
Mean + SD Mean + SD Mean + SD
Number of patients 49 25 24
Female:Male number 32:17 17:8 15:9

Age at LP (years)

Age at diagnosis (years)*

LCN2 concentration in CSF

(ng/mL)

LCN2 median (ng/mL)

34.84 + 10.357
35.48 + 10.294

1.079 + 0.3565

0.9557

32.04 + 10.269 ¢
32.68 +10.282

0.819 + 0.0982 *

37.75 £ 9.821+
38.52 +9.615°

1.350 + 0.3240 *

* Information regarding date of diagnosis was not available for 1 patient; +1,, =-1.988, p =0.053; 1 t,, =-2.028,

p=0.048; * t,,0,=-7.698, p <0.0001. CSF - cerebrospinal fluid; LP - lumbar puncture; SD - standard deviation.

A . B : OCBs
Progression to EDSS 3 Progression to EDSS 3
LCN2 concentration Presence of OCBs 25 *
. [ ]
—— Above median
- No —~ 2.0
— 100 —— Below median — 1001 z "
T © - Yes S .
= = D 154 o=
c c £ - . LA NN ]
» 2 g 10 ai:_b T
E 501 € 501 =z 1.09 "
§ * é:d 8 .: ] o®® H n : : u
e 5 p=0.171 = 0.5 ¢ -
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Figure 5. 1 — Patients with higher LCN2 levels seem to progress faster in the disease.

(A) Progression to EDSS 3 in patients with LCN2 levels above and below group median (n

below median

=25n =

above median

24). (B) Progression to EDSS 3 in patients with presence or absence of OCBs (n,= 19, n,.= 24). (C) LCN2

concentration in RRMS patients with presence or absence of OCBs (n,,= 19, n. = 24). Data presented as mean +

SEM. * p < 0.05. EDSS - expanded disability status scale; LP — lumbar puncture; OCBs - oligoclonal bands.
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Table 5. 2 — Cox regression analysis of time for progression until EDSS 3.

P Crude HR 95%ClI
LCN2 concentration” 0.041 2.956 1.048-8.340
Presence/absence of OCBs* 0.178 1.868 0.752-4.638
Age atLP <0.0001 1.108 1.056-1.162

p Adjusted HR 95%ClI
LCN2 concentration” 0.706 1.259 0.381-4.158
Presence/absence of OCBs* 0.289 1.663 0.649-4.262
Age at LP 0.0002 1.105 1.049-1.163

* The Cox regression analysis was performed using the LCN2 concentration values; # Information regarding
presence/absence of OCBs was not available for 6 patients. Cl — confidence interval; HR - hazard ratio; LP -

lumbar puncture.
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Discussion

Partially in accordance with the data obtained in the LCN2-null EAE mice (das Neves, 2015), in the human
disease we found that higher LCN2 levels were associated with a faster disease progression, assessed
by the EDSS. However, this association was lost after controlling for the presence of OCBs and for age at
LP (adjusted hazard ratio = 1.259, 95% confidence interval = 0.381-4.158). Nonetheless, the confidence
interval does not rule out the possibility of LCN2 concentration being one of the factors contributing for
disease progression. Further studies that include larger sample sizes and longer follow-up periods are
needed to verify this. Of interest, it was previously shown in clinically isolated syndrome (CIS) patients
that high LCN2 CSF levels were an independent predictive factor for conversion to clinically definite MS,
during the study follow-up period (Khalil et al., 2016). However, increased LCN2 levels were also reported
in other conditions (Choi et al., 2011; Chun et al., 2015; Parmar et al., 2018), suggesting its increase is
not specific for MS. Thus, the integration of LCN2 CSF values in a broader biomarker panel, instead of
being used alone, could be helpful to predict disease progression and eventually also aid in therapeutic
decisions.

Several studies have found that the presence of OCBs in the CSF of MS patients was associated with
faster disease progression and with conversion from CIS to clinically definite MS [meta-analysis performed
by (Dobson et al., 2013)]. In our sample, patients with positive OCBs in the CSF seemed to progress
faster to an EDSS of 3, but this did not reach statistical significance.

In this cohort of RRMS patients, those with older ages reached an EDSS of 3 faster than younger patients
which is in accordance with previously published studies (Guillemin et al., 2017; Leray et al., 2010).
Interestingly, this seems to be true only until patients reach a certain threshold of disability, i.e., above
an EDSS of 3 disability progresses at the same rate, independently of age at onset (Leray et al., 2010).
This study presents some drawbacks, including low patient number, a small follow-up period (2-10 years)
and absence of information for OCBs in some patients.

In conclusion, our results suggest that LCN2 could play a detrimental role in the MS context. This is based
on the previous results obtained by our lab and others that LCN2-null EAE animals presented a decreased
inflammatory response in the CNS when compared to wild-type EAE animals (das Neves, 2015), and also
to the fact that, in this study, a faster disease progression in MS patients seems to be associated with

higher LCN2 CSF levels.
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CHAPTER 6

General discussion and future perspectives




Metabolic reprogramming seems to occur in astrocytes during EAE

Recently, a classification of reactive astrocytes in Al and A2 was proposed, in analogy to the M1/M2
macrophage nomenclature. Al and A2 astrocytes are induced by neuroinflammation and ischemia,
respectively. Interestingly, we observed that the astrocytes from EAE animals presented an Al phenotype,
while the A2 specific genes did not present major alterations. Moreover, our transcriptomic analysis
revealed that important metabolic alterations occurred in astrocytes of EAE animals. Thus, we
hypothesized that astrocytes, similarly to macrophages, could also undergo metabolic reprogramming
during EAE. In fact, previous studies have demonstrated not only that pro-inflammatory stimuli are able
to modulate the metabolism of astrocytes (Chao et al., 2019; Hamby et al., 2012; Motori et al., 2013),
but also that sphingolipid metabolism, particularly lactosylceramide biosynthesis, is able to control
astrocyte responses that are relevant to the pathogenesis of MS (Chao et al., 2019; Mayo et al., 2014).
Furthermore, previous studies have observed the downregulation of cholesterol biosynthesis pathways in
EAE animals (Itoh et al., 2018; Mueller et al., 2008; Sevastou et al., 2016; Tassoni et al., 2019).
Regarding the alterations in sphingolipid metabolism, Chao and colleagues (2019) reported increased
astrocytic expression levels of genes related with this metabolic pathway, specifically in beta-1,4-
galactosyltransterase 6 (B4galtb) and ceramide synthase (Cers) 6, during the progressive phase of EAE
(Chao et al., 2019). In addition, Mayo et al. (2014) had previously demonstrated upregulation of B4galt6
in astrocytes and increased lactosylceramide levels in the CNS of EAE animals (Mayo et al., 2014). From
the analysis of our transcriptomic data, it seems that the LacCer biosynthesis pathway is also upregulated
in EAE animals compared to non-induced controls. Namely, Cers4 expression was upregulated at the
chronic phase, UDPglucose ceramide glucosylfransferase was upregulated at the pre-symptomatic
phase, while the B4galt6 and Cers6 expression seemed to be increased at the onset and pre-symptomatic
phases of disease, respectively, but this did not reach statistical significance.

As for alterations occurring in cholesterol biosynthesis, Itoh and co-workers (2018) described that several
genes involved in this pathway were downregulated by astrocytes at day 45-50 post-EAE induction, but
not at day 21 (ltoh et al., 2018). In our study, we also observed a downregulation of genes involved in
this pathway, namely 3-hydroxy-3-methylglutaryl-CoA synthase 1, farnesy! diphosphate synthase and
farnesyl-diphosphate farnesyltransferase 1, at the onset phase of disease (days 9-12 post-induction).
However, when looking at the three non-induced groups of animals, we detected that the onset group
overexpressed these genes in comparison to the remaining two non-induced time points. Thus, at least
in our animals, it seems that at the onset time point the cholesterol synthesis is upregulated in non-

induced animals, and not downregulated in the EAE group. Even though our results are not in accordance
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to the ones obtained previously, here we performed a cross-sectional analysis of the disease, while the
remaining works have studied only one disease time point [day 45 p.i. in (ltoh et al., 2018), day 50 p.i.
in (Tassoni et al., 2019), post-relapsing chronic phase in (Sevastou et al., 2016)] or merged the different
time points to obtain a value representing the average expression in EAE [expression values for the acute,
recovery and relapsing phases merged in the work by (Mueller et al., 2008)]. Moreover, the other studies
used only one control group of healthy animals for EAE comparison, while we included a non-induced
control for each time point, who were also injected with CFA and PTX. These differences could, at least
partially, explain the distinct results.

All together, these data suggests that metabolic pathways in astrocytes are possible therapeutic targets
in MS, particularly in progressive phases of disease, that present limited treatment options (Correale et
al., 2017; Faissner et al., 2019) and during which astrocytes seem to play a relevant role (Correale and
Farez, 2015; Nylander and Hafler, 2012; Wheeler and Quintana, 2019). In this regard, Chao and
colleagues (2019) demonstrated that Miglustat treatment, which is able to reduce lactosylceramide levels,
could reduce the clinical scores of EAE animals, accompanied by a reduction in axonal loss, demyelination
and recruitment of pro-inflammatory monocytes to the CNS (Chao et al., 2019). The specific inhibition of
B4GALT5/6, with D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol, also decreased the
lactosylceramide levels and suppressed EAE progression in terms of clinical score, demyelination and
axonal loss (Mayo et al., 2014). In addition, the treatment of EAE animals with CS-6253 was able to
increase the expression levels of genes involved in cholesterol synthesis, particularly in astrocytes,
resulting in an improvement of the animals’ clinical score and motor function (ltoh et al., 2018). The
overexpression of glycolysis and TCA cycle genes observed in this study suggest these pathways are also
possible therapeutic targets in astrocytes. Of relevance, glycolysis inhibition in LPS-stimulated cultured
astrocytes, by pre-treatment with the non-metabolizable glucose analogue 2-deoxyglucose, significantly
decreased the LPS-induced release of TNFa and IL-6 (Robb et al., 2020). Moreover, previous studies
have demonstrated that itaconate treatment is able to modulate the TCA cycle, thus inducing immune
paralysis. Namely, macrophage/monocyte treatment with itaconate inhibited succinate dehydrogenase
activity, which lead to succinate accumulation and, consequently, to decreased TCA cycle activity
(Dominguez-Andres et al., 2019; Lampropoulou et al., 2016). Similarly, dimethyl itaconate was also able
to suppress microglia activation (Kuo et al., 2020). Remarkably, the Nrf2-mediated response was also
shown to be induced by itaconate treatment, in macrophages and microglia (Bambouskova et al., 2018;
Kuo et al., 2020). Thus, itaconate could have a dual beneficial effect on astrocytes, by inducing immune

paralysis on one hand, and by increasing its anti-oxidative effects on the other. Of relevance, a recent
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study has demonstrated that dimethyl itaconate treatment was able to reduce the clinical symptoms of
EAE animals, that presented a decrease in BBB permeability and in MMPs production, resulting in
decreased Thl and Th17 infiltration in the CNS, and suppressed microglial activation, compared to
vehicle-treated animals (Kuo et al., 2020). However, these authors have not performed any analysis on

astrocytes.

It is important to highlight that, even tough we observed metabolic alterations in astrocytes similar to the
ones reported before, our results do not exactly replicate those studies. One of the factors that could also
contribute to variability among studies, other than the ones already mentioned, is the protocol used to
isolate astrocytes. While we specifically isolated ACSA-2/Atp1b2 positive astrocytes using MACS, the
previously mentioned studies have used fluorescence-activated cell sorting or astrocyte RiboTag mice to
isolate these cells (Chao et al., 2019; Itoh et al., 2018; Tassoni et al., 2019). So, we cannot exclude the
hypothesis that different astrocytic populations, that could differentially respond to disease, are being

analyzed in the different studies, leading to the distinct results in gene expression.

In addition to metabolic alterations, other relevant astrocytic functions were observed to be altered in our
EAE animals, namely, several pathways involved in the modulation of the ECM, particularly at the pre-
symptomatic phase. Interestingly, the great majority of significantly altered genes were upregulated in
EAE animals, including genes encoding for collagen and laminin proteins. In accordance, previous works
have reported alterations in the expression levels of ECM genes and proteins both in EAE and MS (Gresle
etal., 2014; Han et al., 2008; Ibrahim et al., 2001; Kroksveen et al., 2017; Satoh et al., 2009). Astrocytes
are major producers of ECM proteins in the CNS, and particularly in glial scars, the production of
fibronectin, hyaluronan and CSPGs by reactive astrocyte is detrimental for remyelination (Lau et al., 2013;
Stoffels et al., 2013). Thus, the modulation of the astrocytes capacity for producing ECM proteins also
presents as a possible therapeutic target. It is important to mention that we cannot exclude that the
upregulation of these ECM-related genes originates from endothelial cells, and not astrocytes, considering
that we also found increased expression levels of some endothelial markers in our samples, and that
these cells present high expression levels of most of the genes found altered (Zhang et al., 2014). In fact,
Munji and colleagues (2019) have reported alterations in ECM-related pathways in endothelial cells during
EAE (Munji et al., 2019). Future studies using laser capture microdissection followed by gene expression
profiling (Nichterwitz et al., 2018) or spatial transcriptomics (Vickovic et al., 2019) would be important to
further explore the alterations occurring in each cell type during EAE, and specifically pinpoint the

astrocytic-specific changes.
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Besides performing a transcriptomic characterization of astrocytes, we also performed a morphological
study of astrocytes throughout disease development. The 3D morphology reconstruction was performed
after GFAP staining. One of the drawbacks of using GFAP for morphology reconstruction is that not all
astrocytes are positive for GFAP (Walz and Lang, 1998; Zhang et al.,, 2019), and GFAP
immunohistochemistry only labels the main cellular branches, being absent in fine processes (Bushong
et al., 2002; Herrmann et al., 2008; Sofroniew and Vinters, 2010). Thus, our analysis is biased towards
this specific astrocytic sub-population and does not cover the entire morphological alterations that could
be occurring in astrocytes during disease. Another disadvantage is the thickness of the sections used,
which do not allow the visualization of the entire astrocytic structure. Nevertheless, we were able to
confirm an increased astrocytic reactivity near lesion regions of EAE animals, characterized by increased
total length and number of processes. In future studies, double staining protocols would be useful in the

characterization of the morphological alterations occurring specifically in A1 and A2 astrocytes.

When it comes to the NAWM of EAE animals, no significant differences were observed, in comparison to
non-induced animals. Interestingly, astrocytes from the NAWM of EAE animals presented high variability,
which could be associated with the presence of increased BBB permeability in some of these animals,
for example. In fact, already at the pre-symptomatic phase there seems to exist two groups of animals,
and the higher astrocyte reactivity in some of them could be preceding the appearance of clinical
symptoms. To confirm this hypothesis, it would be of relevance to evaluate astrocytic reactivity in live
animals throughout disease development. This could be performed using two-photon Caz imaging, since

changes in intracellular Ca# levels could be a good indicator for alterations in astrocytic physiology.

Decreased lesion burden in IP,R2-null EAE mice

Intracellular Ca> transients represent a form of astrocytic excitability (Scemes and Giaume, 2006;
Sofroniew and Vinters, 2010) and are important for several astrocytic functions, like the release of
vasoactive metabolites, that regulate cerebral blood flow and energy supply, and gliotransmitters, that
generate a wide range of effects on neurons (Bazargani and Attwell, 2016). Moreover, alterations in
intracellular Caz transients have been reported to occur in models of neurological diseases, like
Alzheimer's disease and Huntington’s disease (Ding et al., 2007; Jiang et al., 2016; Kuchibhotla et al.,
2009; Reichenbach et al., 2018), however the astrocytic Ca> signaling pattern remains to be explored in
EAE. Future studies using two-photon microscopy would allow the study of Ca* waves in live animals,

throughout disease progression, to evaluate if these are also altered in the EAE context.

173



Interestingly, the astrocytic hyperactivity observed in a model of Alzheimer’s disease (Kuchibhotla et al.,
2009; Reichenbach et al., 2018), along with the cognitive deficits presented in this model, were reverted
by the deletion of IP,R2 (Reichenbach et al., 2018). IP:R activation in astrocytes is involved in the release
of Caz from the endoplasmic reticulum (Agulhon et al., 2008; Petravicz et al., 2008; Vardjan and Zorec,
2015), and the type 2 receptor was reported to be expressed mainly in astrocytes, in the CNS (Hertle
and Yeckel, 2007; Sharp et al., 1999). As already mentioned, the profile of astrocytic Caz signaling is not
known in EAE, however, the /for2 gene, that encodes for the IP;R2, was reported to be increased in this
model (Staats et al., 2016), and IPs-dependent Ca> signaling seems to be involved in the astrocytic
response to injury (Kanemaru et al., 2013). Taking all this into account, we decided to study the
consequences of ablating IP.-dependent Ca# signaling in the EAE model. While no differences were
observed between genotypes regarding the clinical score, we did detect a decrease in the percentage of
lesioned area in the cerebellum of IP,R2-null mice, compared to Wt littermates, at the onset phase of
disease. In addition, the IP;R2-null mice astrocytes were more reactive (higher length and number of
processes) near lesion regions, than in the NAWM, which was not observed in Wt animals. This suggests
that in IP;R2-null mice astrocytes could be more effective at containing the inflammatory infiltrates than
Wt astrocytes. These results are contradictory to what was expected, since previous studies have found
that IP,-dependent Caz signaling is important for the astrocytic response to injury. This way, in the absence
of this signaling pathway astrocytes should become less reactive and present a decreased capacity for
containing inflammatory infiltration. In fact, Kanemaru and colleagues (2013) observed decreased
astrocytic reactivity and increased number of infiltrating leukocytes in the CNS of IP,R2-null mice, after a
stab wound injury (Kanemaru et al., 2013). Nevertheless, the two disease models used are very different.
In EAE, there is an autoimmune reaction against myelin antigens, BBB leakage allows the entry of the
autoreactive cells into the CNS, and lesions occur scattered throughout the entire CNS. On the other
hand, the stab wound injury is an acute model of damage, that triggers reactive gliosis and glial scar
formation at a specific location, followed by tissue remodeling (Allahyari and Garcia, 2015). Moreover,
leukocyte infiltration into the CNS is associated with the damage to the blood vessels, caused by the stab
injury. It is possible that IP;R2-independent mechanisms contribute to astrocyte reactivity, and further
confinement of inflammatory infiltration, during EAE but not in the stab wound injury model.

The genetic ablation of IP;R2 was also shown to be detrimental for neuronal survival in a model of
amyotrophic lateral sclerosis (ALS) (Staats et al., 2016). Interestingly, in this study, the authors observed
that IP,R2-null mice present an increased propensity to inflammation, since these animals had an

increase in the relative number of monocytes, in the spleen and blood, and in the IFNy serum levels.
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Previous studies using different EAE animal models have demonstrated that IFNy plays a protective role
in EAE, particularly during early phases of disease (Billiau et al., 1988; Heremans et al., 1996). So, the
protective effects observed in IP,R2-null mice could also be related with increased peripheral levels of
IFNy. In future studies, it would be relevant to specifically ablate IPsR2 in astrocytes, for example by
crossing GFAP-Cre or Aldh111-Cre with IP,R2"* mice, and evaluate Ca* signaling after EAE induction. This
way, it would be possible to study the response of knock-out astrocytes during disease development, while

avoiding the confounding effects of both peripheral IP.R2 ablation and increased IFNy levels.

DMF is a good therapeutic drug to improve cognitive deficits and it impacts astrocytic
activation

On the last part of this work, we studied the effects of DMF on the cognitive performance of EAE animals,
since its immunomodulatory and neuroprotective actions supported a possible beneficial role on the
cognitive function. In fact, our work has shown that DMF treatment, starting at the symptomatic phase of
disease, is able to rescue the cognitive deficits observed in vehicle-treated EAE animals. However, these
conclusions can only be applied to animals that present a less severe disease, i.e. animals with clinical
scores below 3, because mice with hind paw paralysis were not able to perform the Morris water maze
(MWM) cognitive task. In fact, cognitive evaluation is difficult in the symptomatic phase of EAE, since EAE
animals present severe motor deficits, and most cognitive tasks rely on motor function. To overcome this
limitation, it is important to develop new tasks for cognitive evaluation, that rely less on motor function.
Moreover, the induction of a less severe disease phenotype, for example by modulating the concentrations
of MOG and PTX (Dias et al., 2015; Hooke Laboratories; Nam et al., 2014), would allow the cognitive
evaluation of an increased number of animals. Finally, future studies using MS patients treated with DMF
will be essential to confirm the effects of this drug on cognitive performance.

Associated with cognitive rescue, DMF-treated animals also presented a decrease in demyelination and
astrocyte numbers in the fimbria. In the recent work of Wheeler and colleagues (2020), NfeZ/2, which
encodes the Nrf2 transcription factor, was identified as a possible transcriptional regulator of gene
expression in astrocytic subpopulations expanded in EAE animals. Namely, these subpopulations of
astrocytes presented decreased expression of Nrf2 target genes. In addition, the NMeZ/2 inactivation, by
lentivirus, specifically in astrocytes worsened the clinical score of EAE animals, associated with an
activation of pro-inflammatory pathways in astrocytes. Overall, these data suggested that Nrf2 signaling

decreases the transcriptional responses in astrocytes that promote the pathogenesis of EAE (Wheeler et
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al., 2020). Accordingly, in our work DMF could be inducing Nrf2 activation in astrocytes, contributing for
decreased astrocytic reactivity. Astrocyte isolation from animals induced with EAE and treated with DMF
would allow to confirm if this decrease in reactivity is associated with Nrf2 activation in astrocytes.
Moreover, it would be interesting to induce EAE in a model of Nrf2-targeted ablation in astrocytes, and

further treat these animals with DMF, to verify if the beneficial effects of DMF are loss.

LCN2 is a possible prognostic biomarker in MS

Currently there are no specific biomarkers for MS, and, even though MRI and OCBs are used in the clinics
to aid in disease diagnosis, the alterations observed in MS patients are not specific of this disease. More
specifically, MRI abnormalities, similar to the ones observed in MS, and the presence of CSF OCBs occur
in several other diseases (Petzold, 2013; Rolak and Fleming, 2007). Several works have tried to identify
new disease biomarkers, being LCN2 one of them. LCN2 levels were reported to be increased in MS
patients’ samples by different groups, including ours (Al Nimer et al., 2016; Berard et al., 2012; Marques
et al.,, 2012). In this work, we intended to evaluate the prognostic value of LCN2 for MS disease
progression. The Kaplan-Meyer survival curve analysis revealed that increased LCN2 CSF levels were
associated with faster disease progression. However, the association found between LCN2 and disease
progression was lost after controlling for the age of the patients. In fact, previous studies had already
reported that older patients present a faster disease progression, at least until reaching a certain EDSS
(Guillemin et al., 2017; Leray et al., 2010), and our results support these findings.

Nevertheless, the confidence intervals obtained in the Cox regression analysis do not rule out a possible
contribution of LCN2 for disease progression. Of relevance, a previous study, using a sample size similar
to ours, has found that high CSF levels of this protein were an independent predictive factor for CIS
conversion to clinically definite MS (Khalil et al., 2016). Thus, we propose that this study should be
repeated using a larger sample size and longer follow-up periods. Moreover, considering that increased
LCN2 levels were also observed in other conditions (Choi et al., 2011; Llorens et al., 2020; Mike et al.,
2019), future studies should also quantify other possible biomarkers, like the ones already referred in the
introduction section, in parallel to LCN2, to try to establish a panel of biomarkers that are specific for MS

diagnosis and prognosis.
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Concluding remarks

With the work developed in this thesis we tackled the astrocytic response during EAE using different
strategies. At first, we performed a wide transcriptomic approach to identify genes significantly altered
throughout disease development, by looking at three disease time points. From this analysis we identified
that astrocytes could be undergoing metabolic reprograming and are currently testing this hypothesis
using primary astrocyte cultures. Following this, we used a model of global astrocytic Ca* signaling
impairment, and studied the consequences for EAE progression of “silencing” astrocytes. Here, we
observed that astrocytes with impaired Caz signaling remain reactive and seem to control inflammatory
infiltration in the cerebellum more efficiently than Wt astrocytes. Then, we studied the effects of a drug
currently used in the clinics to treat MS, DMF, on cognitive performance and astrocytic reactivity, and
observed positive effects on both measurements. Finally, we moved to human samples and focused our
attention in one molecule already known to be produced by astrocytes in the context of MS and EAE,

LCN2, and found that it could present prognostic value in MS.

To summarize, the main conclusions of this work are:

- During EAE, particularly at the onset phase of disease, astrocytes seem to undergo metabolic
reprogramming, acquiring a neurotoxic (A1) phenotype associated with increased glycolytic rate
and TCA cycle activity;

- Ablation of the IP-dependent Caz signaling decreases the percentage of lesioned area in the
cerebellum, even tough it is not sufficient to improve the animals’ clinical score;

- DMF is able to improve the cognitive performance of EAE animals and this is associated with
decreased demyelination and astrocytic reactivity;

- LCN2 is a possible prognostic marker for MS progression.
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Abstract

Astrocytes are fundamental cells for the maintenance of brain homeostasis. In physiological conditions
they are involved in neuronal support and maintenance of blood-brain barrier integrity, among other
important functions. During pathological conditions, like in multiple sclerosis (MS), astrocytes play both
detrimental and protective roles. Considering that currently there is no cure for MS, and that the
immunomodulatory drugs being used have poor efficacy in the progressive forms of disease, in which
astrocytes are believed to play a relevant role, these cells are possible therapeutic targets. In this review,
we explored the astrocytic response to several therapeutic agents that are not in use in the clinics, and
then we reviewed the astrocytic response to currently approved MS drugs that are already in use in

patients.
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Introduction

In physiological conditions, astrocytes play several important roles, like the support of neural transmission
and maintenance of blood-brain barrier (BBB) permeability (Abbott et al., 2006; Allen and Barres, 2009).
However, during inflammatory processes astrocytes become reactive, they proliferate and upregulate the
expression of glial fibrillary acid protein (GFAP), in a process called astrogliosis (Adams and Gallo, 2018;
Anderson et al., 2014). Moreover, in diseases like multiple sclerosis (MS), they acquire several deleterious
functions, like pro-inflammatory cytokine and chemokine production, which contribute to the recruitment
of peripheral immune cells (Yi et al., 2019). Thus, targeting inflammatory pathways in astrocytes, without
interfering with their protective roles, is highly relevant in the context of MS (Yan et al., 2012). In this
manuscript we will review the impact of several therapeutic agents in the modulation of astrocytic function
and activation, after treatment of MS animal models, like the experimental autoimmune encephalomyelitis
(EAE) and cuprizone models, or astrocytic cell cultures. In addition, we will also explore the effects of

currently approved MS drugs on astrocytes.

1. Role of therapeutic agents not used in the clinics in astrocytic function
1.1. Production of inflammatory mediators

Astrocytes, along with macrophages and microglia, are major producers of inflammatory mediators, like
cytokines, chemokines and nitric oxide (NO). In pathological circumstances, NO and pro-inflammatory
cytokine production, like interleukin (IL)-1[3, IL-17, and interferon gamma (IFNy), by these cells can induce
the expression of inducible nitric oxide synthase (iINOS) in astrocytes, increasing even more NO
concentration (Yi et al., 2019). /n vitro studies suggest that glial-cells derived NO can lead to the death of
oligodendrocytes (Merrill et al., 1993), which could be a potential therapeutic target in MS.
In astrocytes, NO signaling via cyclic guanosine monophosphate was shown to be involved in the
upregulation of GFAP (Brahmachari et al., 2006) and in the rearrangement of actin and GFAP filaments,
influencing astrocyte stellation and motility (Boran and Garcia, 2007). These results suggest a role for
this pathway in the regulation of the reactive phenotype in astrocytes. Pifarre and co-workers (2011) used
Sildenafil, a phosphodiesterase type 5 inhibitor, to decrease the activation of this pathway. Sub-cutaneous
treatment with Sildenafil, starting 18 days post-immunization, was able to improve the clinical score of
EAE animals. Regarding astrocytic effects, no differences were observed in the overall GFAP staining
intensity, but in the spinal cord of Sildenafil-treated animals there was a tendency for the formation of
scar-like structures around confined infiltrates, what might suggest a role in controlling the spreading of

infiltration (Pifarre et al., 2011).
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Another drug that is able to inhibit INOS and pro-inflammatory cytokine expression in activated astrocytes
and microglia in culture is lovastatin, a 3-hidroxi-3-methyl-glutaril-CoA reductase (Pahan et al., 1997). The
treatment of EAE rats with Lovastatin, since the first day of immunization, delayed the onset of symptoms
and decreased disease severity. Besides, it was observed a decreased iNOS expression in GFAP positive
astrocytes and ED1 positive macrophages/microglia (Stanislaus et al., 1999). Also, the treatment of EAE
animals with 1,25-dihydroxyvitamin-D, (1,25-D3), by peripheral injection, at the symptomatic phase of
disease, was able to decreased the expression of iNOS in both central nervous system (CNS)-infiltrating
and resident cells, including microglia and astrocytes, and exerted beneficial effects on clinical symptoms
(Garcion et al., 1997; Garcion et al., 2003). On the other hand, the administration of 1,25-D3 in the diet
of the animals had no effect on /rnos expression or severity of symptoms (Spach et al., 2004), which
suggest that different forms of drug delivery have an important role and must be considered.

Moreover, the production of NO and IL-6 was significantly ablated by treatment with CD200Fc, an agonist
of the CD200 receptor, in primary cultures of astrocytes activated with IFNy plus tumor necrosis factor
(TNF) a. In the EAE mouse model, both CD200 and CD200R are upregulated on astrocytes, while the
treatment with CD200Fc reduced the activation state of these cells, besides significantly reducing EAE
severity, when used at the post-symptomatic phase (Liu et al., 2010). In addition, the glia inhibitor MWO1-
5-188WH was previously shown to inhibit the overproduction of pro-inflammatory cytokines, namely IL-
1B and TNFaq, in glial cells (Ralay Ranaivo et al., 2006). Oral treatment with this compound improved the
symptoms of myelin oligodendrocyte glycoprotein (MOG)-induced EAE mice and seemed to reduce
oligodendrocyte death, at least partly, through the attenuation of microglia and astrocyte activation (Guo
et al., 2007).

The /n vitro treatment with Geldanamycin, that belongs to the family of antibiotic benzoquinones, was
shown to reduce nitrite production in C6 glioma cells and primary astrocytic cultures, via inhibition of
iNOS (Murphy et al., 2002). The related analogue 17-allylamino-17-demehtoxygeldanamycin (17-AAG)
exhibited similar inhibition of INOS activity in primary astrocyte cultures, with the advantage of presenting
reduced toxicity (Dello Russo et al., 2006; Murphy et al., 2002). However, both /n vivo preventive and
therapeutic treatments with 17-AAG presented little or no effect on glial cell activation, even tough there

was an amelioration of the animals’ clinical score (Dello Russo et al., 2006).

1.2. Glutamate excitotoxicity
Glutamate excitotoxicity has been pointed out as a potential mechanism involved in the pathogenesis of

MS (Kostic et al., 2013; Stojanovic et al., 2014), and astrocytes play an important role in the removal of
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excessive glutamate from the extracellular space. However, it was shown that the astrocytic glutamate
removal capacity is impaired in EAE (Hardin-Pouzet et al., 1997; Ohgoh et al., 2002). Ceftriaxone is a [3-
lactam antibiotic which was described to upregulate the expression of GL7-1, which is the astrocytic
transporter for glutamate clearance from the synaptic cleft (Rothstein et al., 2005). To explore its role in
the EAE model, Ramos and colleagues (2010) immunized rats with MOG and treated them intrathecally
with Ceftriaxone, starting on the first day of clinical symptoms. Ceftriaxone treatment was able to improve
the motor deficit scores of the animals and to revert the decrease in protein expression of membrane-
bound dimerized GLT-1, in the animals’ spinal cord. Astrocyte activation in the spinal cord was also

prevented, as assessed by GFAP protein expression (Ramos et al., 2010).

1.3. Modulation of immune cells capacity to infiltrate the brain parenchyma

Charles F. Barlow (1956) first described that the BBB integrity was compromised in animals induced with
experimental encephalomyelitis, by injecting animals with trypan blue in the periphery and observing
staining in the brain parenchyma, in lesion areas (Barlow, 1956). However, he also described the
presence of abnormal vessels, in regions without lesions, that were not permeable to the dye. This way,
Barlow suggested that dye diffusion was more related with the characteristics of the brain parenchyma,
probably the perivascular glia, than with the alterations of vascular endothelium (Barlow, 1956). It is
known that astrocytic endfeet are closely associated with parenchymal vessels and it was shown that
astrocytes participate in the maintenance of physical (modulation of tight junctions strength), transport
and also metabolic barriers (expression and polarized location of transporters, like glucose transporter 1,
and of specialized enzymes) (Abbott et al., 2006). Furthermore, proteolysis by matrix metalloproteinases
(MMPs) contribute to the inflammatory damage caused to the BBB and myelin (Rosenberg, 2005), and
astrocytes are a major source of extracellular matrix (ECM) degrading proteases, like MMPs (Ogier et al.,
2006). Hence, by targeting astrocytes in MS, it may be possible to prevent or decrease the BBB
permeability observed in MS and reduce immune infiltration, consequently improving the clinical
symptoms.

When analyzing the BBB at the ultra-structural level, EAE animals were shown to present opened tight
junctions and edema of astrocytes, among other alterations. A reversion of these alterations was observed
in animals treated orally with spinal cord proteins hydrolysate, which was suggested to induce oral
tolerance to myelin peptides (Kwiatkowska-Patzer et al., 2003). In an EAE mice model treated with RG-

13577, a heparin-mimicking compound, the reduction in CNS inflammation and amelioration of

189



symptoms was suggested to be in part associated with a reduction in heparanase (ECM degrading
enzyme) expression by astrocytes (Irony-Tur-Sinai et al., 2003).

Additionally, MMP inhibitors were used to treat a chronic relapsing EAE model, which presented improved
clinical score and a reduction in demyelination and glial scarring. The differences in gliosis were observed
by electron microscopy and by decreased GFAP levels in western blot analysis (Liedtke et al., 1998).
Besides synthetic inhibitors, the proteolytic activity of MMPs can also be opposed by members of the
tissue inhibitor of MMPs (TIMPs) family. In accordance, EAE animals treated with Darbepoetin alpha
(synthetic analogue of recombinant human erythropoietin, which presents a longer /n vivo halfife)
presented increased expression of TIMP-1 in astrocytes and decreased mean clinical scores, at day 21
post-induction (Thorne et al., 2009).

In addition to the alterations in the ECM, other important aspect for immune cell infiltration is the
production of chemoattractant molecules, such as chemokines. Chemokine (C-C motif) ligand (CCL) 2 is
mainly expressed by reactive astrocytes and drives myeloid cell recruitment to sites of injury via its
receptor chemokine (C-C motif) receptor (CCR) 2 (Giraud et al., 2010; Kim et al., 2014). /n vitro studies
demonstrated that huperzine A, which is a potent, selective and reversible inhibitor of
acetylcholinesterase, could revert the lipopolysaccharide (LPS)-induced secretion of CCL2 in astrocytes,
while having no effect on the production of other pro-inflammatory cytokines, like TNFa,, IL-6 or IL-1[3. In
addition, transwell migration assays showed that supernatant from huperzine A-treated astrocytes could
suppress peripheral blood mononuclear cell (PBMC) migration, compared to LPS-treated astrocyte
supernatant. Moreover, CD200Fc treatment ablated CCL2 production, in primary cultures of astrocytes
activated with IFNy plus TNFa (Liu et al., 2010). As for /n vivo studies, huperzine A treatment of EAE
animals was able to revert CCL2 overexpression, decrease inflammation, demyelination and axonal injury,
improving disease severity (Tian et al., 2013). The post-symptomatic treatment of EAE animals with 173-
estradiol was also shown to decrease the clinical score of mice and reduce both the CCL2 protein and
mRNA levels, mainly by targeting the estrogen receptors in astrocytes (Giraud et al., 2010).

/n vitro studies suggest that Fasudil, a Rho-kinase inhibitor, is able to decrease the ability of astrocytes to
attract immune cells from the periphery. Astrocytes cultured in a transwell system with mononuclear cells
from the spleen, and stimulated with LPS or IFNy, promoted the migration of these cells (Guo et al.,
2014). Fasudil treatment significantly decreased this migration, while decreasing the production of TNFa,
IL-6, NO and also chemotactic factors, like CCL5, macrophage inflammatory protein 1 a and CCL2, in
astrocytes (Guo et al., 2014). In accordance, EAE animals treated with Fasudil, starting at the pre-

symptomatic phase, presented a decrease in the number of CCL20 double positive astrocytes. This might
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have prevented the infiltration of inflammatory cells into the CNS and contributed to the amelioration

observed in the clinical score of Fasudil-treated animals (Guo et al., 2014).

Besides the aforementioned studies, there were several others in which the main therapeutic target was
not related with specific astrocytic functions altered in MS disease, but in which a beneficial effect was
observed in terms of astrocytic reactivity, alongside with clinical score improvement. Table S1. 1 resumes

the findings of these studies.
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2. Impact of cell-based therapies in astrocytes
The transplantation of stem cells has been used to try to enhance neuroprotective mechanisms and
induce neuroregeneration (Cuascut and Hutton, 2019). The peripheral injection of EAE-induced animals
(chronic and relapsing-remitting models) with bone marrow derived human mesenchymal stem cells (BM-
hMSCs), after the establishment of clinical symptoms of disease, was able to induce clinical recovery.
Even though this recovery was related with a decrease in the number of infiltrating cells and in the extent
of demyelination, and with the protection or recruitment of oligodendrocytes, it was also possible to
observe a decrease in astrogliosis, in the spinal cord of the animals (Bai et al., 2009). Mesenchymal stem
cells (MSCs) derived from human periodontal ligament also improved the clinical score of EAE animals,
and significantly decreased the degree of GFAP positive staining (Trubiani et al., 2016).
BM-hMSCs therapy was also tested in combination with the antibiotic minocycline, but in this case the
treatment started 2 days before the appearance of clinical signs of disease (Hou et al., 2013). The
combinatorial treatment significantly ameliorated the clinical severity and improved functional recovery of
EAE mice, in comparison with both isolated treatments. In this study, the isolated treatments were able
to decrease the number of infiltrating cells, the lesion area, the GFAP positive area and Ibal positive cell
number in the spinal cord, while increasing the myelin basic protein (MBP) positive area and the number
of NeuN positive cells. Furthermore, the combinatorial treatment presented an even higher effect on all
these parameters, presenting a higher therapeutic effect (Hou et al., 2013).
Interestingly, several studies identified the presence of transplanted cells in the brain parenchyma, mostly
associated with lesions or inflammatory infiltrates (Bai et al., 2009; Gerdoni et al., 2007), which indicates
that they are able to cross the BBB at regions of increased permeability.
Besides MSCs transplantation, cultured astrocytes transplantation was also used as therapeutic
approach, however no differences were observed between astrocyte-transplanted and vehicle-
transplanted groups, probably because of their inability to migrate from the ventricular space, where they

were injected, into lesion sites at the brain parenchyma (Einstein et al., 2006; Einstein et al., 2003).

3. Therapeutic agents that specifically target astrocytes
Some therapeutic agents already tested in MS animal models are highly specific for astrocytes, since
their targets are mainly expressed in these cells. Sulfonylurea receptor 1 (SUR1)-transient receptor
potential melastatin 4 channels were showed to be upregulated in EAE mice, and these channels are
expressed predominantly by reactive astrocytes, in regions that present a significant inflammatory burden

(Makar et al., 2015). Moreover, post-mortem analysis of human MS samples revealed SUR1 expression
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predominantly in astrocytes, evaluated by co-labelling with GFAP and S100 calcium-binding protein 3
(S100B) (Gerzanich et al., 2017). Taking this into account, Glibenclamide, which is a pharmacological
inhibitor of SUR1, could be used to specifically target reactive astrocytes, reducing their expression of pro-
inflammatory cytokines, chemokines and neurotoxic factors. In fact, Glibenclamide symptomatic
treatment was shown to improve the clinical score of EAE animals, while decreasing reactive astrocytosis
and astrocytic expression of TNF, B-cell activating factor, CCL2 and iNOS (Gerzanich et al., 2017).
During adulthood, astrocytes are the main CNS cells producing cholesterols, which is then transported
via ApoE to neurons and oligodendrocytes, for membrane and synapse or myelin synthesis, respectively
(Saher and Stumpf, 2015). Transcriptomic analysis of astrocytes isolated from different CNS regions,
including spinal cord and cerebellum, after EAE induction, revealed a downregulation of cholesterol
synthesis pathways (Itoh et al., 2018), suggesting astrocytic cholesterol homeostasis as a possible
therapeutic target. More so, considering that reduced cholesterol synthesis in astrocytes during EAE could
lead to reduced cholesterol transport to oligodendrocytes, and consequently, decreased myelin synthesis.
To test this hypothesis, EAE animals were treated with CS-6253, an agonist for ATP-binding cassette
transporter Al that increases the efflux of cholesterol. CS-6253 was administered daily to EAE animals,
starting 4 days before immunization, until day 40 postiimmunization, inducing a significant amelioration
of the animals’ clinical score. Gene expression and immunohistochemistry analysis of spinal cord
astrocytes revealed a significant restoration to control levels in enzymes involved in the cholesterol
synthesis pathway in CS-6253-treated animals (ltoh et al., 2018).

Additionally, genetic approaches have been used to specifically target astrocytes, and these have been
focused primarily on reducing the inflammatory status of astrocytes. Namely, the downregulation of actin
related gene 1 (Actl), which is involved in IL-17 signaling, in astrocytes was able to improve the clinical
symptoms of EAE animals (Yan et al., 2012). Furthermore, knocking-down ActI expression in cultured

astrocytes reduced the transmigration of MOG-stimulated splenocytes of 2D2 mice (Yan et al., 2012).

4. Role of currently approved MS drugs on astrocytes

In the clinics, for the management of clinical relapses, MS patients are usually treated with corticosteroids,
such as methylprednisolone, in an attempt to fasten recovery (Noseworthy et al., 2000). Lee and co-
workers (2014) used a liposomal encapsulated formula of methylprednisolone to treat EAE mice, after
the appearance of clinical symptoms. A low dose of methylprednisolone was encapsulated in liposomes,
and their efficacy was compared with the efficacy of low and high doses of free drug. They observed an

amelioration of the clinical score in the groups treated with low dose liposomal methylprednisolone and
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high dose free methylprednisolone, in comparison with low dose free methylprednisolone and vehicle-
treated animals. In addition, liposomal encapsulated methylprednisolone significantly reduced the
number of GFAP positive astrocytes, in spinal cord lesions, similarly to the high dose free
methylprednisolone (Lee et al., 2014). Regarding the effects of methylprednisolone in human astrocytes

the knowledge is still very scarce.

Another drug that is used as an anti-symptomatic treatment for MS is 4-aminopyridine (4-AP), which is a
potent inhibitor of voltage gated K channels. However, its efficacy in improving the clinical symptoms of
EAE animals was dependent on the model used (Moriguchi et al., 2018). Pre-symptomatic treatment,
since the day of immunization, was able to improve disease severity in the RR EAE model (SJL/J females
immunized with PLPs1s:) but not in the chronic EAE model (C57BL/6 females immunized with MOGisss).
Moreover, in the SJL/J EAE mice, 4-AP was able to downregulate GFAP expression (Moriguchi et al.,
2018).

Regarding disease modifying drugs, interferons (IFNs), GA, laguinimod and DMF are among the first line
treatments used in MS patients. The mechanism of action of IFNs in MS is not fully understood, but they
present several immune-mediating activities, and several clinical trials demonstrated that IFNB1b
treatment reduces the frequency of relapses (Noseworthy et al., 2000). Even tough with different
biological activities, IFN3 demonstrated a good efficacy in long-term RRMS therapy, and also, to some
extent, in SPMS therapy (Lubina-Dabrowska et al., 2017). Regarding animal model results, the pre-
symptomatic treatment of EAE Lewis female rats with both IFNf1a and IFNB1b presented beneficial
effects on the animals’ clinical score, and a reduction in GFAP protein levels in the animals’ cortex, when
compared to non-treated animals (Lubina-Dabrowska et al., 2017). To improve the therapeutic effects of
IFNs, Mastronardi and colleagues (2004) combined IFN[ therapy with vitamin B,, cyanocobalamin, since
previous works had demonstrated beneficial effects of vitamin B., treatment in reversing demyelination.
The combinatorial treatment was able to reduce clinical disease and cell infiltration to near normal levels.
Moreover, the amount of GFAP in whole brain homogenates was reduced to the levels of untreated mice,

indicating a reduction in astrocytic activation (Mastronardi et al., 2004).

GA is a mixture of synthetic polypeptides resembling MBP, and composed of alanine, lysine, glutamic
acid and tyrosine (Ure and Rodriguez, 2002). These types of polypeptides were initially used to simulate
the ability of MBP to induce EAE, however they were not able to induce disease, and several of them were
even shown to suppress EAE. Moreover, this suppressive capacity was independent of species, disease

type or encephalitogen used for EAE induction (Ziemssen and Schrempf, 2007). In the Lewis rat EAE
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model, subcutaneous injections of GA, starting on the day of immunization, besides decreasing the clinical
symptoms of disease, reduced GFAP immunofluorescence labelling in the spinal cord, compared to
placebo-treated rats (Marques et al., 2009). Furthermore, GA treatment was able to revert the alterations
occurring in the astrocyte association with cortical blood vessels and neuronal synapses. Under
physiological conditions, the astrocytes’ cell bodies are located close to penetrating blood vessels.
However, in EAE animals, astrocytes presented an activated morphology, with retracted un-branched
processes, and extensive decrease in the perivascular end-feet coverage as well as number of processes
pointing towards neurons. In GA-treated animals, after preventive or suppressive treatment, most of the
astroglial cell bodies were lined along the blood vessels and their morphology resembled pre-inflammatory
appearance with multiple astrocyte-blood vessels and astrocyte-neuronal contacts (Eilam et al., 2018).
GA was also shown to modulate astrocytic reactivity /7 vifro. Namely, the IL-13- and TNFa-induced
production of CCL5 was inhibited by GA pre-treatment, in astrocytoma cell lines (Li and Bever, 2001; Li
et al., 2001).

DMF treatment in astrocyte cultures, or microglia/astrocyte co-cultures, was shown to attenuate the LPS-
induced increase of /-1b, /-6 and Tnfa expression (Wierinckx et al., 2005; Wilms et al., 2010) and the IL-
1B-induced increase of /-6, Cxc/10 and Cc/2 (Galloway et al., 2017). However, no effect was observed
regarding /nos expression (Wilms et al., 2010). Contrarily to these results, in the work by Lin and
colleagues (2011), DMF treatment was able to suppress the LPS- and IFNy-induced nitrite production,
both in primary astrocyte cultures and rat C6 glioma cells (Lin et al., 2011). Both /n vifro and in vivo
studies have observed an increased expression of Nrf2 in astrocytes, after treatment with DMF or MMF
(Brennan et al., 2015; Brennan et al., 2017; Linker et al., 2011).

A redox analogue of DMF, ethyl pyruvate (EP), was also tested in an EAE rat model. The intraperitoneal
treatment with EP, starting on the day before appearance of clinical symptoms, significantly reduced the
animals clinical score and seemed to reduce astrocyte activation at day 12 post-immunization (Djedovic
et al., 2017). When tested /n vitro, both DMF and EP suppressed IL-6 release and NF-kB activation in
IFNy- and IL-17-stimulated astrocytes (Miljkovic et al., 2015). Taking all this into account, both DMF and

EP could target astrocytes and play a direct antioxidative protection in the context of EAE and MS.

Regarding second line treatments, natalizumab and fingolimod are widely used. Natalizumab is a
humanized mouse monoclonal antibody against the integrin VLA-4 on leukocytes, which prevents
leukocyte entry into the CNS. Previous work from our lab has shown that natalizumab treatment, after
the appearance of clinical symptoms of disease, was able to improve the clinical manifestations of disease
of a RR model of EAE (Marques et al., 2012). Moreover, treated animals presented a decrease in the CSF
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LCN2 levels and in the number of LCN2 GFAP double positive cells in the cerebellum (Marques et al.,
2012). Hence, it seems that natalizumab treatment is able to reduce astrocyte activation, since LCN2 in
the brain is described to occur mainly in astrocytes and in response to an injury or inflammatory stimulus
(Ferreira et al., 2015). Still, it is possible that this improvement in astrocytic reactivity might just be related

with natalizumab’s ability to prevent immune cell infiltration into the brain (Marques et al., 2012).

The main immunomodulatory mechanism of action of fingolimod is related with its effects on lymphocyte
homing. Fingolimod decreases immune cell trafficking out of secondary lymphoid organs, such as lymph
nodes, by acting on sphingosine-1-phosphate (S1P) receptors. Therefore, fingolimod prevents immune
cell migration into the CNS (Colombo et al., 2014; Huwiler and Zangemeister-Wittke, 2018). Importantly,
reactive astrocytes represent a direct target of fingolimod, since they overexpress sphingosine-1-
phosphate (S1P) receptors and this drug is able to cross the BBB (Colombo et al., 2014; Van Doorn et
al., 2010). Hence, several in vitroand in vivo studies have explored the effects of fingolimod on astrocytes.
In what concerns the /n wiro studies, fingolimod was shown to modulate the expression of genes
associated with migratory pathways, antigen presentation, inflammasome activation, axonal guidance and
fatty acid o-oxidation, when added to a primary astrocytic human culture (Rothhammer et al., 2017).
Van Doorn and co-workers (2010) observed a decrease in TNFa-induced CCL2 release, in primary
cultures of human astrocytes, in a concentration-dependent fashion, after fingolimod pre-treatment (Van
Doorn et al., 2010). Furthermore, it was shown that the astrocyte-conditioned medium (ACM) of cells
cultured in the presence of IL-1, IL-17 or S1P induced /n wifro neuronal degeneration. However, when
neurons were exposed to the same ACM in the presence of fingolimod, or to the ACM of astrocytes
cultured in the presence of fingolimod, neurodegeneration was hampered or reduced (Colombo et al.,
2014; Rothhammer et al., 2017). Further neuroprotective effects of fingolimod were shown by its ability
to induce feukemia inhibitory factor, IL-11 and heparin-binding EGF-like growth factor (HBEGF) expression
in human astrocyte cell cultures, both in the presence and absence of the inflammatory cytokine TNF
(Hoffmann et al., 2015).

As for the Jin vivo studies, C57BL/6 EAE animals treated with fingolimod, after the appearance of clinical
signs of disease, presented clinical recovery at later time points (Colombo et al., 2014; Smith et al.,
2018). Moreover, fingolimod-treated animals presented decreased astrocytic activation (Colombo et al.,
2014; Smith et al., 2018) and reduced iNOS levels (Colombo et al., 2014). In another study, fingolimod
was used to treat nonobese diabetic EAE mice, instead of using the chronic EAE model, since this
resembles several aspects of secondary progressive MS (Rothhammer et al., 2017). In this case,

treatment started at day 40 post-immunization, already at the chronic progressive phase of disease, and

199



after the initial acute neurological event, followed by recovery. After 80 days of treatment, fingolimod-
treated animals presented a decrease in the average clinical score, compared to vehicle-treated animals
(Rothhammer et al., 2017). In what concerns astrocytes, fingolimod treatment downregulated the
expression of pro-inflammatory cytokines and chemokines, including /-6, Ccl2, Ccl20, Ifng, -23a, Cxcl10
and /~-1b, and of neurotoxic factors, like /nos (Rothhammer et al., 2017). In addition, the conditional
deletion of the S1P, receptor subtype in GFAP-expressing astrocytes, but not in synapsin-expressing
neurons, ameliorated the clinical severity of EAE (Choi et al., 2011). Despite S1P; signaling in astrocytes
being a key mediator of fingolimod efficacy, conflicting results regarding S1P, signaling have been shown
in the sense that both SI1P; deletion in astrocytes and exposure to S1P; agonists, like fingolimod,
ameliorate EAE (Choi et al., 2011). Other studies have targeted S1P; receptors using a different agonist,
namely CYM-5442 (2-(4-(5-(3,4-diethoxyphenyl)-1,2,4-oxadiazol-3-yl)-2,3-dihydro-1H-inden-1-yl amino)
ethanol). The treatment of MOG.:s-induced EAE mice with this agonist, after the appearance of clinical
symptoms, resulted in a significant attenuation of clinical signs and weight loss and astrogliosis inhibition,
as evaluated by decreased GFAP immunostaining (Gonzalez-Cabrera et al., 2012).

In the cuprizone model, which is a T cell independent experimental model of toxic CNS demyelination,
fingolimod treatment significantly suppressed the accumulation of reactive astrocytes, but only when
treatment was initiated soon after the beginning of cuprizone diet (3 days later) (Kim et al., 2018), and

not after demyelination was already established (Alme et al., 2015).

Concluding remarks

MS is a disease with a complex pathophysiology, which involves both immunological and
neurodegenerative processes, and presently there is no cure for this disease. Most treatments currently
used are immunomodulatory, presenting beneficial effects in speeding recovery from attacks, preventing
relapses, and managing symptoms. However, they are not so effective in the treatment of symptoms
more related with neurodegeneration and for progressive forms of the disease. To tackle this, new drugs
or combinatorial approaches should continue to be tested, and astrocytes seem to be a good therapeutic
target, due to their location, close to the BBB, and also to the different roles they perform in the CNS.
Importantly, the molecular pathways regulating distinct aspects of reactive astrogliosis need to the better
understood, in order to develop therapeutic strategies that prevent the detrimental effects of astrocytes,
but still permit or even potentiate their beneficial effects. In addition, these therapies should be disease-
specific since certain reactive astrocyte responses may be beneficial in one context and detrimental in

another.
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