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TABLES AND LEGENDS

Experimental Mouse | Sex | Age at time | IF WwB Rt-PCR
procedure strain of sacrifice
; CTRL n=5
Enriched D1 | M | 8weeks N.A. N.A.
Environment EE n=6
Enriched
) . CTRL n=3
Environmenton | GLAST- |\, 1 g 15 \yeeks N.A. N.A.
lineage-tracing GFP EE n=4
model
NO EE VEH NO EE VEH
Enriched NO EE VEH n=3 n=3 n=4
Environment  with EE VEH n=3 EE VEH n=2 EE VEH n=5
administration of | CD1 M 8 weeks
TrkB inhibitor ANA- EE ANA-12 n=3 EE ANA-12 EE ANA-12
12 NO EE ANA-12n=3 | "= n=>
; CTRL n=3
Fluoxetine D1 | M | 8weeks N.A. N.A.
administration FLUOX n=3

TABLE 1 Table representing the number of animals used for the different experimental
protocols. M= male mice, N.A. = not applicable, IF =immunofluorescence, WB = Western Blot,
RT-PCR = Real Time PCR.

TOYS DAY 1 DAY2 DAY3 DAY4 DAY5 DAY6 DAY7
Running wheel X X X X X X X
Nesting material X X X X X X X
Cardboard rolls X X X
Marbles X X X

Stairs X X X

TABLE 2 Scheme of the toys differentially used to perform the environmental enrichment
on 7 weeks CD1 male mice. The X in the square states that the toy (raw) was present in the
cage at that specific day (column). If a cell is empty, it means that the toy (row) wasn’t present
at that specific day (column).



Gene name Forward sequence Reverse Sequence

BDNF CACATTACCTTCCTGCATCTGTTG | CTGGTGGAACATTGTGGCTTT
TUBB3 ACAATGAGGCCTCCTCTCACA TCCATCGTTCCAGGTTCCAA
ntrk2 CACACACAGGGCTCCTTAAGG TGGCGCAAAATGCACAGT
Slcla3 CGCGGTGATAATGTGGTATGC GAGGCCGACAATGACTGTCA
Gapdh GTCCGTCGTGGATCTGA GATGCCTGCTTCACCACCTT

TABLE 3 Table reporting the primer sequences for the RT-PCR analysis. TUBB3 is the B3-
Tubulin gene, ntrk2 is the TrkB gene and Slc1a3 is the GLAST gene.

Experiment Step Animal group Sex n° animals DPI Score
Co-culture / WT C57BI/6J pups F, M 7 / /
/ WT C57BI/6) F,M 3 / /
Onset MOG F, M 3 10-12DPI 1
FACS Onset-Peak CTRL-CFA F, M 5 12-13DPI 0
MOG F, M 6 12-13DPI 1-3
IF Pre-onset CTRL-CFA F, M 3 5DPI 0
MOG F, M 3 5DPI 0
Onset CTRL-CFA F, M 3 10-12DPI 0
MOG F, M 3 10-12DPI 1
Peak CTRL-CFA F, M 3 13-15DPI 0
MOG F, M 3 13-15DPI 3-4
Chronic CTRL-CFA F, M 3 28DPI 0
MOG F, M 3 28DPI 1,5-2
scRNAseq Onset-Peak CTRL-CFA (group 1) F 3 16DPI 0
CTRL-CFA (group 2) F 3 16DPI 0
MOG (group 1) F 6 16DPI 1-2,5
MOG (group 2) F 6 16DPI 1-2,5

TABLE 4 Table reporting EAE and controls scores of the animals in different experiments.
Scale: score 0, no disease; score 1, tail weakness/paralysis; score 2, paraparesis; score 3,
paraplegia; score 4, paraplegia with forelimb weakness or paralysis; score 5, moribund or
dead animal (Constantin et al.,, 1999) (Stromnes and Goverman, 2006). WT=Wild-Type,
CTRL+CFA= Control with complete Freund's adjuvant, MOG= EAE Animals with MOG35-55
peptide, M= male, F= female, DPI= Day Post Immunization.
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SUMMARY

Leptomeninges have been indicated as a novel neurogenic niche hosting neural stem cells
(NSCs) able to generate neurons which can migrate and integrate into the brain cortex (Bifari
et al. 2015; Bifari et al. 2009; Bifari et al. 2017; Decimo et al. 2011; Nakagomi et al. 2011; Pino
et al. 2017). Nowadays, NSC populations are characterized by dynamic behaviour in response
to environmental stimuli suggesting a possible role in physiologic and pathologic conditions
(Decimo et al. 2012a; Decimo et al. 2020). In literature, is known that pro neurogenic
paradigms such as EE and anti-depressant treatments affect hippocampal neurogenesis.
However, the effect on meninges is still unexplored (David et al. 2009; Eisinger and Zhao 2018;
Kempermann 2019). Furthermore, meninges are able to promptly respond also to neural
pathological states (Lin et al. 2015; Nakagomi et al. 2011; Nakagomi et al. 2012; Ninomiya et
al. 2013). In fact, it has been reported that the meningeal NSCs actively reacts to CNS insults
(Dang et al. 2019; Decimo et al. 2011; Ninomiya et al. 2013). However, the specific role of
meningeal NSCs in autoimmune disease is still unknown. The overall aim of my thesis was to
investigate how meningeal niche can respond to neurogenic stimuli contributing to brain
plasticity in physiological conditions and whether and how the meningeal NSC niche can be
actively involved in response to autoinflammatory pathological stimuli.

Enriched environment (EE), a particular housing condition which can offer enhanced sensory,
cognitive or motor stimulation to the animal, and antidepressant treatment, are pro-
neurogenic stimuli capable of increasing the number of newborn neurons in the DG of treated
animals (Eisinger and Zhao 2018; Khodanovich et al. 2018). In the first part of the thesis, |
characterized meningeal stem cell niche of young mice after exposure to EE and following
administration of the selective serotonin reuptake inhibitor antidepressant Fluoxetine. By
using immunofluorescence confocal analysis, western blot and RT-PCR we found that neural
progenitors (GLAST" cells) and immature neurons (B3-tubulin® cells) were increased after the
treatments and that BDNF played a pivotal role in this context, suggesting that the EE
exposure was able to activate the meningeal niche. Interestingly, meningeal niche was found
to be responsive also to a paradigm of Fluoxetine administration by increasing, similarly to EE
exposure observations, GLAST* neural precursors and B3-Tubulin* immature neurons. These

results confirm a reaction of meningeal niche to a different pro-neurogenic stimulus.
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Then, we questioned about the role of meningeal niche in pathological stimuli. Exploiting the
Experimental Autoimmune Encephalomyelitis (EAE) animal model, we studied the impact of
the neurodegenerative Multiple Sclerosis (MS) disease on NSC meningeal population.
Specifically, due to the inflammatory condition established following the development of MS
disease, we focused the attention on the relationship between immune cells and NSCs and
on the role of brain and spinal cord meninges as possible entry way for immune cells to the
CNS parenchyma following inflammatory stimuli. By means of immunofluorescence and
histological staining we found an increased number of NSCs and immune cells in meninges of
brain and spinal cord animals and, in these sites, a strong presence of infiltrates, according to
pathological cell recruitment of MS (Jorddo et al. 2019; Wu et al. 2010). Moreover, NSCs
expressing immunological marker have been found in meninges, suggesting an involvement
of meninges in trophic and immune modulatory activity (Decimo et al. 2012b). Investigating
in more detail the relationship between immune cells and NSCs by a genomic approach
(scRNAseq) and in vitro techniques (co-culture and FACS analysis), we found a strong link
between neutrophils and NSCs suggesting that NSCs could have immunomodulatory
properties (Decimo et al. 2012a; Kokaia et al. 2012).

All together these results indicate that meninges not only harbour a neural stem cell niche
but also highly and actively respond to different stimuli. Meninges may be modulated by
neurogenic stimuli such as EE and Fluoxetine and may be one of crucial checkpoint at which
auto-reactive T cells are licensed to enter CNS parenchyma during MS, thanks to a dynamic
interplay between different cell populations that include NSCs.

Collectively, a better understanding of NSCs role in different paradigms may help to discover
the mechanism that underpins the physiological and pathological processes and can help to
consider meninges as a potential pharmacological target for regenerative medicine of the

CNS.

12



CHAPTER 1 -INTRODUCTION

1.1 Meninges

1.1.1 Anatomical structure

Meninges are a system of three-layered membranes which envelop the Central
nervous System (CNS) (brain and spinal cord) at each level of its organization (Decimo
et al. 2012a). The three layers which compose them are called dura mater, arachnoid
and pia mater (Figure 1.1).

Dura mater represents the upper layer attached to the cranial and vertebral bones
and it is composed by three different layers: the endosteal layer, the meningeal layer
and the border cells layer (Adeeb et al. 2012). The endosteal layer lies in tight contact
with the skull and the vertebrae of the spinal cord and it contains mainly fibroblast-
like cells and extracellular collagen fibers, which are responsible for the resistance
typical of this layer. Below, the endosteal layer confers to the dura its flexibility, due
to the high presence of fibroblast and the low content of extracellular matrix
components (ECM). Last, there is the border cells layer, which is in direct contact with
arachnoid layer, composed of a thin sheet of flat cells linked by desmosomes and
extracellular space filled with amorphous material (Adeeb et al. 2012).

The two innermost meningeal layers, pia mater and arachnoid, are collectively called
leptomeninges and are filled with cerebrospinal fluid (CSF) produced by the choroid
plexus stroma (Bifari et al. 2017). Indeed, the main meningeal projection within the
brain parenchyma, called the meningeal substructure, extends below the
hippocampus and is continuous with the same choroid plexus stroma (Bifari et al.
2017; Decimo et al. 2012b; Mercier and Arikawa-Hirasawa 2012; Mercier and Hatton
2003) and forms the non-neural roof of the third ventricle, a structure known as
choroid tissue (Decimo et al. 2020).

The arachnoid mater is in direct contact with the dura mater through its outer
mesothelial layer, which is composed of few stacked flat cells separated by tight
junctions. Below the mesothelial zone, the inner reticular layer is less organized and is
composed of cell whose processes are linked by gap junctions and desmosomes and

are surrounded by collagen fibers and small cisternae (Vandenabeele et al. 1996).
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Between the arachnoid and the pia mater there is the subarachnoid space which
contains the cerebrospinal fluid (CSF) that envelop the brain and the spinal cord and
is crossed by arachnoid trabeculae. These structures are composed by a collagen core
and are covered by leptomeningeal cells allowing the flow of CSF within the
subarachnoid space (Adeeb et al. 2013).

Below the subarachnoid layer lies the pia mater which closely covers the CNS
parenchyma. Pia mater can be dived into a vascular layer, composed of a network of
minute blood vessels combined with collagenous fibres, and a avascular layer
composed of reticular elastic fiber separated from the CNS parenchyma by the
basement membrane of the glia limitans (Jones 1970). In addition, introflections of
the pia and arachnoid membranes (leptomeninges) form a perivascular space

(Virchow-Robin space) around every vessel of the CNS (Bifari et al. 2015) (Figure 1.1).

Skull
I Endosteal layer

IEE—— \lcningeal layer
_— >
Dura mater — Border cell |ayer

i Mesothelial la
Arachnoid membrane —» e A

Subarachnoid space

Vascular layer
Avascular layer

Basal lamina

\4

Pia mater

Brain parenchyma

FIGURE 1.1 SCHEMATIC REPRESENTATION OF THE MENINGEAL LAYERS

This drawing depicts the localization of the meninges, covering and penetrating the CNS. The pia mater
is indicated in pink and it’s in close contact with the basal lamina (green) of CNS parenchyma (grey). The
pia mater is divided from the arachnoid (light violet) by the subarachnoid space; the dura mater (dark
violet) is the outer layer, in direct contact with the skull. Modified from Department of Neurosurgery
Tokai University Hospital.

The principal function usually attributed to meninges and CSF is to protect the CNS

from potential injuries and traumas (Decimo et al. 2012b; Nakagomi et al. 2011;
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Nakagomi et al. 2012). However, in the past, this was wrongly considered as the only
function of the meningeal layers (Decimo et al. 2012b): nowadays we know that they
also anchor the CNS to the surrounding bones and that their presence is essential for

CNS development (Decimo et al. 2012b).

1.1.2 Meningeal role in CNS development

Meninges originate early in development from the mesenchymal tissue that surrounds
the neural tube and they are involved in the regulation of CNS development (Etchevers
et al. 2001). Specifically, meninges are necessary for, the genesis of the cerebral cortex
(Radakovits et al. 2009), cerebellum (Sievers et al. 1986) and hippocampus (Hartmann
et al. 1992). The primordial of meninges, “meninx primitive”, is initially composed of
mesenchymal neural crest cells and an early vascular net of endothelial cells and in
vivo and in vitro studies have underlined its importance for the survival and the
subsequent growth of neural progenitors (Decimo et al. 2020).

The meninges, due to their distribution and connection with the vascular system,
supply brain structures with various growth/trophic factors, which are essential for
the development and function of the brain's neural progenitors and differentiating
cells. The meninges in fact, exert direct effects on Radial Glia (RG) cells by secreting
high levels of retinoic acid. This process leads the RG cells to neurogenic divisions, thus
regulating the generation of cortical neurons and the development of the anterior
hindbrain (Siegenthaler et al. 2009). Furthermore, they also contribute to the proper
development of the spinal cord, as they are able to serve axonal guide molecules for
motor and sensory neurons (Suter et al. 2017), and the correct formation of the
dentate gyrus (Hartmann et al. 1992).

The meninges also play a role in the development of the corpus callosum and in the
migration of oligodendrocyte precursor cells (OPCs) into the developing cerebral
cortex by secreting signalling factors like BMP-4 and BMP-7 and proteins of the TGFB
family (Choe et al. 2014; Choe et al. 2012).

The meninges are also implicated in the development of the lymphatic network and
in the modulation of immune cells as they are a source of VEGF-C, essential for these

processes (Song et al. 2020).
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1.1.3 Meninges and CNS homeostasis

Recently, have been established a more complex consideration of meningeal functions
as modulator of CNS homeostasis and disease. Indeed, the role of meninges in CNS
also involves production and interaction with different components of the
extracellular matrix (ECM). Meningeal cells have in fact been shown to synthetizes
collagen and non-collagen proteins including fibronectin, laminin and tenascin
(Decimo et al. 2012b; Mercier 2016; Sarrazin et al. 2011). These ECM components are
localized at the surface of the brain and around the blood vessels inside the brain and
can aggregate into organized structures, called fractones, that have been shown to be
next to stem cells in different brain areas such as in the subventricular zone. The
presence of those structures in meninges, confer to them the potential to modulate
stem cell homeostasis and cortical function (Bifari et al. 2015; Decimo et al. 2020).
Furthermore, meninges are an important source of several trophic factors such as FGF-
2, insulin-like growth factor-1l, chemokine 12, retinoic acid, growth factors and
cytokines, including those promoting stem cell proliferation and differentiation
(Belmadani et al. 2015; Bifari et al. 2015; Borrell and Marin 2006; Decimo et al. 20123;
Reiss et al. 2002; Stumm and Hollt 2007).

Interestingly, cells of the meninges have been shown to be highly responsive to
principal mitogens such as EGF, FGF-2, and BDNF (Day-Lollini et al. 1997). Heparan
sulfate proteoglycans enrichments have been found in regions associated to neural
stem cell proliferation (Kerever et al. 2007; Mercier and Arikawa-Hirasawa 2012).
Altogether the data indicate that meninges are an important structure that modulates

brain function during embryogenesis and adult life.

1.2 Meningeal neural stem cell niche

1.2.1 Meningeal neurogenesis in physiological condition

Different groups demonstrated that NSCs, which can differentiate into neural lineage
cells, could be induced in brain meninges (leptomeninges) (Belmadani et al. 2015;
Bifarietal. 2017; Dang et al. 2019). In fact, all the features, finding and characterization
of meningeal membranes beforementioned, has given consistency to the concept of

meninges as putative NSC niche (Decimo et al. 2012a).
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Meninges can be considered a NSC niche for three main reasons (Bifari et al. 2017). In
the first place, meninges host subsets of non-parenchymal multipotent cells (Bifari et
al. 2017; Decimo et al. 2011; Decimo et al. 2020). Secondly, non-parenchymal PDGFr3*
progenitors (which are perivascular cells) can differentiate into neurons without
needing proliferation in vitro (Karow et al. 2012), while meningeal cells can produce
neurons in vivo, both, in physiological conditions and after transplantation in the post-
natal brain (Bifari et al. 2009; Bifari et al. 2017; Decimo et al. 2020). Thirdly, it has been
proved (Decimo et al. 2012b; Scadden 2006) that the meningeal niche is a tissue
microenvironment able to host and maintain neural progenitors for the whole life of
the organism. All these three features are present in other well-established
neurogenic niches, like the SVZ, giving consistency to the theory that meninges could
be considered a NSC niche.

This hypothesis has been furtherly confirmed by several studies (Bifari et al. 2015;
Bifari et al. 2009; Decimo et al. 2011) which showed the presence of nestin-positive
cells in brain meninges of embryonic and adult rodent: nestin, an intermediate
filament of neuroepithelial derivation, has been linked with stemness properties in
many tissues (neural and non-neural) (Lendahl et al. 1990; Wiese et al. 2004). The cells
extracted from meningeal biopsies were able to grow as neurospheres and to
differentiate in vitro and in vivo into neurons or mature MBP* oligodendrocytes,
proving their stemness properties (Dolci et al. 2017). As cells expressing nestin have
been identified in human encephalic and spinal cord meninges (Decimo et al. 2012b),
this increases the probability that the observation of meningeal stemness in rodents
could be extended to humans as well.

The neurogenic potential of meninges has been furtherly proved in a recent study
(Bifari et al. 2017), in which it was proved the existence of a pool of embryonic RG-like
meningeal cells able to migrate and differentiate into functional neurons in the
neonatal brain cortex (Figure 1.2). In this study, both gene and protein expression
analysis revealed glutamate/aspartate transporter (GLAST) expressing cells in
meninges (Bifari et al. 2017). Other RG specific markers have been found in meningeal
cells. As in the ventricular zone of the developing cortex (Gotz et al. 1998), also in
perinatal mouse and in adult meninges, were found cells expressing RG-like PAX6 gene

(Bifari et al. 2017) and PAX6 protein (Zeisel et al. 2015). Similarly, SOX2, the HMG-Box
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transcription factor, expressed in the neural tube during development and in postnatal
RG cells (Zappone et al. 2000), were found in embryonic, early postnatal and rarely
also in adult brain meninges (Bifari et al. 2015; Nakagomi et al. 2011; Qin et al. 2008).
These findings are extremely relevant as they indicate that (1)
quiescent/embryonically born neural progenitors could participate in early postnatal
differentiation into cortical neurons, (2) the concept of brain plasticity could be
broaden than how it’s currently intended and (3) neural precursors do not only reside
in brain parenchyma, as it’s currently postulated, but, instead can also come from

meninges, highlighting meningeal tissue as an important source of neurogenic cells.

1. Meningeal
substructures

Meninges

Lateral
Ventricle

Ventricle

3. Cortical neurons

T

FIGURE 1.2 SCHEME OF PROPOSED MODEL OF MENINGEAL CELL MIGRATION AND DIFFERENTIATION
Meningeal neurogenic cells (violet) (box 1) migrate to the cortex via the tela choroidea (box 2, the thin

layer covering the ventriculus) and differentiate to neurons (box 3). These meningeal neurogenic cells
are distinct from the neurogenic ventricular radial-glia. Large dashed blue arrow shows the path of
migration of meningeal neurogenic cells to the cortex. Adapted from (Bifari et al 2017).

1.2.1.1 Neurogenic stimuli

The generation of newborn neurons was known to be restricted only to embryonic
developmental stage however, neurogenesis has been proven to occurs also in
adulthood in specific brain regions: the SVZ and the SGZ of the hippocampus and,
recently, in meninges. Adult neurogenesis in mammals can be modulated by several
stimuli, including exposure to enriched environment (EE) (Benarroch 2013; Venna et
al. 2014) and antidepressant treatments (David et al. 2009; Micheli et al. 2018;
Samuels and Hen 2011; Wang et al. 2008).
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EE is a combination of housing condition and social stimulation which can offer
enhanced sensory, cognitive or motor stimulation to the animal (Zhou et al. 2017). It
has been shown to induce hippocampal neurogenesis, and its therapeutic effect has
been used to ameliorate brain injury outcomes (Forbes et al. 2020).

Similarly, fluoxetine (FLUOX), a selective serotonin reuptake inhibitor (SSRI)
antidepressant (Ferguson 2001; Samuels and Hen 2011), as well as other SSRI
antidepressants like imipramine, also increase hippocampal neurogenesis (David et al.
2009; Duman and Monteggia 2006; Samuels and Hen 2011).

Several molecular pathways can link EE with its own neurogenic effect but the most
known pathway involve the brain-derived neurotrophic factor (BDNF): EE exposure is
able to increase the concentration of these pro-neurogenic molecules in the brain of
the treated animals and, thus, this lead to a significant increase in the DG neurogenesis
(Benarroch 2013; Eisinger and Zhao 2018).

BDNF is a member of the neurotrophin family and it plays a fundamental role in
neuronal development, synapse formation and synaptic plasticity (Bjorkholm and
Monteggia 2016). It is widely expressed throughout the CNS: it is synthesized in the
neuronal/glial cell bodies and then transferred to the terminals, where it is released
to perform its functions (Bjorkholm and Monteggia 2016).

BDNF is a ligand for several receptors such as: the tropomycin receptor kinase B (TrkB)
(Klein et al. 1991) and the neurotrophin receptor p75 (also called NGFR, nerve growth
factor receptor). However, while the BDNF-TrkB bond has a high affinity, the
interaction between BDNF and p75 is a low affinity interaction (Formaggio et al. 2010;
Meeker and Williams 2015). TrkB receptors are expressed both at pre- and post-
synaptic level and, when bound by BDNF, they regulate postsynaptic neural responses
and neurotransmitter release (Madara and Levine 2008).

The link between BDNF and TrkB can regulate different intracellular pathways
(Eisinger and Zhao 2018; Park and Poo 2013). The first pathway involves
phospholipase C-y (PLC-y), which in turn can activate protein kinase C (PKC). The
second is based on mitogen activated protein kinase (MAP), which leads to the
activation of Ras and causes the production of further downstream effectors. Finally,
the third pathway involves phosphatidylinositol-3'OH-kinase (P13K) which can activate
the AKT-mTOR signalling pathway (Park and Poo 2013).
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Given the crucial role of BDNF signalling in EE-induced neurogenesis and the evidence
of TrkB expression in meningeal NSC (Bifari et al. 2017; Pino et al. 2017), the meningeal

niche could potentially be responsive to stimuli like EE and antidepressant.

1.2.2 Meningeal neuronal stem cell niche in pathology

The meningeal niche not only acts as a reservoir of new neurons, but actively responds
to CNS insults such as stroke, physical injury, epilepsy, spinal cord injury, and
neurodegenerative disease (Decimo et al. 2011; Decimo et al. 2020; Nakagomi et al.
2011; Nakagomi et al. 2012). According to this, NSC niche is activated following
disease, and precursor cells migrate and participate to the parenchymal reaction
(Decimo and others 2012a; Morrison and Spradling 2008). In pathological condition,
NSC niche activation can be induced by different signals such as abnormal
neurotransmitter release, invasion by inflammatory molecules, chemokines, and
immune cells, that results in the proliferation of niche cells, change of the molecular
signature and nature of neural progenitors and remodelling in ECM composition
(Decimo et al. 2020). Different approaches such as lineage tracing and in vivo labelling
as well as histological, ex vivo and in vitro have been used to describe disease-induced
activation of meningeal NSC niche.

Nakagomi et al. reported that under pathological conditions, new neural progenitors
are generated in adult brain in non-conventional neurogenic regions such as
leptomeninges (Nakagomi et al. 2015). In fact, in the post-stroke meninges and in the
perivascular space of the infiltrating pial vessels, were found cells expressing markers
of Nestin, PDGFrp and SOX2. In addition, through in vivo labelling techniques, an
increase in DCX* cell in meninges has been shown following ischemia, which migrates
to the post-stroke cortex (Nakagomi et al. 2011). Following spinal cord injury,
meningeal NSCs increase their self-renewal and proliferative properties, start to
express DCX marker and migrate to the neural parenchyma where they contribute to
the neural parenchymal reaction (Decimo et al. 2011). Furthermore, some DCX* cells
were also found to express the phagocytic marker CD68 which is fundamental in the
progression of neurodegenerative disease (Unger et al. 2018).

The function of these DCX* cells is not yet known, but they seem to be strongly related

to the inflammatory process.
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A strong reaction of meninges was also found in other disease models, as the case of
the activation of Nestin* cells with an anti-epileptogenic role in an animal model of
epilepsy that ignites the amygdala (Ninomiya et al. 2013). During disease these
meningeal NSCs have a neurogenic potential capable of generating oligodendrocytes.
Indeed, following transient ablation of OPCs in the adult brain, a strong activation of
NSCs residing in cortical meninges was observed (Dang et al. 2019).

Overall, under physiological conditions, in vivo data suggest that the neural precursors
residing in meninges are able to promptly respond to pathological states. Accumulated
disease-induced meningeal neural precursors migrate into the neural parenchyma and
contribute to neural regeneration of the CNS. Furthermore, the in vivo neurogenic and
oligodendrogenic differentiation potential of meningeal NSCs has been demonstrated
both in healthy and disease conditions (Dang et al. 2019).

Overall, the meninges are a source of adult, somatic, endogenous NSCs that could be
modulated in vivo and in vitro. A better understanding of the molecular signals
activating endogenous meningeal NSCs and inducing their expansion, migration, and
neural differentiation potential, will set the stage for potential relevant new
approaches for regenerative medicine of the CNS. Drugs acting by modulating the
meningeal endogenous neural progenitors may provide new and effective therapies
for CNS disorders. For this reason, they represent a promising pharmacological target
for regenerative medicine and novel therapies for CNS disorders, such as multiple

sclerosis.

1.2.2.2 Meninges in MS

1.2.2.2.1 Pathogenesis of MS

Multiple Sclerosis (MS) is a chronic inflammatory neurodegenerative disease of the
CNS, characterized by inflammatory infiltrates, demyelinating plaques, and axonal
damage (Glatigny and Bettelli 2018) that occur in white and grey matter of the brain
and spinal cord (Dendrou et al. 2015). MS is the most common progressive
neurological disease affecting young adults (Figure 1.3) (Dobson and Giovannoni 2019)
with 2.2 million cases of MS worldwide, corresponding to a prevalence of 30.1 cases

per 100.000 population (data of 2019). The prevalence of MS varies considerably
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between countries: highest rate in high-income countries (North America and Europe)

and lowest rates in Eastern Asia and sub-Saharan Africa (Howard et al. 2016).
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FIGURE 1.3 AGE-STANDARDISED PREVALENCE OF MULTIPLE SCLEROSIS IN 2016, BY AGE AND SEX

(Adapted from Wallin et al. 2019)

Nowadays the trigger(s) of MS remains elusive. Its pathogenesis can be explained by
multifactorial model incorporating interaction between genetic, epigenetic, and
infectious, nutritional, climatic, or other environmental influences, including sunlight
exposure, smoking and Epstein-Barr virus (EBV) infection (Baranzini and Oksenberg
2017; Belbasis et al. 2015). Consequentially optic neuritis, diplopia, sensory loss, limb
weakness, gait ataxia, loss of bladder control, and cognitive dysfunction are the
common neurological manifestation of MS. MS leads to chronic progressive disability
in most cases, resulting in a significant socio-economic impact. Currently, drugs
available are partly effective, but whether they alter the long-term course of MS
remains unclear (Palace et al. 2015).

Pathogenesis of MS is characterized by the loss of immune homeostasis and self-
tolerance. This condition led to infiltration of activated peripheral mononuclear cells
in brain and spinal cord, causing an unregulated pathologic inflammatory response
toward structural components of the CNS. The damaged tissue in CNS is caused by a
complex and dynamic interplay between different cell types resulting in multifocal
lesions known as MS plaques. Lesions have been classified into ‘active’ plaque,
occurring in the acute phase of MS, and ‘inactive’ plaque, generally associated to
chronic phase of MS. Acute active MS plaques are characterized by heavy lymphocyte

infiltration (mainly CD8* T cells and CD20* B cells, with fewer CD4* T cells), activated
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microglia (particularly at the lesion edge and containing myelin debris), macrophages
(containing myelin debris) and large, reactive (sometimes multinucleated) astrocytes
(Frischer et al. 2015; Reich et al. 2018). In contrast, inactive plaques are sharply
circumscribed, hypocellular and have well-defined demyelination, reduced axonal
density, reactive astrocyte gliosis, variable microglial activation and a lower density of
lymphocytes than active lesions (Prineas and Lee 2019). MS plagues are mostly
associated to inflammation and whether the inflammatory process is arrested at early
stage, plaques are partly remyelinated (shadow plaques) highlighting the importance
of early diagnosis of MS. Most often, lesions are observed in highly myelinated white
matter regions which are principally composed by nerve axons and myelinating
oligodendrocytes. Hence, white matter plaques are considered as hallmark of MS, and
they can be easily detected thought magnetic resonance imaging (MRI). Furthermore,
it has been observed that cortical grey matter, which comprises less myelinated nerve
cells and dendrites, glial cells, and many capillaries, also greatly contributes to disease
pathogenesis (Horakova et al. 2012; Reich et al. 2018).

Nowadays, an exact diagnosis of MS relies on medical history and neurological
examination using imaging techniques such as MRI, lumbar punctures (LP) for
cerebrospinal fluid (CSF) analysis, evoked potentials, and blood sample analysis
(Ghasemi et al. 2017).

In 1996 spectrum of clinical subtypes of MS have been defined reflecting important
consideration not only for prognosis but also for treatment decision. This standardized
description, revised in 2013 (Lublin et al. 2014), divides MS course into: primary
progressive (PP), secondary progressive (SP), relapsing-remitting (RR) and relapsing-
progressive (RP). From MS international federation, in approximately 85% of patients
the initial form of the disease is RR-MS which is characterized by alternating periods
of symptomatic phases—relapses, from which the recovery can be complete or
partial, and asymptomatic phases free of new neurological symptoms—remissions
(Figure 1.4A). Nonetheless, years after disease onset, many RR-MS patients progress
to SP-MS, in which the functional recovery disappears and neurological dysfunction
increase (Figure 1.4B). Moreover, 10-15% of people with MS are diagnosed with PP-
MS which lacks distinct relapses but showing a slow onset and steadily worsening

symptoms (Figure 1.4C) (Klineova and Lublin 2018). On the other hand, the last
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common type of MS is PR-MS (about 5%) in which individuals show a steady neurologic
decline with a clear manifestation of relapses and unfortunately the disease continues

to progress without remission (Figure 1.4D).
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FIGURE 1.4 DIFFERENT CLINICAL COURSES OF MS
Adapted from Lublin & Reingold SC. Neurology, 1996

Currently, the most widely accepted hypothesis regarding MS pathogenesis relies on
an auto-reactive leukocytes involvement in disease development (Lemus et al. 2018;
Nakahara et al. 2012). From genetic and pathological studies (Gay et al. 1997;
International Multiple Sclerosis Genetics et al. 2011), inflammation in MS is due to the
selective recruitment of cells from specific target antigens that are present only in the
CNS (probably autoantigens). The pathogenic immune response to CNS autoantigens
could be initiated in two mechanisms: intrinsic model and extrinsic model of the CNS
(Hemmer et al. 2015). The intrinsic model suggests that in the CNS take place the initial
event leading to the release of CNS antigens at the periphery. According to this, there
is the activation of myelin naive antigen T cells in the peripheral lymph nodes (CNS
draining cervical lymph nodes) by cross-reactive myelin epitopes or myelin-exposing
dendritic cells that bring to the onset of disease. When myelin-reactive T cells drain

into the CNS for immune surveillance, they are reactivated by cells expressing myelin
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epitopes. Subsequently, myelin-reactive T cells infiltrate the CNS parenchyma
resulting in inflammation and stimulation of the blood brain barrier (BBB). Following
BBB stimulation, myelin-reactive T cells are assumed to be allowed to enter the CNS
parenchyma leading to tissue damage (Hemmer et al. 2015).

On the other side, the extrinsic model suggests that the initial event takes place
outside CNS leading to an aberrant immune response toward CNS.

In general, the pathogenesis of MS is mediated primarily by T cells. The key role of T
cells, particularly CD4* T cells, in MS has been confirmed in experimental autoimmune
encephalomyelitis (EAE), which is the main animal model of MS. Studies on MS and
EAE have largely focused on CD4* T cells. However, many other lymphocyte subsets
have been implicated in disease pathogenesis (Rahmanzadeh et al. 2018; Rangachari
et al. 2017). Among those subsets include lymphocytes belonging to the adaptive
immune system, to the innate immune system, and innate-like B and T lymphocytes
that exhibit properties of both innate and adaptive immunity (Van Kaer et al. 2019).
Several of these cell types infiltrate the CNS of MS patients and they have been
implicated in the efficacy of disease-modifying treatments, contributing to the
pathogenesis of EAE (Van Kaer et al. 2019).

As regards treatments, MS still lack an efficient cure. Therapies can be divided in
treatments for MS attacks, treatments to modify the MS progression and treatment
for MS signs and symptoms. Nevertheless, none of them leads to whole remission
from disease and patients need treatments all lifelong (Nafee T. et al. 2018). In this
context, research aiming to find out new treatments for the cure of MS is of
fundamental importance.

1.2.2.2.2 Molecular mechanism of MS

The MS pathogenic events are mediated by T cells through several mechanisms such
as direct cytokine-induce damage and other in indirect mechanisms such as activation
of different cell types like B cells, neutrophils and macrophages (Kurschus 2015).

In EAE mouse model, the induction of the disease is initiated through injection of
autoantigen-containing CFA emulsion causing strong T cells responses and consequent
CNS myelin destruction (Figure 1.5). After immunization with myelin antigens,

antigen-presenting cells (APCs) are activated in the lymph nodes by the M.
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tuberculosis component of CFA causing the endocytosis of autoantigen present within
CFA emulsion. Most of injected antigen will be loaded on major histocompatibility
class (MHC) class Il presentation pathway to naive T cells. Different types of CD4* T
helper cells have been described to play a role during EAE pathogenesis such as T
helper type 1 (Th1), T helper 17 (Th17), gamma delta T (y& T) and T regulatory (Treg)
(Fletcher et al. 2010; Rostami and Ciric 2013). Furthermore, few studies demonstrated
that also CD8* T cells contributed to EAE pathogenesis showing that CD8* T cells have
a regulatory function in EAE (Feizi et al. 2021; Wagner et al. 2020; Weiss et al. 2008).
Myelin-specific activated T cells enter the bloodstream and subsequently the CNS
(Figure 1.5). However, the exact mechanism on how T cells reach and infiltrate the
CNS remains hypothetical (Schldger et al. 2016). During EAE, around day 8 or 9 after
immunization, infiltration of T cells into the CNS occurs. Infiltrating T cells are mainly
Th17 cells that express IL-17. It has been described (Hu et al. 2010) that IL-17 is able
to induce the secretion of metalloproteases (such as MMP1, MMP3, MMP9, MMP12
and MMP13), cytokines such as macrophages granulocyte-colony stimulating factor
(GF- CSF), IL-6 and chemokines (CCL2, CCL7, CCL20, CXCL1, CXCL2, CXCL5) by local
tissue cells (Russi et al. 2018). These molecules act as chemoattractors for additional
T cells and myeloid cells in the developing CNS lesion. Furthermore, the integrity of
the BBB is compromised by IL-17 through the induction of reactive oxygen species
(ROS) in endothelial cells. Through permeabilized BBB, other immune cells including
neutrophils, B cells and monocytes/macrophages migrate to the CNS. In particular,
neutrophils enter the CNS early in disease and may play an important role in the
destruction of the BBB and in the maturation of local APCs in the CNS. However, the
actual role of neutrophils in the CNS has not yet been elucidated (Russi et al. 2018).

Generally, resident or immigrant APCs in the CNS encounter the related myelin
antigen which leads to the reactivation and differentiation of autoreactive T cells
which in turn activate nearby immune or neural cells and attract additional
inflammatory cells to the CNS through the production of cytokines (Constantinescu et
al. 2011; Glatigny and Bettelli 2018). Activated macrophages secrete matrix
metalloproteases (MMP2 and MMP9) causing destruction of the parenchymal
basement membrane formed by astrocytes in the BBB which allows leukocytes to

leave the perivascular space and infiltrate the CNS parenchyma (Agrawal et al. 2006).
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Furthermore, elements of humoral immune response and soluble mediators also
contribute to pathology through complement activation, direct cytotoxicity (Hemmer
et al. 2006). Plasma cells produce antibodies that can bind and activate complement
or induce antibody-dependent cytotoxicity and antibody production can be enhanced
by Th2 cells that are capable of producing IL-4 (Constantinescu et al. 2011). The
consequence of all the pathological mechanisms already described is that myelin is
destroyed and generally lacks the potential for regeneration, after several damage

peaks with consequent clinical signs of EAE.
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(Adapted from Fletcher et al. 2010)

1.2.2.2.3 Meningeal role in MS

It has been shown that leukocytes circulating under physiological conditions infiltrate
the brain and play an indispensable and trophic role in maintaining healthy brain
function (Deczkowska et al. 2016). In relapsing and remitting MS (RRMS) and related
EAE animal model, leukocyte support is lost and their accumulation and aberrant

activation lead to autoimmune disease (Grigoriadis and van Pesch 2015).

Leptomeninges represent a checkpoint for activated T cells to enter the CNS
parenchyma and subsequently become able to reach areas of antigen availability and

tissue damage (Schlager et al. 2016). Reactive brain T cells extravasate into the



leptomeningeal vessels. Subsequently, they move by crawling or rolling along the
leptomeningeal structures in close contact with the perivascular leptomeningeal
macrophages (Bartholomaus et al. 2009; Schlager et al. 2016). Through intravital
microscopy studies, the importance of the interaction of reactive brain T cells with
resident meningeal stromal cells and macrophages was demonstrated (Bartholomaus
et al. 2009; Schlager et al. 2016). As a result of these interactions, effector T cells
produce proinflammatory mediators and cause tissue invasion with consequent
inflammatory infiltrations (Bartholomaus et al. 2009; Schlager et al. 2016).
Extravascular reactive brain T cells are strongly activated in the leptomeninges and
upregulate proinflammatory cytokines (interferon (INF)-g, interleukin (IL)17, tumor
necrosis factor (TNF)-a, IL2), protease (matrix metalloproteinase (MMP)9, 14),
chemokines/chemokine receptors (CCR5, CXCR3, CXCR4) and surface activation
markers (OX40 antigen, IL2 receptor, VLA-4 and LFA-1 integrins) (Grigoriadis and van
Pesch 2015). Within the leptomeninges, therefore, a strong up-regulation of
chemokines (CCL5, CXCL9-11 and CXCL12), of integrin ligands (fibronectin and ICAM-
1) is generated (Schlager et al. 2016) which in turn leads to further attachment of T

cells and migration into the CNS parenchyma (Schlager et al. 2016).

Meningeal leukocyte infiltrates consist of T cells, B cells, plasma cells, monocytes and
macrophages. In the meninges during acute disease as well as during relapses,
infiltrates of T cells are observed when neither BBB permeability nor significant
increases in the number of peripherally derived immune cells in the CNS are observed.
In the meninges, already a few days after the onset of the disease, the development
of the organization of the tertiary lymphoid tissue has been described. Meningeal
antigen-presenting phagocytic cells have been shown to interact productively with
myelin-specific T cells in the subarachnoid space (Pikor et al. 2015). Furthermore,
lymphoid-like stromal cells, specific network of extracellular matrix and expression of
homeostatic cytokines and chemokines have been described in meningeal infiltrates
during MS (Pikor et al. 2015). The extension of the meningeal lymphoid tissue is
associated with subpial cortical damage and disease progression (Magliozzi et al.

2007).
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1.2.2.2.4 Animal model for MS

Over the years different animal models have been commonly used to investigate the
immunopathological mechanisms behind the MS. Animal modeling has been critical
for addressing MS pathogenesis and a single animal model cannot capture the entire
spectrum of heterogeneity of human MS (Procaccini et al. 2015). Different animal
models of MS are available such as Experimental Autoimmune Encephalomyelitis
(EAE), the virus-induced forms (mainly Theiler's Murine Encephalomyelitis Virus,
TMEV) and toxic-induced models of demyelination. In these animal models the disease
initiation is artificial raising the question whether them could really represent a
suitable model for MS. Indeed, the time-frame of disease onset is different between
humans and mice disease: in humans, disease remains undetected for years before
disease onset, whereas in animal model disease onset can be detected within weeks
after the induction of disease. However, the use of MS animal models has many
advantages in terms of convenient source of tissue from CNS, as a testing tool to study
disease development and for a novel therapeutic approach.

As before mentioned, the most-studied MS model is EAE which supports the
autoimmunity hypothesis of disease development (Procaccini et al. 2015). In EAE
animal model the autoimmunity to CNS components is induced through immunization
with self-antigens derived from myelin protein. In order to enhance the immune
response and to induce the typical oscillation of MS symptoms, Freund’s adjuvant
(CFA) which contains high amount of heat-inactivated Mycobacterium tuberculosis
was added (Munoz et al. 1984). Experiments were performed in different animal
species such as guinea pigs and monkeys, but the murine animals resulted the best
model to investigate the most common types of MS (RR-MS and chronic progressive
phase). The onset of MS in EAE model normally initiates after about 10 days of
injection and it is characterized by ascending paralysis firstly beginning at the tail,
followed by limb and forelimb paralysis which can be assessed by using a 5-points scale
(Brocke et al. 1994). EAE may be induced in different genetic backgrounds (SJL/J,
C57BL/6). In particular, C57BL/6 mice develop a chronic progressive course of disease.
The induction of disease is given by administration of autoantigens: myelin

oligodendrocytes glycoprotein (MOG35-55) which is a very minor component (0.01%-
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0.05% of membrane protein) expressed on the outer surface of CNS myelin. Injection
of MOG35-55 is able to induce directly CNS autoimmunity reflecting the development
of chronic form of disease without remission. Furthermore, it has been shown (Berard
et al. 2010) that depending on the dose of MOG35-55/adjuvant injected a chronic
(high dose) or RR disease course (low dose) can be obtained (Figure 1.6) suggesting

the key role of MOG35-55 for disease development.
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FIGURE 1.6 CLINICAL COURSE OF CHRONIC AND RR-EAE IN C57BL/6
Graphs showing examples of single representative mice with chronic-EAE (A), and the multiphasic (B)
and monophasic (C) forms of RR-EAE. Adapted from Berard et al. 2010.

EAE model do not reflect the MS in pattern of tissue damage. For example, one of the
hallmarks of MS disease are sharply demarcated white matter lesions with marked
vesicular disruption of the myelin sheaths. Whereas typical EAE is characterized by
only limited myelin damage without vesicular change. These difference between EAE
and MS give rise to growing evidence suggesting a significant role for other cells in
disease pathogenesis like B cells (Comi et al. 2021). Both antibody-dependent and
antibody-independent mechanisms are thought to underlie B cell-mediated CNS
injury in MS. B cell functions implicated in pathogenesis included antigen presentation
to T cells and driving auto proliferation of brain-homing T cells, production of soluble
toxic factors contributing to oligodendrocyte and neuronal injury, production of
proinflammatory cytokines and chemokines and contribution to the formation of
ectopic lymphoid aggregates in the meninges. These B cell actions may contribute to
both MS relapses and disease progression (Comi et al. 2021).

Those drawbacks were solved with the development of a new disease model that
exactly recapitulated the pathology of human MS (Comi et al. 2021; Hauser 2020).

Benefits of therapies were present almost immediately, indicating a direct effect on B
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cells rather than on antibody products of plasma cells, likely due to interference with
antigen presentation or cytokine secretion by disease-associated B cells.

The proof of principle studies led to pivotal trials, global approvals by regulatory
agencies, and major changes in the treatment of MS. Both translational and clinical
research has now been recast, focused on B cells as mediators of both aspects of MS:

inflammation and neurodegeneration (Comi et al. 2021; Hauser 2020).
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AIMS

Meninges are an essential structure with trophic, immune and neurogenic properties. In
physiological conditions they have several roles such as the production and releasing of
several trophic factors important for neural cell migration and survival, the regulation of
cerebrospinal fluid dynamics, and they allow numerous immune interactions affecting neural
parenchymal functions (Barber et al. 2018; Borrell and Marin 2006; Choe et al. 2012; Davare
et al. 2014; Decimo et al. 2020; Louveau et al. 2017). Recently, meninges emerged as
important player in development and neurogenesis (Chau et al. 2015; Lehtinen et al. 2011;
Suter et al. 2017), necessary for the development of the whole forebrain and for the survival
and the subsequent growth of neural progenitors (Bifari et al. 2015; Bifari et al. 2009; Catala
1998; Dang et al. 2019; Etchevers et al. 2001).

Meninges are a neural stem cell (NSC) niche (Bifari et al. 2015; Bifari et al. 2009; Bifari et al.
2017; Decimo et al. 2012a; Decimo et al. 2012b). A subset of non-parenchymal multipotent
cells expressing GLAST, PDGFrf, Nestin and Vimentin neural stem cell marker (Bifari et al.
2017; Decimo et al. 2011; Decimo et al. 2020) resides in meninges and can differentiate into
neurons in vitro and in vivo.

Similarly to traditional neural stem cells niche, meninges are featured of the active presence
of signalling molecules, growth factors and ECM components as well as of the capability to
host and maintain neuronal progenitor cells throughout the organism’s lifetime (Decimo et
al. 2012b; Scadden 2006) However, little is known about the responsiveness of meningeal
niche to neurogenic stimuli. Alike the hippocampal niche (Eisinger and Zhao 2018;
Kempermann 2019; Young et al. 1999), also meninges seem to be able to sense signals from
outside and inside the brain and to modulate the properties of NSCs accordingly (Decimo et
al. 2012a; Kerever et al. 2007; Mercier and Arikawa-Hirasawa 2012) but how meningeal NSCs
respond to neurogenic stimuli such as EE tasks (Kempermann et al. 1997) or drugs (Zhou et
al. 2016) (e.g., fluoxetine) and their potential role in CNS plasticity has never been assessed.
In pathological condition, meningeal NSCs are able to promptly respond also to neural
pathological states (Lin et al. 2015; Nakagomi et al. 2011; Nakagomi et al. 2012; Ninomiya et
al. 2013). It has been reported that the meningeal niche actively reacts to CNS insults as in
stroke, physical injury, epilepsy, spinal cord injury and neurodegenerative disease (Dang et al.

2019; Decimo et al. 2011; Kumar et al. 2014; Nakagomi et al. 2011; Nakagomi et al. 2012). In
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those pathological scenari, meningeal NSCs respond increasing their self-renewal and
proliferative properties, differentiating and migrating to the neural parenchyma to contribute
to the neural regeneration of the CNS (Dang et al. 2019; Decimo et al. 2011; Ninomiya et al.
2013). Importantly, in autoinflammatory diseases meninges have been proposed as an
important checkpoint at which immune cells are licensed to infiltrate into CNS parenchyma
and reach areas of antigen availability and tissue damage (Schldger et al. 2016; Yasuda et al.
2019). However, the specific role of meningeal NSC in autoimmune disease like MS is still
unknown. Our preliminary data indicate that the immune system induces changes in the
leptomeningeal niche and modifies the phenotype of the NSCs. Ex vivo analysis on SCID
immunodeficient mice, revealed that the decrease in meningeal NSC number is correlated
with the absence of adaptive immune system. These data suggest that meningeal NPCs are
necessary to balance and maintain the immunological homeostasis in meninges, but more
analyses are needed to understand and clarify the fundamental relationship between these
two populations.

In this context the following outstanding questions remain unanswered:

How does meningeal NSC niche react to neurogenic and pharmacological stimuli?

Which is the molecular mechanism behind meninges response?

Does meningeal NSC interact with immune cell in vivo?

How does the meningeal niche is altered during autoimmune disease like MS?

Which are the cellular and molecular mechanisms that regulate the interaction between

meningeal NSCs and brain reactive T cells in MS?

Working Hypothesis

During the course of my studies, | explored the hypothesis that meningeal niche can respond
to neurogenic stimuli contributing to brain plasticity in physiological conditions. Moreover, |
investigated whether and how the meningeal neural stem cells niche can be actively involved
in response to autoinflammatory pathological stimuli such as in multiple sclerosis (MS)
disease. Specifically, | studied the relationship between the meningeal NSCs and the immune
cells to elucidate the role of this interaction in the MS pathogenesis and to identify a potential
new pharmacological target for treatments of MS.

In order to pursuit this hypothesis, | focused on the following aims (Scheme 1):
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Meningeal NSCs modulation in
physiological and pathological conditions

AlM 1 AIM 2
Meningeal NSCs response Meningeal NSCs
to EE neurogenic stimulus contribution to MS
11 2.1
Do they react? Do they respond?
1.2 2.2
IF, RT-
PCR, WB Which is their IF Do they contribute
cellular origin? to reaction?
. 1.3 2.3
Transgenic
line Which is the IF How population
mechanism behind? eterogeneity change?
1.4 24
IF, RT scRNAseq .
PCR, WB Do they respond to Do they have immune
pharma stimuli? regulation properties?

Co-coltures,

IF FACS

SCHEME 1 - SCHEME DESCRIBING THE MAIN AIMS OF MY THESIS

The experimental plan summarizes the objectives of this project. In a general context of meningeal NSC niche
characterization of physiological and pathological conditions (Blue) we focused our attention on the response
of meningeal NSC niche to neurogenic stimuli like EE (Green) and the reaction of the niche to a
neurodegenerative and autoimmune disease like MS (Orange). NSCs=Neural stem cells, EE=Enriched
Environment, MS=Multiple Sclerosis, IF=Immunofluorescence, RT-PCR=Real Time PCR, WB= Western Blot,
scRNAseq= Single Cell RNA sequencing, FACS=Fluorescent Activated Cell Sorting

AIM 1: Characterization of meningeal NSC niche response to neurogenic stimuli

Aim 1.1 Meningeal response to EE stimulations

We aimed to investigate whether, in physiological condition, meningeal NSC niche can
respond to neurogenic stimuli. We exposed young mice to EE and observed the changes in
meningeal NSC population by complementary analyses including immunofluorescence
confocal microscopy, RT-PCR and Western blot. Given the evidence of EE effects on
hippocampus, this tissue was firstly examinate as control.

Aim 1.2 Lineage tracing of meningeal cells

To elucidate the identity of cells involved in meningeal response to EE, we performed lineage
tracing experiments taking advantage on the use of the transgenic mouse line GLAST-YFP
which allows to visualize and follow the fate and contribution of the radial glial cell
population.

GLAST YFP mice were exposed to EE and meninges were analysed through

immunofluorescence confocal microscopy.
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Aim 1.3 Molecular mechanism and pharmacological validation

In order to investigate the molecular mechanism responsible for meningeal reaction to EE
exposure, | studied the BDNF-TrkB interaction. Taking advantage of ANA-12, a TrkB non-
competitive inhibitor that abolished the EE-induced meningeal niche changes, | performed
immunofluorescence confocal microscopy, RT-PCR and Western blot analysis of meningeal
samples from different groups: animals exposed to EE and injected with ANA-12 inhibitor,
animals exposed to EE and injected with the vehicle, single-housed animals without EE,
receiving vehicle injections.

Aim 1.4 Response to pharmacological neurogenic stimuli

Finally, to confirm the responsiveness of meningeal niche to a pharmacological neurogenic
stimulus, | exploited a paradigm of Fluoxetine administration and | performed
immunofluorescence confocal microscopy on brain meninges of CD1 mice treated with

Fluoxetine.

AIM 2: Meningeal niche in a murine model of Multiple sclerosis

Aim 2.1 Meningeal niche Response to EAE

It has been described that neural precursor cells present in meninges are able to react
following injury and disease (Decimo et al. 2011; Decimo et al. 2020; Nakagomi et al. 2011;
Nakagomi et al. 2012). We specifically aimed to investigate meningeal NSC niche in a model
of multiple sclerosis (MS) disease. To this end, | established an animal model of experimental
autoimmune encephalomyelitis (EAE), and | characterized the meningeal NSCs by combining
several approaches. Once the mice have been immunized with myelin-oligodendrocytes
glycoprotein (MOG)35-55 peptide, analysis were performed at different stages of the
pathology: at the pre-onset stage (5 days post immunization (DPI)), at onset stage (12 DPI), at
peak stage (15DPI) and during the chronic phase of disease (28 DPI). In order to investigate
meningeal NSC niche response in MS, | performed immunofluorescence and confocal
microscopy analysis on brain and spinal cord meninges.

Aim 2.2 Meningeal cell contribution to parenchymal reaction

Once established that meningeal cells react in the defined pathological scenario, | focused on
the investigation of meningeal cells contribution to parenchymal reaction. By using high

resolution immunofluorescence confocal microscopy analysis, | checked for specific point of
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cell infiltrations in brain and spinal cord parenchyma during the different stages of the
pathology.

Aim 2.3 Meningeal cell population heterogeneity in EAE

In this section | characterised meningeal cell population heterogeneity in EAE model. To
investigate the composition of the entire meningeal cell population (immune and stromal
cells) during EAE, | performed single cell RNA sequencing (scRNAseq) on meningeal tissue
derived from control and EAE mice. Data analysis was done in collaboration with the Dr. Lucas
Schirmer research group.

Aim 2.4 Immune-regulation properties of meningeal NSCs

In order to understand the immune-regulation properties of meningeal NSCs in EAE model, |
combined different approaches including in vitro co-culture of NSCs and T cells, FACS analyses

and immunofluorescence confocal microscopy.
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CHAPTER 2 — MATERIAL AND METHODS

2.1 Animals
Animal housing and all experimental procedures were approved by the Istituto

Superiore della Sanita™ (I.S.S., National Institute of Health), Italy and the Animal Ethics
Committee (C.I.LR.S.A.L., Centro Interdipartimentale di Servizio alla Ricerca
Sperimentale) of the University of Verona, Italy (authorization number: 237/2016-PR;
date of approval: 3rd March 2016; protocol number: 56DC9.13). Unless otherwise
stated, animals were kept in a non-reversed light cycle, temperature between 20-

24°C, humidity between 45-60% and food and water were provided ad libitum.

2.1.1 Animals for enriched environment
For Enriched environment experiments, wild-type (WT) CD1 mice and GLAST-GFP

transgenic mice (Mori et al. 2006; Nakamura et al. 2006) were used as reported in
Table 1. WT CD1 mice were purchased from Charles River Laboratory Italia (Calco,
Italy), while GLAST-GFP transgenic mice were obtained by intercrossing GLAST-
CreERT2 mice (Mori et al. 2006) with the CAG-CAT-EGFP reporter line (Nakamura et
al. 2006).

2.1.1.1 Exposure to EE
Seven-week-old CD1 male mice (n=6) were housed together in a single rat cage for 1

week. A running wheel and nesting material were always present in the cage, while
other toys (stairs, cardboard rolls and marbles) were added alternatively to the cage,
to preserve novelty, according to what is shown in Table 2. Animals were sacrificed
after 7 days of EE exposure. Seven-week-old CD1 male mice (n=5) single-housed in a
normal cage for 1 week were used as control animals, as previously described (Lopez

and Laber 2015). Animals were sacrificed 7 days after the start of the experiment.

2.1.1.2 GLAST-GFP exposure to EE
GLAST-CreERT2 mice (Mori et al. 2006) were intercrossed with the CAG-CAT-EGFP

reporter line (Nakamura et al. 2006) (GLAST-GFP) that allow to label by GFP all the
GLAST* cells and their progeny following tamoxifen administration, creating the
GLAST-GFP strain. Seven to ten weeks old male GLAST-GFP mice (n=7) were induced
using 3 daily Tamoxifen (T5648-1G, Sigma-Aldrich, St. Louis) gavage before the start of
the EE protocol. Tamoxifen was dissolved into sunflower seed oil at a 30mg/ml

concentration and the mice received 3.5 mg of Tamoxifen for 35 g of body weight.
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Animals were left 2 days alone to recover from the handling and then were either
subjected to EE (n=4) or control treatment (n=3) as previously described. Observing
that the gavage procedure stressed the animals in a significant way, we decided to

prolong the EE exposure from 1 to 2 weeks in order to give them the time to recover.

2.1.1.3 Exposure to EE and TrkB inhibitor ANA-12
Seven-week-old CD1 male mice (n=12) were injected intraperitoneally with i) 10 ul/g

of TrkB inhibitor ANA-12 (Cazorla et al. 2011) dissolved in sunflower seed oil
supplemented with 1% DMSO at 0.1 mg/ml concentration, three consecutive days
before the start of the experiment and at the third day of the experiment or ii) vehicle
(sunflower seed oil + 1% DMSO). This administration protocol was adapted from Moy
et al 2019 (Moy et al. 2019).

After the injections, mice were divided into four experimental groups: EE ANA-12
(animals exposed to EE and injected with the inhibitor; n = 11), EE VEH (animals
exposed to EE and injected with the vehicle; n =10), NO EE VEH (single-housed animals
receiving just vehicle injections; n = 10), NO EE ANA-12 (single-housed animals
receiving the inhibitor; n = 3).

2.1.2 Animals for Fluoxetine experiment
Four-week-old CD1 male mice (n=8) were treated orally with fluoxetine (Fluoxetine

Hydrochloride, LRAA9180, Sigma-Aldrich, St. Louis) for 4 consecutive weeks.

2.1.2.1 Fluoxetine administration
The drug was dissolved into the water (0.16 mg/ml concentration) contained in the

dispenser normally present in mice cages, and mice were able to freely access the
water containing the drug. As fluoxetine is light-sensitive, a tinfoil sheet was used to
cover the water dispenser, in order to avoid any kind of light-induced change on the
drug. The drug-containing water was changed by the operator two times per week and
the dispenser was weighted to evaluate the average water consumption for every
animal. On the basis of this evaluation, on average, animals took 29 mg/kg/day of
fluoxetine via oral administration. The control group consisted of age matched CD1
male mice (n=4) which normal water was administered to.

All the animals used in the experiment were administrated the Marble Burying Test
(MBT), while only n=3 per experimental group were used for subsequent

immunofluorescence analysis.
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2.1.2.2 Marble test administration
Behavioral marble test was performed at the end of the 3rd week of fluoxetine

treatment to preliminarily assess the efficacy of the treatment (Baek et al. 2015).
Animals (n = 12, n=4 CTRL and n=8 FLUOX) were individually placed into a new cage
containing 15 equally spaced marbles placed over approximately 5 cm of saw dust and
they were allowed to acclimate for 2 minutes. Then, their behaviour was video-
recorded for 30 minutes. The number of buried marbles (criterium of at least % of its
surface under the saw dust) was blindly assessed. All the behavioral testing was

performed during the light phase, between 12:00 and 16:00 p.m..

2.1.3 Animals for EAE
For EAE experiments, wild-type C57BL6/) 8-10 weeks-old female and male mice (n=

56) were purchased from Charles River Laboratory Italia (Calco, Italy). As regards EAE
animals we induced n=33 mice through MOG peptide injections (see 2.1.3.1 section),
controls animals (n=23), instead, received subcutaneous injections of CFA
supplemented with 0.8 mg of Mycobacterium tuberculosis. Mice also received
intravenous injections of 50ng of PTX (Pertussis Toxin), via lateral vain in mice tail, on

day 0 and 2.

2.1.3.1 EAE induction
As regards EAE animals, wild-type C57BL6/J 8-10 weeks-old female and male mice

(n=33) were immunized with subcutaneous injections of emulsion containing 300ug
of MOG35-55 peptide emulsified in CFA supplemented with 0.8 mg of Mycobacterium
tuberculosis. Mice also received intravenous injections of 50ng of PTX (Pertussis
Toxin), via lateral vain in mice tail, on day 0 and 2.

Animals were followed daily up to a period of 28 days post-immunization (DPI) and
scored for EAE according to the following scale: score 0, normal neurological exam;
score 1, tail weakness/paralysis; score 2, paraparesis; score 3, paraplegia; score 4,
involvement of forelimbs paraparesis; score 5, moribund or dead animal.

Animal were sacrificed at different time point of the disease: pre-onset (5 DPI), onset

(12DPI), peak (15DPI) and chronic (28 DPI).
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2.2 Ex vivo analysis

2.2.1 Tissue preparation and immunofluorescence
At the end of the experimental procedures, all animals were anesthetized by

intraperitoneal injection of Zoletil (50 mg/kg) and Xylazine (7 mg/kg). Once the pedal
reflex was lost, animals were sacrificed by intracardiac perfusion of PBS with 4%
paraformaldehyde (PFA)/4% sucrose (pH 7.4) solution. Brains were extracted, fixed in
4% PFA solution and transferred into 10% and subsequently 30% sucrose solution. By
cryostat cutting, 35 um thick medio lateral sagittal brain sections were obtained and
processed by immunofluorescence as previously described (Formaggio et al. 2010).
Immunostaining on cryosections was performed after 30 minutes incubation in
blocking solution (PBS 1X with 0.25% Triton X-100, 2% BSA). If required by the specific
antibody combination, mouse serum (1:100) was added during incubation in blocking
solution. Sections were then incubated with primary antibodies in blocking solution
overnight at 4°C. After rinsing 6 times for 5 minutes in blocking solution, appropriate
secondary antibodies were applied for 4 hours at room temperature. After final
washing steps in blocking solution and then in PBS, nuclear staining with 4’,6-
Diamidino-2-Phenylindole Dihydrochloride (DAPI, Molecular Probes-Thermo Fisher
Scientific) or TO-PRO™-3 lodide (TO-PRO-3, Molecular Probes-Thermo Fisher
Scientific) was performed, and slides were mounted using 1,4-Diazabicyclo [2.2.2]
octane (DABCO, Sigma-Aldrich). Staining for the nuclear marker of proliferation Ki67
required a different blocking solution (PBS 1X with 0.5% Triton X-100, 2% BSA).

For immunofluorescence staining using GFP and TrkB antibodies, as they are both
produced in the same host, we developed the following protocol using a conjugated
primary antibody and a non-conjugated primary antibody.

Cryosectioned sagittal sections were obtained as previously described.
Immunostaining was performed after 30 minutes incubation in blocking solution (PBS
1X with 0.25% Triton X-100, 2% BSA). Sections were then incubated with the non-
conjugated rabbit primary antibody in blocking solution overnight at 4°C. After rinsing
6 times for 5 minutes in blocking solution, the appropriate secondary antibody was
applied for 4 hours at room temperature. Following additional rinsing in blocking

solution 6 times for 5 minutes, the GFP-conjugated antibody was added to the
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sections, which were incubated overnight at 4°C. Final washing steps, nuclear staining

and mounting procedure were performed as previously described.

2.2.2 Antibodies for immunofluorescence staining
The following primary antibodies were used: anti-GLAST (anti-EAAT1; rabbit, 1:200,

Abcam, AB416), anti-GLAST (guinea pig; 1:200; Frontier Institute, AB2571717), anti-
PDGFrp (goat, 1:200, R&D, AF1042), anti-DCX (goat, 1:200, Santa Cruz, SC-8066), anti-
DCX (rabbit, 1:400, Cell Signaling, 4604S), anti-B3 tubulin (mouse, 1:400, Promega,
G7121), anti-laminin (rabbit, 1:400, Sigma-Aldrich, L9393), anti-laminin-Alexa Fluor
488 (1:500, Invitrogen, PA5-22901), anti-laminin DyLight 550 (1:500, Invitrogen, PA5-
22903), anti-MHCII (rat, 1:200, Invitrogen, 14-5321-82), anti-CD68 (rat, 1:200,
Invitrogen, 14-0681-82), Ly6G (mouse, 1:200, BioXCell, BE0075-1), anti-CD163
(mouse, 1:200,- GeneTex, GTX54358), anti-CD3 (rabbit, ABCAM, AB5690), anti-MBP
(rabbit, 1:200,DAKO, A0623), anti-TrkB (anti-tyrosin kinase receptor B, 1:200, rabbit,
Santa Cruz, SC-12), anti-Ki67 (rabbit, 1:200, Abcam, AB16667), anti-GFP-Alexa Fluor
488 (rabbit, 1:500, Invitrogen, A21311), anti-ibal (rabbit,1:200, WAKO, 019-19741),
anti-GFAP (goat, 1:400, Abcam, AB53554).

The following secondary antibodies were used: donkey anti-rabbit Alexa Fluor 488
(1:500, Molecular Probes-Thermo Fisher Scientific), donkey anti-rabbit Alexa Fluor 647
(1:500, Molecular Probes-Thermo Fisher Scientific), donkey anti-goat Alexa Fluor 546
(1:500, Life Technologies-Thermo Fisher Scientific), goat anti-mouse CY3 (1:500,
Jackson ImmunoResearch), donkey anti-mouse 488 (1:500, Molecular Probes, A-
21202), donkey anti-rat CY3 (1:500, Jackson ImmunoResearch), donkey anti-rat 488
(1:500, Molecular Probes, A21208), donkey anti-guinea pig CY3 (Jackson
ImmunoResearch). For nuclear staining, TO-PRO™-3 (1:3000, Molecular Probes-
Thermo Fisher Scientific) and DAPI (1:2000, Molecular Probes-Thermo Fisher

Scientific) were used.

2.2.3 Immunofluorescence image acquisition, analysis and quantification
Immunofluorescence imaging of brain section was performed using an Eclipse Ti Nikon

microscope (Nikon, Tokyo, Japan) and a Zeiss L710 confocal microscope (Carl Zeiss,
Munich, Germany). Acquisition parameter settings (pinhole, gain, offset, laser

intensity) were kept fixed for each channel in different sessions of observation at the
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fluorescence and confocal microscope. For confocal microscopy, single-plane images
were acquired to realize all the quantifications.

As regards EE and EAE experiment, quantification of different markers and nuclei was
done by counting positive cells above the basal lamina (identified by laminin reactivity)
in at least 15 brain slices for each experimental group (n = 3 animals analysed),
analysing at least 5 slices from each animal.

At least two images representing 200um of meningeal tissue each were taken from
each slice. A total of 2mm of meninges was analysed for each animal at least.

For spinal cord meninges, quantification of different markers and nuclei was done by
counting positive cells in meninges analysing at least 18 slices from each animal for
each experimental group (n = 3 animals analysed).

Evaluation of the DG area in EE and Fluoxetine experiment was realized designing a
user-defined region of interest (R.0.1.) using the Fiji-Image J software (Schindelin et al.
2012). The R.O.l. were delineated taking into consideration the nuclei composing the

DG.

2.2.4 Haematoxylin and eosin protocol for EAE animals
Haematoxylin and eosin (Abcam, ab245880) staining was performed on transversal

brain and spinal cord slice to identify cells infiltrations. The slices were immersed
inside PBS 1X for one minute to be rehydrated, then they were immersed for 3 minutes
in haematoxylin solution concentrated 1:4. After washing in water, the slices were
immersed for 1 second in the eosin solution concentrated 1:2 in ethanol and then
washed again with water. At the end slices passed through consecutive immersion of
30 second in ethanol solution at increase concentrations of 50%, 70% and 95%. After,
slices were immersed for 15 minutes in Xilene solution and were mounted with

Micromount (DiaPath).

2.3 Protein extraction from mouse meninges and immunoblot analysis
A subset of mice (n=8) used for EE experiments were processed for immunoblot

analysis. At the end of the experimental procedures, mice (NO EE VEH n=3, EE VEH
n=2, EE ANA-12 n=3) were anesthetized by intraperitoneal injection of Zoletil (50
mg/kg) and Xylazine (7 mg/kg) and sacrificed via decapitation. Brain was quickly

extracted, meninges and hippocampi were harvested using tweezers under an optical
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microscope and washed with HBSS solution (sterile water, HBSS 10X, HEPES 0.3 M, 1%
Pen/Strep) and then with PBS1X. Proteins were extracted via mechanical
homogenization (GentleMACSTM M tubes, Miltenyi Biotec) in NP-40 buffer (150 mM
NaCl, 1.0% NP-40, 50 mM Tris pH 8.0) in the presence of protease and phosphatase
inhibitors. Samples were incubated on ice for 30 min and centrifuged at 10,000 x g for
15 min at 4°C. The supernatants were collected and concentrated with centrifugal
filters (Amicon Ultra 10KDa) according to the manufacturer's instructions. Protein
concentration was determined with the Bicinchoninic Acid (BCA) protein assay Kit
(Thermo Scientific). Aliquots (25 ug each) were run through a 4-15% SDS-
polyacrylamide gel electrophoresis (PAGE), and electro blotted onto a PVDF
membrane (Trans-Blot Turbo Transfer System, Bio-Rad Laboratories). The membranes
were then blocked (EveryBlot Blocking Buffer, Bio-Rad Laboratories), probed with the
primary antibodies overnight at +4°C. The following primary antibodies were used:
anti-DCX (Cell Signalling, cat.no. 4604, 1:500), anti TRK-B (Genetex, cat.no.
GTX133722, 1:500), anti B3-tubulin (Promega, cat.no. G7121, 1:500), anti p75
(Promega, cat.no. G3231, 1:1000). Subsequently, an incubation with anti-Mouse or
anti-Rabbit HRP-conjugated secondary antibodies (Promega) for 2 h at room
temperature was performed. Chemiluminescence-based immunostaining (Clarity
Western ECL Substrate, Bio-Rad Laboratories) was performed. Images were acquired
with the Chemidoc MP Imaging System (Bio-Rad Laboratories). Quantitative analyses
were performed using Image Lab™ software, version 6.0.1 for Windows (Bio-Rad

Laboratories) and normalising to the total protein content of each lane.

2.4 RNA extraction from mouse brain meninges and real time (RT)-PCR analysis
After the experimental procedures, a subset of mice (n=14) used for EE experiments

were destined for further Rt-PCR analysis (NO EE VEH n=4, EE VEH n=5, EE ANA-12
n=5), anesthetized by intraperitoneal injection of Zoletil (50 mg/kg) and Xylazine (7
mg/kg) and sacrificed via decapitation. After collecting the heads, skin and skulls were
removed to access the brain, which was then extracted. Meninges were harvested
using tweezers under an optical microscope and collected into HBSS solution (sterile
water, HBSS 10X, HEPES 0.3 M, 1% Pen/Strep). After centrifugation at 300g per 1

minute, HBSS was substituted with PBS1X and centrifuged at 300g per 1 minute. Total
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RNA was extracted from fresh mouse meningeal tissue (NO EE VEH n=4, EE VEH n=5,
EE ANA-12 n=5) using the RNeasy Plus Micro Kit (Qiagen, Cat No. 74034) according to
the manufacturer’s protocol and RNA abundance was evaluated using the NanoDrop™
One/OneC Microvolume UV-Vis Spectrophotometer (ThermoFisher Scientific).
Reverse transcription was carried out using Superscript VILO Master Mix (Invitrogen,
Thermo-Fisher Scientific, Waltham, USA). Expression level of the ntrk2, BDNF, Slcl1a3
and TUBB3 (for primer sequences see Table 3) genes was quantified by Sybr Green-
based Real time PCR (7900HT Real-time PCR System, Applied Biosystem) according to
the AACt method (Livak and Schmittgen 2001) and by using Gaphd reference gene for

data normalization.

2.5 In vitro analysis for EAE experiments

2.5.1 Meningeal cell extraction and dissociation from adult mouse brain
Meningeal cells were isolated from meningeal brain tissue of n=29 wild-type C57BL6/)

8-10 weeks-old mice. Briefly, animals were anesthetised and sacrificed by
decapitation, brain immediately removed from the skull and collected into HBSS
solution (sterile water, HBSS 10X, HEPES 0.3 M, 1% Pen/Strep). Meninges were
harvested using tweezers under a microscope and collected into a GentleMACS violet
tube previously prepared with 2338 ul of PBS, 12,5 ul of enzyme A, 100 ul of enzyme
D and 50 pl of enzyme R according to Multi Tissue Dissociator protocol (Multi tissue
Dissociator KIT; Miltenyi Biotech). The Gentlemacs tubes were brings to the
GentleMACS™ Dissociator (Miltenyi Biotec) to run the tissue dissociator program
37_Multi_F.

After centrifugation at 500 g per 2 minutes, supernatant was discard, 3 ml of Percoll
30% (Sigma Aldrich, GE17-0891-01) in PBS 1X was added to the pellet to resuspend it.
The suspension was transferred in a 50 ml falcon and filtered using a cell strainer.
Another 2 ml of Percoll 30% in PBS1X were used to wash the remaining tissue still left
in the violet tube. The cellular suspension is then transferred very slowly in a 15 ml
falcon filled with Percoll 70% in PBS1X. The 15 ml falcon was centrifuged at 2500 g for
20 minutes at 4°C. After centrifugation were visible three phases, the top one white
containing cells debris was removed and the middle one red phase containing the cells

is harvested and transferred in a 50 ml falcon containing 30 ml of PBS1X ice cold. After
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centrifugation at 1000 g for 10 minutes, supernatant was removed, the pellet
resuspended in 5 ml of PEB (PBS 1X, BSA 0.5%, EDTA 2Mm) and transferred in a 15 ml
falcon. The falcon was centrifuge at 300 g for 10 minutes, the supernatant was
removed, and cells were cultivated and/or destinated for further experiments.

These meningeal adult cells were used for the following experiment: Single cell RNA

sequencing (see section 2.5.1.1) and for FACS experiment (see section 2.5.1.2).

2.5.1.1 Single cell RNA sequencing (scRNAseq)
Single cell RNA sequencing (scRNAseq) was performed on adult meningeal cells

isolated from EAE and control mice, as previously described (see section 2.5.1). Two
different control groups (C57BL/6J mice injected with CFA; n = 3 mice each group) and
two different EAE groups (C57BL/6) immunised MOG mice at onset and peak of
disease; n = 6 mice each group) were used to isolate cells. Once meningeal cells were
extracted, dissociated and counted, cells were diluted in order to have 800 cells/pl in
PBS 1X containing 0,04% BSA.

The scRNAseq was performed by the Technological Platform Center of Verona
University using the 10X Genomics Chromium Single Cell 3’ Technology and the
Chromium Next GEM Single Cell 3’ Reagent Kits v3.1.Inc (10x Genomics).

As aresult of the quality control performed on the total amount of extracted cells from
the brain meninges, we applied a quality control at 10% of mitochondrial DNA
(mtDNA). This metric can identify whether there is a large amount of mitochondrial
contamination from dead or dying cells and discard it from the analysis. All scRNAseq
analysis was performed in collaboration with Professor Lucas Schirmer, Department

of Neurology, Medical Faculty Mannheim, Heidelberg University.

2.5.1.2 Fluorescence activated cell sorting (FACS) analysis
FACS analysis was performed on adult meningeal cells isolated from EAE (n = 6) and

control (n = 5) mice, as previously described (see section 2.5.1).

Once meningeal cells were extracted, dissociated, and counted the cells were divided
in different tubes in order to have 300.000 cells/tube. For each condition (CTRL+CFA
and MOG) cells were incubated for 15 minutes with the primary antibody for the
biotinylated PDGFrp. After the period of incubation was added 1 ml of PBS and the
cells centrifugated at 300 g for 5 minutes. After centrifugation the supernatant was

removed, and cells were resuspended in 1 ml of PBS 1X. Then, each tube for condition
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was incubated for 15 minutes with the secondary antibody, the Streptavidin-PE and
the antibody already conjugated MHCII-FITC. Cells were washed with 1 ml of PBS 1X,
centrifuged at 300 g for 5 minutes, the supernatant was removed, and cells
resuspended in 300 ul of PEB. Fluorescence-activated cells sorting (FACS) analysis was
performed with BD-LSR-Fortessa X20 Configuration (BDBioscience). Data were
analysed using FlowJo software.

Antibodies used for FACS experiment: anti-PDGFrB-biotinylated (goat, 1:50, R&D,
BAF1042), Streptavidin-PE (1:100, Invitrogen, 12-4317-87) and anti-MHCII-FITC (rat,
1:100, Invitrogen, 11-5322-82).

2.5.2 Meningeal cell extraction and dissociation from pup mouse brain
NSCs were dissociated from PO pups’ meninges (n=7). Animals were sacrificed by

decapitation. Head was collected into HBSS solution (sterile water, HBSS 10X, HEPES
0.3 M, 1% Pen/Strep). Meninges were harvested using tweezers under microscope
and collected into HBSS solution. After centrifugation at 300g per 1 minute, HBSS was
substituted with PBS1X and centrifugated at 300g per 1 minute. Collagenase 0.2% and
CaCl2 2mM were added to meninges samples and dissociation was performed using
the gentleMACS™ Dissociator (Miltenyi Biotec). After incubation per 10 minutes at
37°C, Trypsin 1X and DNase were added and then sample was incubated at 37°C per
10 minutes. After centrifugation at 300g per 2 minutes, supernatant was discarded,
and sample was resuspended in PEB (PBS1X, 0.5% BSA, 2mM EDTA). Cells obtained
were destinated for further experiments.

These meningeal cells from pups were used for the following experiment: cell sorting

(see section 2.5.2.1) and co-culture experiment (see section 2.5.2.1.1).

2.5.2.1 PDGFr8 cell sorting
The already dissociated cells from pup brain meninges where then sorted with the aim

to isolate PDGFrB* cells as previously described (Bifari et al. 2009; Decimo et al. 2011).
Firstly, sample was centrifugated at 600g per 10 minutes and supernatant was
discarded. We used biotinylated-anti-goat-PDGFrp antibody (1:50, R&D, BAF 1042) in
100uL of PBS1X and performed 15 minutes of incubation at 4° temperature. Following,
we added 1mL of PEB (PBS1X, 0.5% BSA, 2mM EDTA) and subsequent centrifugation
at 300 g per 10 minutes discarding supernatant. Then, we resuspended sample in 90uL

of PEB and 20uL of Streptavidin beads (Streptavidin MicroBeads Miltenyi, 130-048-
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101) that are able to bind biotinylated-anti-goat-PDGFrp antibody. Resuspended
sample was kept at 4° temperature per 15 minutes. After incubation, 1mL of PEB was
added and centrifugated at 300g per 10 minutes. Sample was resuspended in 500uL
of PEB. Loading LS column with sample allowed the retention of PDGFrf3* cells thanks
to its ability of stringent depletion of unwanted cells. PDGFrB* cells were then washed
out from LS column with DMEM. At the end, already sorted cells were cultured in
growing medium (Dulbecco modified Eagle medium (DMEM) containing 2% B27
supplement (GIBCO), 1% N2 supplement (GIBCO), 1% antibiotic-antimycotic (GIBCO)
plus 20ng/mL epidermal growth factor (EGF) and 20 ng/mL basic fibroblast growth
factor (bFGF)).

2.5.2.1.1 Co-culture
With the aim to evaluate NSCs-immune cells interaction, in vitro experiment was

performed between PDGFrB* cells (see section 2.5.2.1) and T cells. PDGFrp* cells,
deriving from meninges of PO mice C57BL/6J (see section 2.5.2). Two conditions were
studied through independent experiments: immune-activation effects of PDGFr*
cells on naive T cells, deriving from C57BL/6J mice lymph nodes and spleen, and
immune-activation effects of PDGFrp* cells on resting T cells, deriving from EAE mice
lymph node and spleen. Resting state of T cells were obtained after 7-10 days after
their extraction in order to achieve the lowest proliferation state. In both experiments,
PDGFrB* cells were stained with CellTracker™ Blue CMAC (7-amino-4-
chloromethylcoumarin) (ThermoFisher, C2110) dye and plated on poly-D lysine
(Sigma, P6407) at fixed concentration of 50.000 cells/well. On the other hand, T cells
were added in suspension at different concertation ratios (1:1, 1:10, 1:100). Co-culture

was performed for 48h and then analysed through FACS analysis.

2.6 Statistics
Data are expressed as mean = SEM. Statistical differences were calculated by two tailed

Student’s t-test or ordinary One-Way ANOVA test using GraphPadPrism (GraphPad Inc., La

Jolla, CA). p £ 0.05 was considered statistically significant.
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CHAPTER 3 — RESULTS

In this work, we explored the hypothesis that meningeal niche i) can respond to neurogenic
stimuli contributing to brain plasticity in physiological conditions and ii) can be actively
involved in response to autoinflammatory pathological stimuli. To corroborate those idea, we
performed in vivo and in vitro experiments by using animal models (mice) subjected to i)
enriched environment or ii) experimental autoimmune encephalomyelitis (EAE), resembling

the multiple sclerosis (MS) disease.

3.1 AIM 1: Characterization of meningeal NSC niche response to neurogenic stimuli
3.1.1 EE exposure induces meningeal niche remodeling

To assess the first hypothesis, we decided to expose seven-week-old CD1 male mice to EE
represented by larger cages enriched with various toys and group-housed animals for 1 week.
EE is a pro-neurogenic stimulus, able to induce neurogenesis in traditional neurogenic niches,
including hippocampus. The presence of newborn neurons in the DG of animals treated with
EE is considered a gold standard to evaluate the effectiveness of the beforementioned
treatment. Therefore, to assess the effectiveness of the EE treatment on the meningeal niche,
we evaluated the presence of cells expressing the proliferation marker Ki67 or the newborn
immature neuron marker DCX in sagittal mice brain sections at retrosplenial cortical level by
immunofluorescence and confocal analysis (Figure 3.1A-C). To validate the EE treatment,
analysis was firstly performed on hippocampal region (Eisinger and Zhao 2018; Kempermann
2019; Young et al. 1999) (Figure 3.1D-G). The number of Ki67* and DCX* cells in DG of treated
mice was significantly higher compared to control mice (number of Ki67* cells per mm2 of DG
area: CTRL: 11.06 + 3.513, n=5; EE: 29.31 + 5.876, n=6; p=0.0325; number of DCX* cells per
mm? of DG: CTRL: 463 + 44.57, n=5; EE: 706.5 + 62.84, n=6; p=0.0142) (Figure 3.1E,G). These
results confirmed that EE was able to induce neurogenesis at the hippocampal level, as

already stated in literature (Eisinger and Zhao 2018; Kempermann 2019; Young et al. 1999).
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FIGURE 3.1 — HIPPOCAMPAL NICHE 1S RESPONSIVE TO ENRICHED ENVIRONMENT EXPOSURE
(A) Schematic representation of the experimental design used for EE exposure. (B) Scheme depicting the sagittal

04
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section of mouse brain highlighting the specific regions where brain external meninges were analyzed. (C)
Sagittal brain section of CD1 mice, with laminin (red) identifying brain meninges. White dashed lines delineate
the dentate gyrus (DG) area used for quantification. (D) Sagittal brain section of CD1 mice showing hippocampal
Ki67* (green) cells in non-treated (CTRL) and treated (EE) animals. A white box highlights a DG zone reported as
a magnification on the right panel. (E) Graph showing the number of Ki67* cells per mm2 of the DG in CTRL and
EE animals. (F) Sagittal brain sections of CD1 mice showing hippocampal DCX* (red) cells in CTRL and EE mice. A
white box highlights a DG zone reported as a magnification on the right panel. (G) Graph showing the number
of DCX* cells per mm2 of the DG in CTRL and EE animals. Data are presented as mean * SEM; * = p value < 0.05,
** = p value £ 0.01, *** = p value £ 0.001, **** = p value < 0.0001. In pictures C, D and F nuclei are in blue
(TOPRO-3 nuclear staining). Picture C is a single plane confocal image. Pictures D and F are maximum intensity
projections of z-stack confocal images. Scale bars represent 500um (C) and 20um in the magnified pictures (D,
F).

After defining the effectiveness of the treatment on the hippocampus, we proceeded to
characterize the potential effects that EE could have on meningeal NSC niche. To this aim, we
first analysed the number of cell nuclei identified by the nuclear marker TOPRO-3 and the
expression of Ki67 in 2 mm (5 brain sections, 2 segments of 200 um each section for each
animal) of cross-sectioned brain retrosplenial meninges (Figure 3.2A-C). As shown by figure
3.2B and C, the number of meningeal cells and proliferation index is almost identical between
the control and the treated animals. This suggested that, at least regarding cell proliferation,
the exposure to EE doesn’t affect the meningeal layers.

Meningeal NSCs is known to be characterized by radial glia-like cells expressing GLAST and

immature neurons expressing B3-Tubulin (Decimo et al. 2020). Therefore, we focused on the
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distribution and analysis of those cell populations (Figure 3.2D-G). We found a significant
increase of GLAST" cells and of B3-Tubulin* cells in treated mice compared to the control
group (number of GLAST* cells per 2 mm of cross-sectioned meninges: CTRL: 10.2 + 0.9028,
n=5; EE: 13.5 + 0.8756, n=6 ; p=0.0284; number of B3-Tubulin+ cells per 2 mm of cross-
sectioned meninges: CTRL: 8.8 + 0.6042, n=5; EE: 15.58 + 1.158, n=6; p=0.0009) (Figure 3.2
F,G). These data indicated that the exposure to EE conditions was able to increase meningeal
NSC population, suggesting that meningeal niche respond to the neurogenic stimulus.

As reported in literature, EE-mediated neurogenesis is carried out via molecular mediators
including the BDNF/TrkB signaling pathway (Eisinger and Zhao 2018; Samuels and Hen 2011).
Therefore, we investigated if the EE treatment could have an effect on meningeal cells
expressing the TrkB receptor of BDNFs. To achieve this goal, we first confirmed the expression
of TrkB and B3-Tubulin in meningeal cells via Western Blot Analysis (Figure 3.2H) comparing
meningeal samples with hippocampal ones as positive controls. We then proceeded to
analyse retrosplenial meningeal tissue through immunofluorescence and confocal analysis of
mice exposed to EE. We found a significant increase of TrkB* retrosplenial meningeal cell
population in response to EE exposure (number of TrkB* cells per 2 mm of cross-sectioned
meninges: CTRL: 2 + 0.5477, n=5; EE: 6.833 £ 0.4773, n=6; p<0,0001) (Figure 3.2I-K). By
investigating the phenotype of TrkB* cells, we detected a rare population of immature
neurons co-expressing B3-Tubulin and the BDNF receptor TrkB in both control and treated
animals. While this double positive population was extremely sporadic in the control animals,
it was significantly increased in EE exposed mice (humber of B3-Tubulin*/TrkB* cells per 2 mm
of cross-sectioned meninges: CTRL: 1.2 + 0.3742, n=5; EE: 4.333 + 0.4216, n=6; p=0.0004)
treated groups (Figure 3.21-K).

The meningeal niche is endowed with fractones, small laminin-based structures, extracellular
matrix (ECM) components able to bind and concentrate growth factors and exerting a trophic
role for NSC niche (Mercier 2016), and immune cells fundamental to maintain neurogenesis
(Ziv et al. 2006). In order to investigate possible changing in meningeal brain homeostasis
following EE exposure, we evaluated the distribution of the fractones and the number of
macrophages, identified by laminin* puncta (Bifari et al. 2015) and CD68 marker, respectively
(Figure 3.2L-0). We found a statistically significant increase in the number of meningeal
fractones and CD68* cells in EE compared to CTRL animals (number of fractones per 2 mm of

cross-sectioned meninges: CTRL: 56.2 + 8.599, n=5; EE: 90.25 + 4.393, n=6; p=0.0048; number
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of CD68* cells per 2 mm of cross-sectioned meninges: CTRL: 5.432 + 0.4638, n=5; EE:10.34 +
1.878, n=6; p= 0.0456; Figure 3.2M,0). These data indicated that EE induced changes in

meningeal ECM and macrophages suggesting a trophic activation of the meningeal niche.
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FIGURE 3.2 — MENINGEAL NICHE IS RESPONSIVE TO ENRICHED ENVIRONMENT EXPOSURE

(A) Sagittal brain sections of CD1 mice showing Ki67* (red) cells above meningeal basal lamina (green) in CTRL
and EE mice. An insert illustrates a panoramic image where the single-cell level image was taken. (B) Graph

showing the number of nuclei in 2mm of retrosplenial brain meninges of CTRL and EE animals. (C) Graph showing
the number of Ki67* cells in 2mm of retrosplenial brain meninges of CTRL and EE animals. (D) Sagittal brain
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sections of CD1 mice showing GLAST" (red) cells above meningeal basal lamina (green) in CTRL and EE mice. An
insert illustrates a panoramic image where the single-cell level image was taken. (E) Sagittal brain sections of
CD1 mice showing B3-Tubulin* (red) cells above meningeal basal lamina (green) in CTRL and EE mice. An insert
illustrates a panoramic image where the single-cell level image was taken. (F) Graph showing the number of
GLAST" cells in 2mm of retrosplenial brain meninges of CTRL and EE animals. (G) Graph showing the number of
B3-Tubulin+ cells in 2mm of retrosplenial brain meninges of CTRL and EE animals. (H) Representative western
blotting analysis of mouse brain protein extracts which shows the presence of TrkB and 3-Tubulin proteins both
in mouse meningeal samples and in hippocampal samples. (I) Graph showing TrkB*/B3-Tubulin* and Trkb*/B3-
Tubunlin cells in 2mm of retrosplenial brain meninges of CTRL and EE animals. (J) Sagittal brain sections of CD1
mice showing TrkB* (red) cells above meningeal basal lamina (green) in CTRL and EE mice. An insert illustrates a
panoramic image where the single-cell level image was taken. (K) Sagittal brain section of CD1 mice exposed to
EE showing a cell double positive for B3-Tubulin (red) and TrkB (white) above meningeal basal lamina (green). A
white box highlights a double positive cell reported as a magnification on the right panel. (L) Sagittal brain
sections of CD1 mice showing fractones (*) identified via laminin (green) staining in retrosplenial brain meninges
of CTRL and EE mice. An insert illustrates laminin staining (fractones) below meningeal nuclei (TOPRO-3). (M)
Sagittal brain sections of CD1 mice showing CD68* (red) cells in brain meninges of CTRL and EE mice. Meninges
are delineated using white dashes. (N) Graph showing the number of fractones in 2mm of retrosplenial brain
meninges of CTRL and EE animals. (O) Graph showing the number of CD68* cells in 2mm of retrosplenial brain
meninges of CTRL and EE animals. Data are presented as mean + SEM; * = p value < 0.05, ** = p value £ 0.01,
*** = p value £ 0.001, **** = p value < 0.0001. In pictures A, D, E, J, K, L and M nuclei are in blue (TOPRO-3
nuclear staining). Picture M is a single plane confocal image. Pictures A, D, E, J, K and L are maximum intensity
projections of z-stack confocal images. Scale bars represent 20um in the magnified pictures (A, D, E, J, K, L, M)
and 100 pum in the panoramic anchor images (A, D, E, J). White arrows indicate positive cells while asterisks
indicate fractones.

Taken together, these results indicate that the meningeal niche responds to the EE pro-
neurogenic stimulus by increasing the subsets of meningeal NSCs and immature neuron

populations, fractones and macrophages.

3.1.2 EE-induced NSCs in meninges derive from GLAST" radial glia progenitors

In order to identify the origin of the immature neurons which we found to react to EE stimulus
increasing their number, we took advantage of an inducible transgenic mouse model for
radial-glia cells. GLAST-CreERT2 mice (Mori et al. 2006) intercrossed with the CAG-CAT-EGFP
reporter line (Nakamura et al. 2006) (GLAST-GFP) allowed to label by GFP all the GLAST* cells
and their progeny following tamoxifen administration. After three days of tamoxifen
induction via oral gavage, we subjected the mice to 15 days of EE and then we analysed the
brain and the retrosplenial meninges of control and treated mice (Figure 3.3A, B) (Mori et al.
2006).

At first, we confirmed the effectiveness of the EE protocol in GLAST-GFP mice by assessing
the increased number of DCX cells in the DG of treated mice (Figure 3.3C, D) (humber of DCX*
per mm2 of DG area, CTRL: 386.4 + 36.7, n=3; EE: 751.8 + 56.24, n=4; p= 0.0042). The time of

the exposure to EE was increased to 15 days as we couldn’t observe hippocampal neurogenic
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response in GLAST-GFP mice after only 7 days, possibly due to gavage administration of
tamoxifen (Figure 3.3C) (Balcombe et al. 2004; Brown et al. 2000).

We then analyzed through immunofluorescence and confocal analysis the distribution and
fate of GFP* GLAST-derived progenitors. As expected, we found GFP* cells in cortex, DG,
striatum and meninges both in EE-treated and control mice, suggesting that the
recombination took place in the correct way as already stated in literature (Figure 3.3E-F)
(Mori et al. 2006). We observed a statistical increase of GFP* cells in meninges after exposure
to EE (number of GFP* cells per 2 mm of cross-sectioned meninges: CTRL: 6.167 + 1.244, n=3;
EE: 10.62 + 0.9157, n=4; p=0.0315) (Figure 3.3G). Since there was no change in meningeal
retrosplenial cortex cell number, the total increase in GFP* cells may arise from migrating
progenitors coming from other brain regions.

With the aim to assess the lineage of immature neurons that reacted to EE exposure, we
performed immunofluorescence for B3-Tubulin and GFP markers to detect a possible co-
expression. Interestingly, we found the presence of a double positive GFP*/ B3-Tubulin* cell
population in EE treated mice meninges (Figure 3.3H-J). On the contrary, double positive cells
were almost absent in control mice, potentially suggesting that part of immature neurons
differentiated from GLAST-derived cells following EE treatment (number of GFP*/ B3-Tubulin*
cells per 2 mm of cross-sectioned meninges: CTRL: 0.3333 £ 0.3333, n=3; EE: 1.893 £ 0.3362,
n=4; p= 0.0237; Figure 3.3G, J). Furthermore, as confirmation of the data obtained in CD1
mice, we observed, following EE exposure, an overall increase of B3-Tubulin® immature
neurons in meninges (Figure 3.3J) (number of B3-Tubulin* cells per 2 mm of cross-sectioned
meninges: CTRL: 13.17 £ 0.6009, n=3; EE: 19.33 £ 1.113, n=4; p= 0,0072).

Moreover, we detected an higher number of TrkB*/GFP* cells in meninges of EE animals
compared to controls (Figure 3.3K-L) (number of GFP*/TrkB* cells per 2 mm of cross-sectioned
meninges: CTRL: 0.3333 + 0.1667, n=3; EE: 2.72 £ 0.5725, n=4; p= 0.0182; number of TrkB*
cells per 2 mm of cross-sectioned meninges: CTRL: 2.167 + 0.1667, n=3; EE: 7 £ 1.186, n=4;
p=0.0187) (Figure 3.3G, M) suggesting they were partially derived from GLAST* radial glia
lineage.

Altogether, these data indicated that, following EE exposure, the increased B3-Tubulin*
immature neurons and TrkB* cells in meninges partially originated from radial glia GLAST*

cells.
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FIGURE 3.3 — LINEAGE-TRACING CONFIRMS RADIAL GLIAL ORIGIN OF THE EE-INDUCED IMMATURE NEURONS

(A) Schematic representation of the experimental design used for EE exposure on GLAST-GFP mice. (B) Scheme
depicting the sagittal section of mouse brain highlighting the specific regions where brain external meninges
were analyzed. (C) graph reporting the percentage of DCX* area in the DG of GLAST-GFP animals subjected to
either 1 (EE 1w) or 2 weeks (EE 2w) of EE exposure. (D) Sagittal brain section of GLAST-GFP mice showing
hippocampal DCX* (red) cells in CTRL and EE mice. (E) Graph showing the number of DCX* cells per mm2 of the
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dentate gyri (DG) in CTRL and EE animals. (F) Sagittal brain section of GLAST-GFP CTRL mice, with laminin (red)
identifying brain meninges and GFP (green) identifying the transgene expression. (G) Sagittal brain section of
GLAST-GFP mice showing GFP* (green) cells above meningeal basal lamina identified via laminin (red) staining.
A white box highlights GFP positive cells reported as split channels on the below panel. (H) Graphs showing
GFP*/B3-Tubulin* and GFP*/B3-Tubulin™ cells (left) and GFP*/TrkB* and GFP*/TrkB" cells (right). (I) Sagittal brain
section of GLAST-GFP CTRL mice showing a cell only positive for GFP (green). White dashes delineate meninges.
(J) Sagittal brain section of GLAST-GFP mice showing a cell positive for both B3-Tubulin (red) and GFP (green) in
EE mice. A white box highlights a double positive cell reported as split channels on the right. White dashes
delineate meninges. (K) Graph showing the B3-Tubulin*/GFP* and B3-Tubulin*/GFP cells in 2mm of retrosplenial
brain meninges of CTRL and EE animals. (L) Sagittal brain section of GLAST-GFP CTRL mice showing a cell only
positive for GFP (green). White dashes delineate meninges. (M) Sagittal brain section of GLAST-GFP mice
showing a cell positive for both TrkB (red) and GFP (green) in EE mice. A white box highlights a double positive
cell reported as split channels on the right. White dashes delineate meninges. (N) Graph showing the TrkB*/GFP*
and TrkB*/GFP" cells in 2mm of retrosplenial brain meninges of CTRL and EE animals. Data are presented as mean
+ SEM; * = p value £0.05, ** = p value <0.01. In pictures D, F, G, |, J, Land M nuclei are in blue (TOPRO-3 nuclear
staining). Pictures F and G are single plane confocal images. Pictures D, |, J, L and M are maximum intensity
projections of z-stack confocal images. Scale bars represent 20umin D, G, 1, J, L, M and 500um in F. White arrows
indicate positive cells.

3.1.3 TrkB/BDNF signaling modulate meningeal niche response to enriched

environment exposure
Our results indicated that TrkB, the main receptor of BDNF, was expressed in meninges and,
following EE, it increased in association with B3-Tubulin meningeal immature neurons (Figure
3.2I-K). TrkB receptor activation is abolished by ANA-12 (Cazorla et al. 2011), a non-
competitive inhibitor. In order to understand if meningeal response was directly regulated by
the activation of the neurotrophic receptor TrkB, we administrated ANA-12 inhibitor to CD1
mice 3 days before and at the 3rd day of EE exposure (Figure 3.4A) (Moy et al. 2019). With
this aim, we proceeded by comparing the effect of EE exposure and EE exposure plus ANA-12
inhibitor in the following experimental groups: EE ANA-12 (animals exposed to EE and injected
with ANA-12 inhibitor), EE VEH (animals exposed to EE and injected with the vehicle), NO EE
VEH (single-housed animals without EE, receiving vehicle injections), NO EE ANA-12 (single-
housed animals without EE, receiving ANA-12 inhibitor) (Figure 3.4A).
At first, we assessed through immunofluorescence and confocal analysis if ANA-12 was able
to ablate the increase of DCX* immature neurons caused by EE on the hippocampal
neurogenesis. We detected no statistically significant differences between NO EE VEH and EE
ANA-12 animals (number of DCX* cells per 2mm of DG area: NO EE VEH: 366.1 + 16.16, n=3;
EE VEH: 547.1 + 25.39, n=3; EE ANA-12: 370.7 + 27.76, n=3; NO EE ANA-12: 386.6 + 24.68,
n=3; NO EE VEH vs EE VEH, p=0.0030; EE VEH vs EE ANA-12, p=0.0036; EE VEH vs NO EE ANA-
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12, p= 0.0063) (Figure 3.4B,C), suggesting the ablating effect of ANA-12 on the hippocampal
neurogenesis.

We then proceeded to analyse the effect of ANA-12 on the expression of TrkB/BDNF in the
meninges. To this aim, we performed RT-PCR on meningeal tissue lysates from EE VEH, EE
ANA-12 and NO EE VEH animals and we evaluated the NTRK2 (gene name for TrkB) and BDNF
gene expression levels. We found that NTRK2 significantly increased its gene expression
following EE and decrease in animals that received EE treatment with ANA-12 administration
(log2 Fold Change: NO EE VEH: 0+ 0.26, n=4; EE VEH: 0.76 £ 0.14, n=5; EE ANA-12:0.22 £ 0.16,
n=5; NO EE VEH vs EE VEH, p=0.0272) (Figure 3.4D). As regard BDNF gene expression in
meninges, RT-PCR indicated no change following EE or EE plus ANA-12 administration (log2
Fold Change: NO EE VEH: 0 £ 0.96, n=4; EE VEH: 0.98 + 0.64, n=5; EE ANA-12:0.44 £ 0.42, n=5)
(Figure 3.4E). To deeply investigate the effect of ANA-12, we than performed western blot
analysis on meninges from the three different experimental groups. We noted that, in EE VEH
animals, TrkB increased the expression of truncated 1 isoform (TrkB.T1, 90KDa) (Tomassoni-
Ardori et al. 2019) which decreased to undetectable control level following ANA-12
administration (Figure 3.4F). Among the different groups, full length TrkB (130KDa) didn’t
change its expression. To further confirm the increase in the expression of TrkB signaling
pathway in meninges following EE, we assessed the expression of the neurotrophin receptor
p75 using western blot: p75 receptor cross links with TrkB receptor to activate the response
to BDNF signaling (Formaggio et al. 2010; Meeker and Williams 2015). Indeed, we found that

p75 increased in EE VEH animals and decreased in EE ANA-12 group (p75/total proteins (Fold
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Change): NO EE VEH: 1 + 0.36, n=3; EE VEH: 4.08 + 1.38, n=2; EE ANA-12: 2.03 + 0.4, n=3; NO
EE VEH vs EE VEH, p=0.0695) (Figure 3.4F).
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FIGURE 3.4 — ANA-12 INHIBITS HIPPOCAMPAL NEUROGENESIS AND IMPACTS BDNF-TRKB SIGNALING IN
MENINGES

(A) Schematic representation of the experimental design used for EE exposure and TrkB inhibitor ANA-12
administration in CD1 mice. (B) Sagittal brain sections of CD1 mice showing hippocampal DCX* (red) cells in
animals exposed to EE and administered only vehicle (EE VEH) and animals exposed to EE and administered with
the TrkB inhibitor ANA-12 (EE ANA-12). A white box highlights a dentate gyrus (DG) zone reported as a
magnification on the right panel. (C) Graph showing the number of DCX* cells per mm2 of the DG in animals
subjected to EE or not and administered with vehicle or ANA-12 (NO EE VEH, EE VEH, EE ANA-12, NO EE ANA-
12). (D) Graph depicting gene expression analysis for NTRK2 (TrkB) in NO EE VEH, EE VEH and EE ANA-12 mice.
Expression levels are reported as log2 Fold Change in respect with NO EE VEH. (E) Graph depicting gene
expression analysis for BDNF in NO EE VEH, EE VEH and EE ANA-12 mice. Expression levels are reported as log2
Fold Change in respect with NO EE VEH. (F) Graph showing the differential fold change in protein expression for
p75 protein in NO EE VEH, EE VEH and EE ANA-12 mice in respect with NO EE VEH (left panel). Representative
western blotting analysis of mouse brain meningeal protein extracts which shows the presence of TrkB and p75
proteins in EE VEH, EE ANA-12 and NO EE VEH samples (right). In EE VEH samples one additional TrkB protein
isoform was identified. Data are presented as mean + SEM; * = p value < 0.05, ** = p value < 0.01. In pictures B
nuclei are in blue (TOPRO-3 nuclear staining). Pictures B are maximum intensity projections of z-stack confocal
images. Scale bars represent 20 um.

We then investigated how meningeal niche react to the administration of ANA-12 inhibitor
following EE exposure.
Immunofluorescence and confocal analysis revealed a decreased number of GLAST* and B3-

Tubulin* cells in EE-treated group after the administration of ANA-12 (number of GLAST" cells
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per 2 mm of cross-sectioned meninges: NO EE VEH: 5.667 + 1.167, n=3; EE VEH: 14 + 0.5, n=3;
EE ANA-12: 9 + 0.7638, n=3; NO EE ANA-12: 6.333 + 1.014, n=3; NO EE VEH vs EE VEH, p=
0.0008; EE VEH vs EE ANA-12, p=0.0181; EE VEH vs NO EE ANA-12, p= 0.0014; number of B3-
Tubulin* cells per 2 mm of cross-sectioned meninges, NO EE VEH: 12.33 £ 1.202, n=3; EE VEH:
24.5 £ 2.363, n=3; EE ANA-12:9.167 + 0.8819, n=3; NO EE ANA-12:7.22 + 1.848, n=3; NO EE
VEH vs EE VEH, p= 0.0053; EE VEH vs EE ANA-12, p= 0.0012; EE VEH vs NO EE ANA-12, p=
0.0005) (Figure 3.5A-D) . RT-PCR analysis further confirm for the expression of GLAST gene
(SLC1A3) and B3-Tubulin gene (TUBB3) in EE VEH, EE ANA-12 and NO EE VEH animal groups
(SLC1A3 log2 Fold Change: NO EE VEH: 0 £ 0.23, n=4; EE VEH: 0.6 + 0.34, n=5; EE ANA-12: 0.5
+0.22, n=5; TUBB3 log2 Fold Change: NO EE VEH: 0 + 0.64, n=4; EE VEH: 0.63 + 0.42, n=5; EE
ANA-12:0.28 + 0.33, n=5) (Figure 3.5E,F).

In order to confirm TrkB signaling modulation of meningeal neural progenitors following EE,
we assessed the expression of DCX, a different immature neuron marker. DCX* cells are
extremely rare in meninges of adult mice (Bifari et al. 2015), however, through western blot
analysis, we were able to observe an increase of DCX protein following EE. This increment was
partially reduced in EE with ANA-12 mice (DCX/total proteins (Fold Change): NO EE VEH: 1.25
+0.74, n=3; EE VEH: 3.58 £ 0.39, n=2; EE ANA-12:2.14 + 0.6, n=3) (Figure 3.5G).

These data suggested that ANA-12 inhibitor may interfere with the capacity of the immature
neurons in meninges to react to EE.

Since we noted changes in the fractones and macrophages content following EE, we
investigate whether ANA-12 inhibitor could have an effect on the trophic and immune state
of the meningeal niche. Interestingly, immunofluorescence analysis revealed that the
increase in meningeal fractones observed after EE exposure was reduced in EE ANA-12
animals, suggesting its regulation by TrkB/BDNF signaling (number of fractones per 2 mm of
cross-sectioned meninges: NO EE VEH: 47.67 £ 3.632, n=3; EE VEH: 89.17 + 1.302, n=3; EE
ANA-12: 66.17 + 6.333, n=3; NO EE ANA-12: 56.5 + 4.093, n=3; NO EE VEH vs EE VEH, p=
0.0006; EE VEH vs EE ANA-12, p= 0.0207; EE VEH vs NO EE ANA-12, p= 0.0027) (Figure 3.5H-
[). On the contrary, no significant changes were identified in CD68* cell number in meninges

(Figure 3.5J-K).
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Overall, these results suggested that the meningeal niche response to neurogenic stimuli was

mediated by the neurotrophic receptor TrkB.
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FIGURE 3.5 — ANA-12 ADMINISTRATION REVERTS EE-INDUCED CHANGES IN THE MENINGEAL NICHE

(A) Sagittal brain sections of CD1 mice showing GLAST* (red) cells above meningeal basal lamina (green) in EE
VEH and EE ANA-12 mice. (B) Sagittal brain sections of CD1 mice showing B3-Tubulin+ (red) cells above
meningeal basal lamina (green) in EE VEH and EE ANA-12 mice. (C) Graph showing the number of GLAST* cells
in 2mm of retrosplenial brain meninges of NO EE VEH, EE VEH, EE ANA-12 and NO EE ANA-12 animals. (D) Graph
showing the number of B3-Tubulin* cells in 2mm of retrosplenial brain meninges of NO EE VEH, EE VEH; EE ANA-
12 and NO EE ANA-12 animals. (E) Graph depicting gene expression analysis for SLCIA3 (GLAST) in NO EE VEH,
EE VEH and EE ANA-12 mice. Expression levels are reported as log2 Fold Change in respect with NO EE VEH. (F)
Graph depicting gene expression analysis for TUBB3 (B3-Tubulin) in NO EE VEH, EE VEH and EE ANA-12 mice.
Expression levels are reported as log2 Fold Change in respect with NO EE VEH. (G) Representative western
blotting analysis of mouse brain meningeal protein extracts which shows the presence of DCX protein in EE VEH,
EE ANA-12 and NO EE VEH samples (left panel). Graph showing the differential fold change in protein expression
for DCX protein in NO EE VEH, EE VEH and EE ANA-12 mice with respect witch NO EE VEH (right panel). (H)
Sagittal brain sections of CD1 mice showing fractones (*) identified via laminin (green) staining in brain meninges
of EE VEH and EE ANA-12 mice. An insert illustrates laminin staining (fractones) below meningeal nuclei (TOPRO-
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3). (1) Graph showing the number of CD68* cells in 2mm of retrosplenial brain meninges of NO EE VEH, EE VEH,
EE ANA-12 and NO EE ANA-12 animals. (J) Sagittal brain sections of CD1 mice showing CD68 + (red) cells in brain
meninges of EE VEH and EE ANA-12 mice. (K) Graph showing the number of fractones in 2mm of retrosplenial
brain meninges of NO EE VEH, EE VEH; EE ANA-12 and NO EE ANA-12 animals. Data are presented as mean +
SEM; n.s. = not statistically significant, * = p value < 0.05, ** = p value < 0.01, *** = p value £ 0.001. In pictures
A, B, H and J nuclei are in blue (TOPRO-3 nuclear staining). Pictures J are single plane confocal images. Pictures
A, B and H are maximum intensity projections of z-stack confocal images. Scale bars represent 20 um. White
arrows indicate positive cells while asterisks indicate fractones.

3.1.4 Fluoxetine administration induces meningeal niche response

To assess if the meningeal niche was responsive to other neurogenic stimuli different from
EE, we investigated the effect of long-term antidepressant treatment on young mice
meninges. It is known that antidepressants are able to carry out their therapeutic function,
amelioration of anxiety/depression-related behaviour, via a neurogenic boost induced in the
patients’ hippocampi (Khodanovich et al. 2018; Malberg et al. 2000; Samuels and Hen 2011;
Wang et al. 2008).

According to this, we decided to exposed CD1 mice (4 weeks old) to chronic (4 weeks)
administration of fluoxetine, one of the most prescribed antidepressant drugs belonging to
the SSRI category, as described by other groups (Figure 3.6A) (David et al. 2009; Khodanovich
et al. 2018; Samuels and Hen 2011).

To achieve this goal, we performed anxiety/Obsessive Compulsive Disorder (OCD)-evaluating
behavioural test (the Marble Burying Test, MBT) to confirm the effectiveness of the fluoxetine
treatment on animal (de Brouwer et al. 2019; Kraeuter et al. 2019). Following 4 weeks of drug
administration, the percentage of marbles buried by treated animals (FLUOX) was
significantly lower when compared with controls (percentage of marbles buried over the total
marble number, CTRL: 86.67% * 7.2, n=4; FLUOX: 35.83% + 12.84, n=8; p=0.0246) (Figure 3.6B,
C). The consistent reduction in the number of marbles buried in the treated group suggested
that fluoxetine exerted its pharmacological effect and was able to reduce OCD-like behaviour.
Fluoxetine and other SSRI antidepressants are known to induce hippocampal neurogenesis in
DG (Samuels and Hen 2011). To further confirm if the antidepressant treatment was properly
effective, we performed immunofluorescence and confocal analysis for the proliferation
marker Ki67 and the newborn immature neuron marker doublecortin, DCX (Figure 3.6D-G).
In line with previous observations, we found that the number of Ki67* and DCX* cells of the
DG were significantly higher in fluoxetine-treated mice compared to control mice (number of

Ki67* cells per mm2 of DG area, CTRL: 2.322 + 1.592, n=3; FLUOX: 14.33 + 1.963, n=3;
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p=0.0090) (number of DCX* cells per mm2 of DG area, CTRL: 331.3 +37.04, n=3 ; FLUOX: 484.1
+ 25.58, n=3; p=0.0274) (Figure 3.6F, G). These data confirmed the fluoxetine treatment
effectiveness, supporting that antidepressant can induce cell differentiation in the
hippocampus, as already reported by literature (David et al. 2009; Khodanovich et al. 2018;
Samuels and Hen 2011).

We then evaluated the fluoxetine effect on meninges by analysing the mouse brain
retrosplenial meningeal cell number and proliferation following 4 weeks of treatment.
According to EE exposure results, the number of meningeal nuclei, identified by the nuclear
marker TOPRO-3, as well as the number of proliferating cells, identified by the marker Ki67,
didn’t change following the fluoxetine administration (Figure 3.6H, I, N, O). We proceeded
performing immunofluorescence and confocal analysis for NSCs and we found that, while
GLAST* cells showed a trend of increase, B3-Tubulin* cells increased significantly in the
treated group compared to the control (number of GLAST* cells per 2 mm of cross-sectioned
meninges: CTRL: 9.667 + 0.3333, n=3; FLUOX: 12.67 + 2.848, n=3; p=0.3545; number of B3-
Tubulin* cells per 2 mm of cross-sectioned meninges: CTRL: 15.67 + 2.848, n=3; FLUOX: 31.19
+ 3.641, n=3; p=0.0284) (Figure 3.6J, K, P, Q). These data suggested that meningeal niche
responded to fluoxetine increasing number of meningeal immature neurons, as we previously
described in the paradigm of EE.

Alike what we observed after EE exposure, the number of fractones (identified by Laminin)
resulted significantly higher in fluoxetine-treated group compared to controls (number of
fractones per 2 mm of cross-sectioned meninges: CTRL: 58.33 + 3.844, n=3; FLUOX: 82.67 +
7.446, n=3; p= 0.0440) (Figure 3.6L, R) as well as we found an increased number of CD68*
macrophages in fluoxetine treated mice, albeit the difference was not statistically significant
(Figure 3.6M, S).

Taken together, these results showed that meningeal niche is able to react to fluoxetine
treatment by increasing macrophages and trophic ECM fractones, as described before for EE
meningeal response.

Overall, these results suggested that meningeal niche may react not only to EE exposure, but
also to other pharmacological neurogenic stimuli like fluoxetine. Further studies will be
necessary to clarify the role of TrkB signaling in meningeal response to pharmacological

neurogenic stimuli.
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(A) Schematic representation of the experimental design used for fluoxetine administration. (B) Schematic
representation of behavioral testing for OCD-like behavior via Marble Burying Test (MBT). (C) Graph showing
the percentage of marbles buried by treated (FLUOX) and non-treated (CTRL) animals. (D, E) Sagittal brain
sections of CD1 mice, showing the presence of Ki67* cells (green) and DCX* cells (red) in hippocampal dentate
gyri (DG) in CTRL and FLUOX animals. A white box highlights a DG zone reported as a magnification on the right
panel. (F) Graph showing the number of Ki67* cells per mm2 of DG in CTRL and FLUOX animals. (G) Graph
showing the number of DCX* cells per mm2 of DG in CTRL and FLUOX animals. (H) Sagittal brain section of CD1
mice, showing brain meningeal nuclei and meningeal basal laminin (green) in a FLUOX animal. (I) Sagittal brain
section of CD1 mice showing a brain meningeal Ki67* (green) cell in a FLUOX animal. Meninges are delineated
via white dashes. (J) Sagittal brain sections of CD1 mice showing brain meningeal GLAST" cells in CTRL and FLUOX
mice. Meninges are delineated via white dashes. (K) Sagittal brain sections of CD1 mice showing brain meningeal
B3-Tubulin* (red) cells in CTRL and FLUOX mice. Meninges are delineated via white dashes. (L) Sagittal brain
sections of CD1 mice showing fractones (*) identified via laminin (green) staining in brain meninges of CTRL and
FLUOX mice. (M) Sagittal brain sections of CD1 mice showing brain meningeal CD68* (red) cells in CTRL and
FLUOX mice. Meninges are delineated via white dashes. (N-S) Graphs showing the number of (N) nuclei, (O) Ki67*
cells, (P) GLAS*+ cells, (Q) B3-Tubulin* cells, (R) fractones, (S) CD68* cells in 2 mm of retrosplenial brain meninges
of CTRL and FLUOX animals. Data are presented as mean + SEM; n.s. = not statistically significant, * = p value <
0.05, ** = p value < 0.01. In pictures D, E, H, I, J, Kand M nuclei are in blue (TOPRO-3 nuclear staining). Pictures
H, I, J, K, Land M are single plane confocal images. Pictures D and E are maximum intensity projections of z-stack
confocal images. Scale bars represent 20 um. White arrows indicate positive cells while asterisks indicate
fractones.

3.2 AIM 2: Meningeal niche in a murine model of Multiple sclerosis
3.2.1 Meningeal niche Response to EAE

To validate the second hypothesis of this work about the meningeal modulation in
pathological condition, we exploit the use of EAE animal model to study the effect of MS in
meningeal niche. The establishment of the animal model for the disease and the subsequent
score assighments were conducted in collaboration with the group coordinated by Professor
Gabriela Constantin, Department of Medicine, section of General Pathology, University of
Verona. Briefly, C57BI/6J 8-10-week-old female and male mice (n=12) were immunized with
an emulsion containing MOG35-55 peptide in CFA supplemented with Mycobacterium
tuberculosis and also PTX (Vinci Biochem, Italy) in order to induce the disease. Animals were
observed daily up to a period of 50 days post-transfer/post-immunization and associated to
an EAE score according to literature (Constantin et al. 1999; Stromnes and Goverman 2006).
The grading scale of 0-5 score with the clinical severity of EAE-induced mice used in this work
is reported in Table 4. From the immunization process, we obtained n=X EAE animals (also

called MOG) and n=X control animals (also called CTRL+CFA).

Brain meningeal niche responds to the inflammatory environment of EAE
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As already reported in the literature, the EAE model of MS is characterized by the presence
of immunity cells that actively participate in the development of the disease (Caravagna et al.
2018; Christy et al. 2013; Russi et al. 2018). In order to confirm the presence of immune cells
characterizing the EAE model, we performed immunofluorescence and confocal analysis at
the peak stage of pathology for different markers: CD163 for meningeal macrophages, CD3
for T cell and Ly6G for neutrophils.

We compared the number of meningeal CD163* cells between control and EAE mice. We
found an increasing percentage of CD163 marker in EAE brain meninges (CTRL+CFA: 3,434 +
0,5657%, MOG: 7,042 + 0,9809%) and meningeal substructures (CTRL + CFA: 3.695 + 0.7% vs
MOG peak 10.37 + 1.6%) (Figure 3.7C-E), indicating a reaction of meningeal niches to the
inflammation (Bevan et al. 2018). On the other hand, the quantification of CD3 marker (Figure
3.7F-H) suggest no difference between control and EAE group in meninges. In meningeal
substructures, instead, we found an increase of T cells (CTRL + CFA: 1.548 + 0.03% vs MOG
5.43 +0.7%; p=0.022) (Figure 3.9H). We also quantified the presence of Ly6G, a marker which
is expressed in granulocytes and peripheral neutrophils. According to literature, neutrophils
are among the first cells able to enter in the CNS during EAE (Christy et al. 2013), and in fact
we detected their presence in the pre-onset stage (Russi et al. 2018) whereas they were
absent in control mice (CTRL + CFA 0 £ 0% vs MOG 1.766 * 0.05%; p= 0.073) (Figure 3.91). On
the other hand, we didn’t detect neutrophils within brain meninges at peak stage, but we
found their presence in meningeal substructures of EAE mice (CTRL + CFA 0.5194 +0.1% vs
MOG 4.451 + 0.2%; p= 0.0001) (Figure 3.7J, K).

Taken together, these results suggest that meningeal niche respond to EAE inflammatory
conditions and that meningeal substructures are a site of accumulation of meningeal

macrophages, T cells and neutrophils at peak stage of EAE disease.
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FIGURE 3.7 - IMMUNE CELLS IN EAE AND CONTROL MICE

(A) Schematic representation of the experimental design used for EAE induction. (B) Scheme depicting the
sagittal section of mouse brain highlighting the specific regions where brain meninges and meningeal
substructures were analyzed. (C, D) The graphs compare the percentage of CD163* cells in meninges and
meningeal substructures respectively between EAE and control mice. (E) Sagittal brain section of control and
EAE mouse brain, showing CD163* cells are present in meningeal substructures. (F, G) Graphs represent the
percentage of double positive CD3* cells in 200um of meninges and meningeal substructures at peak stage. (H)
Sagittal brain section of control and EAE mouse brain, showing CD3* cells are present in meningeal substructures.
(1, J) Graphs represent the percentage of double positive Ly6G* cells in 200um of meninges and meningeal
substructures at pre-onset and peak stage. (K) Sagittal brain section of control and EAE mouse brain, showing
Ly6G* cells are present in meningeal substructures. White dashed lines delineate meninges above the brain
parenchyma. CD163*, CD3*, Ly6G* cells in (E, H, K) are shown in green, while nuclei are in blue (TOPRO-3 nuclear
staining). Data are presented as mean + SEM; ns = not significant, * p £ 0.05, *** p <0.001. All the pictures are

single plane confocal images. Scale bars represent 20 um.

It has been described that neural precursor cells present in meninges are able to react

following injury and disease (Decimo et al. 2011; Nakagomi et al. 2012). Moreover,
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leptomeninges could have a fundamental role in T cells infiltration of CNS during autoimmune
inflammation or immune surveillance (Schlager et al. 2016). Since it has not yet been well
investigated, we specifically investigated how meningeal niche react during the progression
of multiple sclerosis disease and, to this aim, we first focused our analyses on NSCs
populations that have been recently described in leptomeninges (Bifari et al. 2017). We
analysed EAE mouse brain meninges and meningeal substructures (Figure 3.8A) at different
stage of pathology: pre-onset (5 days post-immunization = dpi), onset (12 dpi), peak (15 dpi)
and chronic (28 dpi).

As reported by Decimo et al. 2012, meninges react to inflammation by increasing the number
of cells. Accordingly, to this evidence, we analysed the number of meningeal cells (identified
by the nuclear marker TOPRO-3) and proliferative cells (stained for Ki67 marker) in all the
stages of the disease. We counted the number of positive cells for Ki67 marker among the
total number of meningeal or meningeal substructures cells in 200 um of meninges or
meningeal substructures. The results showed an immediate increase of cells proliferation in
EAE mouse brain meninges compared to control animals (CTRL + CFA: 1.21 £ 0.37%, MOG pre-
onset 5.04 1 0.64%, p= 0.02; MOG onset: 4.84 + 0.90%, p= 0.013; MOG peak: 8.69 + 0.92%,
p= 0.0001; MOG chronic: 5.91 + 0.66%, p= 0.0059) (Figure 3.8D), whereas in meningeal
substructures a significantly increase of cells proliferation was found starting from the onset
of EAE disease (CTRL + CFA: 1.86 + 0.47%, MOG pre-onset 2.599 + 1.07%, MOG onset: 13.77
+0.48%, p=0.012; MOG peak: 11.19 £+ 3.17%, p= 0.053; MOG chronic: 6.237 + 0.59%) (Figure
3.8D,E).

We then characterized the reaction of meningeal neural precursors toward the inflammatory
environment by performing immunofluorescence and confocal analysis on specific marker
such as PDGFrpB for NSCs, GLAST for radial glia-like cells and DCX for immature neurons. As
shown in Figure 3.8G, meninges were characterized by a significant steady higher number of
PDGFrB* cells at pre-onset, onset and peak of disease development in EAE compared to
control mice; a slight reduction in PDGFrf* cells was, instead, observed at chronic stage of
disease (CTRC + CFA: 4.82 + 0.2%, MOG pre-onset: 8.395 + 1.10%, MOG onset: 8.164 + 1.1%,
MOG peak: 8.396 + 0.7%, MOG chronic: 4.17 + 0.3%). On the other side, within meningeal
substructures (Figure 3.8H), PDGFrB* cells are significantly increased mainly at pre-onset of

disease and slightly decreased through the other stages of analysis (CTRL + CFA: 6.312 + 0.5%,

66



MOG pre-onset: 11.6 + 0.3%, MOG onset: 8.437 + 0.3%, MOG peak: 8.874 + 0.4%, MOG
chronic: 5.332 £ 0.8%).

Interestingly, we observed PDGFrB* cells in close contact (considered as cells distance <10 um
(Nagl et al. 2016)) with macrophages identified by CD68 marker and meningeal macrophages
identified by CD163 marker (Figure 3.8l), suggesting the existence of a possible crosstalk
between these NSC and immune cell populations.

We then evaluated, in meninges and in meningeal substructures, the distribution of radial
glia-like NSCs by analyzing GLAST marker and the presence of DCX+ immature neurons. We
observed a non-significant increase of GLAST" cells in meninges at peak of disease and a
slightly decrease in chronic stage (CTRL + CFA: 4.551 + 0.4, MOG pre-onset: 4.692 + 0.2%,
MOG onset: 6.324 + 0.8, MOG peak: 6.827 + 0.6%, MOG chronic: 3.861 + 0.3%) (Figure 3.8J).
Even in meningeal substructures there were no differences between control and EAE mouse
(CTRL + CFA: 1.281 *+ 0.15, MOG pre-onset: 2.345 + 0.96%, MOG onset: 2.29 + 0.33, MOG
peak: 0.593 + 0.22%, MOG chronic: 1.764 + 0.34%) (Figure 3.8K). Contrary, compared to
control mice, EAE mice showed a statistically significant increase of DCX* cells in meninges at
pre-onset and onset stages of disease (CTRL +CFA: 1.729 + 0.3%, MOG pre-onset: 8.091 +
1.5%, MOG onset: 7.051 + 1.6%) (Figure 3.8M). Instead, within meningeal substructures,
significant differences were found at onset and peak stages of disease (CTRL + CFA: 1.264 +
0.3%, MOG onset: 7.121 + 1.7%, MOG peak: 7.209 + 1.1%) (Figure 3.8N). Interestingly, these
results suggest a reaction of DCX* cells in meninges at very early stages of pathology and a

later reaction in the meningeal substructures.
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FIGURE 3.8 — NSCS INCREASED IN NUMBER IN EAE DEVELOPMENT

(A) Schematic representation of the experimental design used for EAE induction. (B) Scheme depicting the
sagittal section of mouse brain highlighting the specific regions where brain meninges and meningeal
substructures were analyzed. (C) Sagittal brain sections of CTRL and MOG mice showing Ki67* (green) cells in
meningeal substructures. (D, E) Graphs showing the percentage of Ki67* cells in 200um of meninges and
meningeal substructures. (F) Sagittal brain sections of CTRL and MOG mice showing PDGFrp* (red) cells in
meningeal substructures. (G, H) Graphs showing the percentage of PDGFrp* cells in 200um of meninges and
meningeal substructures. (I) Sagittal brain sections of MOG mice showing PDGFrf* (red) cells in close contact
with CD68 (green) and PDGFrf* (red) cells in close contact with CD163 (green) in meninges. (J, K) Graphs showing
the percentage of GLAST* cells in 200um of meninges and meningeal substructures. (L) Sagittal brain sections of
CTRL and MOG mice showing DCX* (green) cells in meningeal substructures. (M, N) Graphs showing the
percentage of DCX* cells in 200um of meninges and meningeal substructures. White dashed lines delineate
meningeal substructures. PDGFrB* cells in (F, 1) are shown in red, Ki67* cells in (C) and DCX* cells in (L) are shown
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in green, CD68* and MHCII* cells in (I) are shown in green while nuclei are in blue (TOPRO-3 nuclear staining).
Data are presented as mean + SEM; *#x*p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05; ns = not significant. All
the pictures are single plane confocal images. Scale bars represent 20 um (C, F, I, L).

In order to deeply investigate the role of NSCs in EAE and their possible interaction with the
immune populations, we performed immunofluorescence and confocal analysis for antigen
presenting cells, monocytes and macrophages, identified by MHCIl and CD68 markers,
respectively. We observed a significant change in the percentage of MHCII* cell numbers and
also in CD68* cell numbers, both in meninges and in meningeal substructures.

Interestingly, we found a significant increase of double positive cells for DCX and MHCII
markers in meninges of EAE animals in comparison with controls (CTRL + CFA: 0.4655 + 0.2%,
MOG onset: 3.565 + 0.5%, MOG chronic: 2.073 + 0.7%) (Figure 3.9G). The same analysis was
performed in meningeal substructures showing significant differences between control and
EAE onset and peak stage (CTRL + CFA: 0.4774 + 0.2%, MOG onset: 2.581 + 0.4%, MOG peak:
2.095 + 0.4%) (Figure 3.9H). These results show that DCX*/MHCII* cells increase at pre-onset
stage, and these are maintained during the disease progression.

Given the ability of DCX* cells to express MHCII marker, we also checked for double-positive
DCX and CD68 cells. We found DCX'/CD68* cells both in meninges and meningeal
substructures: in meninges of EAE mice brain, they were detected at all stages of disease
development (CTRL + CFA:0.2412 + 0.1%, MOG pre-onset: 2.204 + 0.3%, MOG onset: 2.939 +
0.7, MOG peak: 2.405 + 0.2%, MOG chronic: 2.017 + 0.5%) (Figure 3.91) while double-positive
cells were only found at onset of disease in the meningeal substructure, with a statistically
significant increment between EAE mouse meningeal substructures and control mouse (CTRL

+ CFA: 0.3788 + 0.03%, MOG onset: 6.696 + 2.5%) (Figure 3.9)).
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FIGURE 3.9 — IMMUNE CELLS INCREASED IN NUMBER IN EAE DEVELOPMENT
(A) Schematic representation of the experimental design used for EAE induction. (B) Scheme depicting the
sagittal section of mouse brain highlighting the specific regions where brain meninges and meningeal
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substructures were analyzed. (C, D) Graphs showing the percentage of MHCII+ cells in 200um of meninges and
meningeal substructures. (E, F) Graphs showing the percentage of CD68+ cells in 200um of meninges and
meningeal substructures. (G, H) Graphs represent the percentage of double positive DCX*/MHCII* cells in 200um
of meninges and meningeal substructures at different stages: red bars represent DCX*/MHCII* cells and grey
bars DCX*/MHCII" cells. (I, J) Graphs represent the percentage of double positive DCX*/CD68* cells in 200pum of
meninges and meningeal substructures at different stages: red bars represent DCX*/CD68* cells and grey bars
DCX*/CD68 cells. (K, L) Sagittal brain section of EAE mouse, showing that DCX* cells are positive also for MHCII
and CD68 markers in meningeal substructures of EAE mice. White dashed lines delineate meningeal
substructures. CD68+ and MHCII+ cells in (K, L) are shown in red, DCX* cells in green, while nuclei are in blue
(TOPRO-3 nuclear staining). Data are presented as mean + SEM; #*#%p < 0.0001, ***p < 0.001, **p < 0.01, *p <
0.05; ns = not significant. All the pictures are single plane confocal images. Scale bars represent 20 um (K, L).

Overall, our results show an increase of meningeal NPCs in EAE mice from the pre-onset to
the peak of the disease in meninges and meningeal substructures. These results suggest a

reaction of meningeal NPCs of EAE mice according to the inflammation conditions.

Spinal cord meningeal niche responds to the inflammatory environment of EAE

After a deep investigation of NSCs in mouse brain meninges, we proceeded the analysis on
spinal cord. In accordance with the symptomatology of MS, the spinal cord was well
characterized over time, but little is known about the markers that we specifically took in
consideration for meningeal NSCs. According to the literature (Shrestha et al. 2017),
meningeal inflammation, at the level of spinal cord, is initially clearer in the caudal
subarachnoid space (SAS), so we performed all the analysis on the caudal (lumbar + sacral)
portion of the spinal cord.

Alike the observation done for the brain meningeal tissue, we analysed the total number of
cells in the spinal cord meninges during the progression of the EAE disease through
immunofluorescence and confocal microscopy analysis by using the nuclear marker TOPRO-
3. We counted the absolute number of nuclei in 200um of spinal cord meninges and we found
statistical difference between control and MOG animals (CTRL+CFA 231.3+ 49.13, Pre-onset
215.2+55.1, Onset 473.9 £ 143.9, Peak 643.4 + 143 and Chronic 575.6 + 172.7) (Figure 3.10D),
highlighting the establishment of an inflammatory condition.

Then, we proceeded to characterize of the meningeal NPCs by counting the number of DCX*
cells among the total number of meningeal cells in 200 um of spinal cord meninges in all EAE
stages. We found a marked increase of DCX* cells in spinal cord meninges following EAE, in
particular at onset and peak stages of disease while a slight decrease was observed during the

chronic phase (Figure 3.10F).
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Since the fascinating findings of cells expressing an immune-neuronal like phenotype in brain
meninges and meningeal substructures following the induction of EAE, we questioned about
the presence of the same cell population even in the spinal cord. To solve this point, we
performed a double staining to visualize possible DCX*/MHCII* and DCX*/CD68* cells (Figure
3.10J, K). Interestingly, we detected DCX/MHCII double positive cells in spinal cord meninges
at all stages of disease with a distinct increment at the onset time-point of EAE cells (CTRL+CFA
1.069 £ 0.61, Pre-onset 0.975 + 0.50, Onset 5.778 +0.77, Peak 4.048 + 0.74 and Chronic 3.14
+1.46) (Figure 3.10H). The same trend was found for DCX*/CD68* cells (CTRL+CFA 0.17+0.17,
Pre-onset 0.424 + 0.21, Onset 2.219 +0.49, Peak 1.16 + 0.41 and Chronic 0.22 + 0.02) (Figure
3.101).

Altogether, these results showed that even spinal cord meninges respond to inflammation
following EAE induction, by changing the number of cells and showing a population of cells

with an immune-neuronal like phenotype.
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FIGURE 3.10 - NPCS INCREASED IN SPINAL CORD MENINGES

(A) Schematic representation of the experimental design used for EAE induction. (B, C) Scheme depicting the
trasversal section of mouse spinal cord. (D) Graph showing the absolute number of nuclei in spinal cord
meninges (E) Transversal spinal cord slice of EAE and control mouse showing the increase of nuclei in meninges.
(F) Graph showing increase in percentage of DCX+ cells at the onset and peak of disease. (G) Transversal spinal
cord section showing DCX+ meningeal cells in a MOG animal. (H) Graph showing increase in percentage of
DCX+/MHCIlI+ cells in control and EAE mice. (I) Graph showing increase in percentage of DCX+/CD68+ cells in
control and EAE mice. (J, K) Transversal spinal cord slice of EAE mouse showing DCX+/MHCII+ cells and
DCX+/CD68+ cells in spinal cord meninges in EAE mice. White dashed lines delineate meninges above the spinal
cord parenchyma. (C, J, K) DCX+ cells are in green, in (J, K) MHCII+ and CD68+ cells are in red, and nuclei are in
blue (TOPRO-3 nuclear staining). Data are presented as mean + SEM; * p < 0.05, ** p <0.01, **** p < 0.0001.
Scale bars represent 20 um.

3.2.2 Meningeal substructures and spinal cord meninges as route of infiltrations of
NSCs and immune cells into CNS parenchyma during EAE

Up to date, we showed that external brain meninges, meningeal substructures and spinal cord

meninges acts as point of cells accumulation during EAE progression, and they could
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represent novel entry points toward the brain parenchyma. Indeed, it has already been
observed the migration of meningeal precursor cells from meninges toward the injured brain
and spinal cord parenchyma (Decimo et al. 2011). One of the currently open questions in MS
research regards the mechanism by which autoreactive immune cells first access to the
uninflamed CNS (Russi and Brown 2015).

To analyse the possible infiltration through meninges we focused our attention on the
parenchymal accumulation of NSCs and immune cells close to the meningeal layer.
Specifically, we performed haematoxylin and eosin staining on sagittal brain (Figure 3.11B)
and transversal spinal cord (Figure 3.13B) slices of EAE mice at chronic stage of the disease
and we analysed the presence of infiltrating cells, identified as a pool of at least 5 cells
immediately adjacent (100 um wide range from meninges and meningeal substructures) to

the meninges that visibly protrude from the meningeal space.

Meningeal substructures represented an entry point toward the brain parenchyma

A qualitative analysis of cell infiltrations at the level of external meninges and meningeal
substructures revealed the consistent presence of cell infiltrations at brain parenchymal areas
next to meningeal substructures, while no infiltrations were found in external brain meninges.
Thus, for the following analysis, we focused our attention on the meningeal substructures.
NSCs in meninges are characterized by the expression of specific markers like PDGFrB and
GLAST for NSCs and DCX for immature neurons (Bifari et al. 2009; Decimo et al. 2012a). To
assess the possible contribution of meningeal NSCs to brain degeneration we analysed
meningeal NSCs infiltrations to the parenchyma during EAE. To this aim, we performed
gualitative analyses, at each stage of the disease (pre-onset, onset, peak and chronic), of cell
infiltrations. For the qualitative assessment of NSC infiltrations we analysed 5 section/mouse
of brain external meninges above the cortex and meningeal substructures in all stage of
disease with n=3 for EAE mouse and n=3 for control.

Meningeal substructures cells infiltrations were evaluated at different brain regions like
midbrain, retrosplenial area in the cortex, thalamus, hippocampus and fornix. Different
infiltrations of neural precursor cells were observed in EAE mice at onset and peak stages of
disease in different sites along the meningeal substructures. Cellular infiltrations were found
along meningeal substructures close to the dentate gyrus and, at the peak stage, at the level

of cerebral cortex, in the retrosplenial area and in the midbrain at superior colliculus (Figure
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3.11C-E). No infiltration of NPs was observed in control mice or in EAE animals at the pre-
onset stage of disease.

In order to assess the infiltration of immune cells after EAE induction, we also evaluated the
presence of antigen presenting cells (MHCII*), macrophage and monocyte (CD68"), starting
from the onset of disease. Likewise, to the NSCs infiltrations analysis, qualitative analysis of
brain immune cells infiltrations revealed the presence of pool of immune cells mainly localised
at specific brain parenchymal areas next to meningeal substructures, while no infiltration was
observed at the external meninges. Specifically, we detected MHCII* cells at the onset stage
in the fornix region while, during peak phase, cells were observed primarily in the midbrain
at the level of pretectal nucleus. At the onset of disease, we found CD68" cells localised in the
pretectal nucleus at the level of midbrain while at the peak of disease we found them at the
midbrain at the level of the superior colliculus and the pretectal nucleus and in the
retrosplenial area (Figure 3.11G, H). During the chronic phase, the principal points of cells
infiltrations were the thalamus, the midbrain at the level of pretectal nucleus and the
hippocampus.

As we observed the presence of cells with an immune-neural like phenotype both in brain
and spinal cord meningeal tissue, we then assessed by immunofluorescence and confocal
microscopy analysis whether double positive DCX*/MHCII* and DCX*/CD68" cells were also
presence across brain external meninges and meningeal substructures (Figure 3.11l, J).
Qualitative analyses of cell infiltrations were performed at all time point (pre-onset, onset,
peak and chronic).

We detected infiltrations of DCX/MHCII double positive cells starting at the onset phase of
EAE disease at the level of the fimbria. At the peak stage, along the progress of the disease,
we observed more points of infiltration, particularly at the anterior pretectal nucleus. In the
chronic stage of disease, we found greater points of cells infiltrations at the thalamus, in the
pretectal nucleus and in the hippocampus.

We also detected that DCX/CD68 double positive cells started to infiltrate at the onset of
disease throughout the meningeal substructures in the midbrain, at the level of the anterior
pretectal nucleus (Figure 3.11J). In the peak phase the main point of infiltrations was found

at the superior colliculus.
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FIGURE 3.11 - NSCS AND IMMUNE CELLS IN EAE MICE INFILTRATE IN DIFFERENT POINTS ALONG THE MENINGEAL
SUBSTRUCTURES

(A) Picture of sagittal mouse brain slice where the red spot highlights the preferential point of infiltrations of
NPCs. (B) Sagittal section of EAE mouse brain with hematoxylin and eosin staining showing two points of cells
infiltrations in hippocampal area. (C) Sagittal section of EAE mouse brain showing Infiltration of PDGFrp* cells
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(left panel) and high magnification of white box showing an infiltration of PDGFrB* cells at the level of dentate
gyrus (right panel). (D) Sagittal section of EAE mouse brain showing Infiltration of GLAST*. (E) Sagittal brain
section of EAE mouse showing infiltration of DCX+ cells from meningeal substructures, delimitated by laminin,
to Thalamus (left panel) and high magnification of the white square showing the point of infiltration in the
Thalamus (right panel). (F) Sagittal brain section of EAE mouse showing infiltration of Ly6G+ cells from meningeal
substructures, delimitated by laminin (left panel) and high magnification of the white square showing the point
of infiltration in the Thalamus (right panel). (G) Picture of sagittal mouse brain slice where the red spot highlights
the preferential point of infiltrations of immune cells. (H) Sagittal brain section of EAE mouse showing infiltration
of CD68* cells from meningeal substructures (left panel) and high magnification of the white square showing the
point of infiltration in the ventral hippocampal commissure (right panel). (1) Sagittal brain section of EAE mouse
showing infiltration of DCX*/CD68" cells from meningeal substructures (left panel) and high magnification of the
white square showing the point of infiltration (right panel). (J) Sagittal brain section of EAE mouse showing
infiltration of DCX*/MHCII* cells from meningeal substructures (left panel) and high magnification of the white
square showing the point of infiltration in dentate gyrus (right panel). (K) Sagittal brain section of EAE mouse
showing infiltration of Ly6G* cells from meningeal substructures (left panel) and high magnification of the white
square showing the point of infiltration in Thalamus (right panel). White dashed lines delineate meningeal
substructures. PDGFrB, Laminin, Ly6G, CD68 and MHCII in (C, E H, |, J, K) are shown in red, GLAST, laminin and
DCX are in green in (D, E, G, H, |, J, K), while nuclei are in blue (TOPRO-3 nuclear staining). Scale bars represent
500pum and 20 pum.

Taken together, these results demonstrated that both neuronal precursors and
immunological cells infiltrate the brain parenchyma in different sites, close to the meningeal

substructures.

The principal point of cells infiltration was represented by the hippocampus. Thus, we
investigated the presence of demyelinated lesion at the level of hippocampus through
immunofluorescence and confocal analysis using the myelin basic protein (MBP) marker. We
qguantified the myelin content through ImageJ software assigning a threshold according to the
positivity of the staining and we detected a decrease in myelin amount at the chronic stage
of disease (Figure 3.12A, B). Furthermore, we performed analyses to characterize the
hippocampal area after the onset of EAE. To this aim, we looked for GFAP, an astrocyte marker
used to examine the distribution of astrocytes and the hypertrophy of astrocytes in response
to neural degeneration, and Ibal, a calcium-binding protein expressed by activated microglia,
shown to be increase after injury, cerebral ischemia and demyelination (Decimo et al. 2011;
Nakagomi et al. 2011; Nakagomi et al. 2012). According to literature (Bhargava et al. 2021),
we found an increase in percentage of GFAP* and Ibal* area in onset and peak stage of

disease, the same stage on which we observed major cells infiltration (Figure 3.12C-F).
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FIGURE 3.12 - MYELIN DECREASED AT THE CHRONIC STAGE FOLLOWING THE INDUCTION OF EAE IN THE
HIPPOCAMPUS

(A) Graph showing the percentage of MBP positive area in control mice and in EAE mice at chronic stage. (B)
Sagittal brain sections of hippocampal region in control and EAE animal respectively showing myelin stained with
MBP (Myelin Basic protein). (C) Graph showing increase in percentage of GFAP+ cells in control and EAE mice.
(D) Graph showing increase in percentage of Ibal+ cells in control and EAE mice. (E) Sagittal brain section of
control and EAE mouse showing hippocampal area stained with GFAP marker (left panel) and high magnification
of the white square (right panel). (F) Sagittal brain section of control and EAE mouse showing hippocampal area
stained with lbal marker (left panel) and high magnification of the white square (right panel). MBP and Ibal are
shown in green, GFAP is shown in red, and nuclei are in blue (DAPI). Scale bars represent 200 um. Data are
presented as mean + SEM; * p £0.05, ** p <0.01, *** p <0.001, **** p < 0.0001.

Taken together these results show that meningeal substructures could represent a possible
entry route for the brain parenchyma infiltrating cells during the development of EAE disease.
Furthermore, we observed that cells infiltration starts at the onset of disease, concurrently to
the strong inflammation detected with GFAP and Ibal markers. Moreover, the remarkable
involvement of the hippocampal area as access point for almost all the cell types we have
analysed is further supported by the decrement in the level of myelin protein in the

hippocampal area at chronic stage of disease.

Spinal cord meninges represented an entry point toward the spinal cord parenchyma
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Once described the cellular phenotypes present during the development of EAE and assessed
the spatio-temporal dissemination of cells infiltrations in the brain, we then performed the
same qualitative analysis on the spinal cord of control (n=3) and EAE (n=3) mice by
characterizing 18 caudal sections/mouse in all stage of disease.

As results, we found that cell infiltrations, defined as at least 5 cells immediately adjacent to
the meninges that visibly protrude from the meningeal space, in the spinal cord parenchyma
were distributed along meninges, as in the ventral as in the dorsal portion of spinal cord. Cell
infiltrations begin to be detectable at the onset stage of EAE disease and persisted in the peak
and chronic phases. We divided spinal cord according to the anatomical structures of
transversal sections.

We found DCX* cell infiltrations in all EAE animals: DCX* cells massively infiltrated in spinal
cord parenchyma in transversal sections of spinal cord, in particular at the level of lateral
funiculus, dorsolateral funiculus, ventral funiculus and ventral median fissure, both at the
onset and peak stages (Figure 3.13C).

We proceeded with the analyses of immune cells, and we observed that infiltration of MHCII*
cells in EAE mice started at the onset of disease involving different points across all the
meninges. Cell infiltrations are easily identified along the transversal section of spinal cord
slice, as is shown in the Figure 3.13E. Infiltrations at the onset and peak of disease were found
mainly in the ventral funiculus, dorsolateral funiculus and lateral funiculus.

We performed immunofluorescence and confocal microscopy analysis on transversal section
of spinal cord slice for CD68 marker (Figure 3.13F). We detected infiltrations starting at the
onset of disease till the peak and chronic stages. The infiltrations observed were allocated
across the meninges that is wrapped around the spinal cord, both in the ventral and in the
dorsal part. At the onset of the pathology, we observed infiltrations manly at the level of
dorsolateral funiculus. At the peak of disease, more points of infiltrations were found in the
ventral funiculus, at dorsal funiculus and dorsolateral funiculus.

Furthermore, we performed immunofluorescence and confocal microscopy analysis on both
longitudinal and transversal spinal cord slice to characterize infiltrations of cells expressing
both neuronal and immunological phenotype. We were able to detect DCX/MHCII double
positive cells infiltrations at the onset, peak and chronic stage of the disease (Figure 3.13G).
We observed many points of infiltrations between the different animals, such as ventral,

dorsolateral and lateral funiculus of spinal cord. Infiltrations of DCX/CD68 double positive
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cells were spreads across all the spinal cord meninges and were identified starting at the onset
of disease, mainly in ventral funiculus, dorsolateral funiculus and lateral funiculus (Figure

3.13H).

Meninges

Gracile fasciculus
Dorsolateral funiculus
Dorsal column
Lateral spinal column
Lateral funiculus
Ventral funiculus

O0o00O00Om

DCX
TOPRO-3

DCX
TOPRO-3

CDe8 CD68
TOPRO-3 TOPRO-3

MHCII i
DCX o MHCII
TOPRO-3 TOPRO-3

80



FIGURE 3.13 - NPCS AND IMMUNE CELLS FROM MENINGEAL LAYER INFILTRATE INSIDE THE SPINAL CORD
PARENCHYMA

(A) Picture of transversal mouse spinal cord slice where the asterisk highlights the preferential point of
infiltrations of NPCs. (B) Transversal spinal cord slice of EAE mouse spinal cord with hematoxylin and eosin
staining showing points of cells infiltrations. (C) Transversal spinal cord section of EAE mouse, showing DCX* cells
infiltration into spinal cord at onset stages (left panel) and high magnification of the white square showing the
point of infiltration (right panel). (D) Picture of transversal mouse spinal cord slice where the asterisk highlights
the preferential point of infiltrations of immune cells. (E) Transversal spinal cord section of EAE mouse, showing
MHCII* cells infiltration into spinal cord at onset stages (left panel) and high magnification of the white square
showing the point of infiltration (right panel). (F) Transversal spinal cord section of EAE mouse, showing CD68*
cells infiltration into spinal cord at onset stages (left panel) and high magnification of the white square showing
the point of infiltration (right panel). (G) Transversal spinal cord section of EAE mouse, showing DCX*/MHCII*
cells infiltration into spinal cord at onset stages (left panel) and high magnification of the white square showing
the point of infiltration (right panel). (H) Transversal spinal cord section of EAE mouse, showing DCX*/CD68"* cells
infiltration into spinal cord at onset stages (left panel) and high magnification of the white square showing the
point of infiltration (right panel). DCX* cells are in green, MHCII* and CD68" cells are in red and, nuclei are in blue
(TOPRO-3nuclear staining). Meninges are delineated with a dashed line. Scale bars represent respectively 500
um and 20 pm.

Taken together these results show that the entire meninges of spinal cord are involved as
possible entry route for the infiltrating cells in parenchyma during the development of EAE

disease.

3.2.3 Meningeal cell population heterogeneity in EAE

Characterisation of meningeal cell population phenotype changes during EAE disease

by single cell RNA sequencing

In order to deeply investigate the phenotype of meningeal NSCs during the progress of the
EAE, we performed scRNAseq analysis on two distinct experimental group: C57BL/6J mice
injected with CFA (2 groups each of n=3) and immunised MOG mice at onset and peak of
disease (2 groups each of n=6) (Figure 3.14A). The grading scale of 0-5 score with the clinical
severity of EAE mice is reported in Table 4.

Brain meninges and meningeal substructures from EAE and CTRL animals were collected and
dissociated. After verifying the viability of the cells, single cell sequencing was performed by
the Technological Platform Center of Verona University through 10X Genomics kit (see
Material and Methods).

As a result of the quality control performed on the total amount of extracted cells from the
brain meninges, we applied a quality control at 10% of mitochondrial DNA (mtDNA). This
metric can identify whether there is a large amount of mitochondrial contamination from

dead or dying cells and discard it from the analysis. We obtained, and further characterized,
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116 high-quality cells for CTR1, 96 for CTR2, 897 for MOG1 and 495 for MOG2, with an average
of 624 genes per cell for CTR1, 454 for CTR2, 1319 for MOG1 and 1470 for MOG2.

This part of the results was performed in collaboration with Professor Lucas Schirmer,
Department of Neurology, Medical Faculty Mannheim, Heidelberg University. By using the
uniform manifold approximation and projection (UMAP) clustering analysis, we found that
cells clustered in five distinct cellular population groups: immune cells (comprehensive of T
cells, B cells, neutrophils, macrophages, dendritic cells and NK cells), endothelial cells,
pericytes, erythroid cells and stromal cells (Figure 3.14B).

Thanks to UMAP clustering analysis we were able to distinguish the populations between
conditions, CTRL and EAE (Figure 3.14C) and between samples, CTRL1, CTRL2, MOG1 and
MOG2 (Figure 3.14D). From these graphs, according to cell number of each sample we can
appreciate the distribution and localization of cells belong to the different groups. We also
were able to show through a dot plot, the scaled expression of selected signature genes for
each cluster and the percentage of cells in each cluster with more than one read of the
corresponding gene (Figure 3.14E). Finally, for a clearer interpretation we plotted the number
of cells per cluster in EAE and control animals. This allowed us to understand if the cells for

each population were present in both groups (CTRL and EAE) or not (Figure 3.14F).
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FIGURE 3.14 - SCRNASEQ ANALYSIS OF BRAIN MENINGES FROM EAE AND CONTROL ANIMALS

(A) Schematic representation of the experimental design used for scRNAseq. (B) UMAP of brain meninges from
control and EAE animals coloured by cell type. (C) UMAP of brain meninges from control and EAE animals
coloured by conditions: blue for CTRL and red for EAE. (D) UMAP of brain meninges from control and EAE animals
coloured by samples: red for CTRL1, green for CTRL2, blue for MOG1 and violet for MOG2. (E) Dot plot showing
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the scaled expression of selected signature genes for each cluster, colored by the average expression of each
gene in each cluster scaled across all clusters. Dot size represents the percentage of cells in each cluster with
more than one read of the corresponding gene. (F) Scheme representing the number of cells per cluster in EAE
and control animals.

According to the features that characterized stromal cells in meninges (Pikor et al. 2017; Wei
et al. 2021), stromal cell cluster might be the one that better represents the cells that we
studied previously. Thus, we focused the attention on stromal cells cluster and, by deeply
analysing this cell population, we identified seven different subclusters (from 0 to 6) (Figure
3.15). Each subcluster was characterized by the expression of specific genes, that is genes
involved in regulation of oligodendrocyte differentiation, neuronal synaptic plasticity, and
glycolytic process like ENPP2, SLC4A10 and ZBTB20 in subcluster 0; genes involved in different
processes of cell division, translation and chromatin organization in subcluster 1;genes like
CD81, CD63 and JUNB that are involved in cell migration and T cell regulation were identified
in subcluster 2; subcluster 3 was characterised by mitochondrial genes such as MT-ND4l, MT-
ND2 and MT-ATP6; genes involved in neuronal and apoptotic processes, like RASA1, MED15
and ADAM17, were identified in subcluster 4; subcluster 5 was characterized by the
expression of genes such as AKAP11, PPP4R1 and ZFYVE19, associated to different processes
like cellular protein localization, cell division and protein phosphorylation; lastly, subcluster 6
was represented by genes involved in cell cycle, cellular response to DNA damage and
catabolic process.

Among those cell subpopulation group, the subcluster O revealed to be the most attracting
ones since cells belonging to this group expressed some genes also present in neural cells. A
synthetic list and brief description of the most interesting genes found in the subcluster O
with neuronal phenotype affinity is reported below. Specifically, we identified the ENPP2
gene, encoding for Hydrolyzes lysophospholypids that is involved in several motility-related
processes, such as neurite outgrowth, and in the positive regulation of oligodendrocyte
differentiation. SLC4A10 gene, instead, played an important role in regulating intracellular pH,
it contributed to the secretion of cerebrospinal fluid, it reduced the excitability of CAl
pyramidal neurons and modulated short-term synaptic plasticity. PRLR gene encoded for the
anterior pituitary hormone prolactin receptor and NSG2 gene is associated to the assembly
of clathrin and thus involved in the formation of the neuronal vesicle. HTR2C gene encoded

for G-protein coupled receptor for serotonin that regulates neuronal activity via the activation
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of short transient receptor potential calcium channels in the brain, it plays a role in the
regulation of appetite and feeding behaviour, responses to anxiogenic stimuli and stress.
ZBTB20 is a transcription factor that may be involved in haematopoiesis, oncogenesis, and
immune responses. It plays a role in postnatal myogenesis, it may be involved in the
regulation of satellite cells self-renewal and it is a neural commitment of stem cells. LRP6 gene
encoded for a cell-surface coreceptor of the Wnt-Fzd-LRP5-LRP6 complex that trigger beta-

catenin signaling.
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FIGURE 3.15 - UMAP OF STROMAL CELL CLUSTER FROM EAE AND CONTROL ANIMALS
(A) UMAP of stromal cell cluster from control and EAE animals coloured by inferred cluster identity.

After this in-depth analysis, with the aim to identify a relationship between stromal cell cluster
and immune cell cluster, we performed a ligand-receptor analysis. Through this latter we
defined a link between stromal cells and neutrophils and between neutrophils and
macrophages (Figure 3.16A). We found that all stromal cells strongly expressed SLC22A17
gene while neutrophils, and mainly the more immature neutrophils population, expressed
LCN2 gene (Figure 3.16B). SLC22A17 gene encode for a cell surface receptor for LCN2, a
biomarker for inflammation involved in cellular processes such as cell growth,
migration/invasion, differentiation, death/survival and iron delivery (Chi et al. 2020; Nam et
al. 2014). As concern the relationship between macrophages and neutrophils, we found that
the more mature part of neutrophils strongly expressed CSF1 gene while macrophages
expressed CSFIR gene (Figure 3.16C). CSF1 gene encoded for the Colony-stimulating factor
that bind CSFI1R on the surface of macrophages. CSF1R modulates proliferation, migration,

differentiation, and survival of microglia and macrophages in health and disease. In
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pathological condition, neutrophils produce CSF1, that in turn stimulates macrophages

increasing the inflammation and neurodegeneration (Hagan et al. 2020).
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FIGURE 3.16 - LIGAND-RECEPTOR ANALYSIS OF NEUTROPHIL POPULATION

(A) UMAP of brain meninges from control and EAE animals, violet squares identify the populations involved in
ligand-receptor analysis. (B) UMAP of brain meninges from control and EAE animals with the expression of
SLC22A17 and LCN2 gene. (C) UMAP of brain meninges from control and EAE animals with the expression of
CSF1 and CSF1R gene.

Based on those interesting evidence, we proceeded with a supervised trajectory analysis of
neutrophil populations. We used specific markers and cellular stages to recognize the
different phases of neutrophil maturation from (Xie et al.): neutrophils that belonged to GO—
4 stage mainly originated from bone marrow (BM), while neutrophils belonging to G5a—c
mainly originated from peripheral tissue samples. According to this classification, we were
able to characterize the neutrophil population from an immature to a more mature state
using (Figure 3.17A).

G1 to G2 cells underwent active proliferation, with cell division stopping abruptly thereafter
and we recognized them through the expression of SMC2 and SERPINB1A genes
(Figure3.17C). We detected a cluster of G3 cells, following G2 expansion, expressing
secondary granule genes such as CAMP and NGP (Figure 3.17D). In BM, neutrophil
differentiation is concluded with a more mature G4 population highly expressing MMP8
(encoding a key granule protein for neutrophil-mediated host defences) and RETNLG genes
(Figure3.17E). As regards G5a stage, the youngest stage of the peripheral tissue, it shared

similarities with G3/G4 and it is characterized by CCL6 and TMCC1 gene expression
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(Figure3.17F). G5b neutrophils expressed a set of interferon-stimulated genes (ISGs), such as
IFLT3 and IFLT1 genes (Figure3.17G). Trajectory analysis showed that G5a and G5b
neutrophils gradually developed into G5c neutrophils, with the latter expressing the more

apoptotic genes like BCL2A1B and CLEC4N genes (Figure 3.17H).
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FIGURE 3.17 - TRAJECTORY ANALYSIS OF NEUTROPHIL POPULATION

(A) UMAP of brain meninges from control and EAE animals, violet square identifies neutrophil population
involved in trajectory analysis and the maturation scheme of neutrophils. (B) UMAP of neutrophil population
from control and EAE animals Coloured by inferred cluster identity. (C) UMAP of neutrophil population from
control and EAE animals with the expression of SMC2 and SERPINB1A gene that identify G2 maturation stage.
(D) UMAP of neutrophil population from control and EAE animals with the expression of CAMP and NGP gene
that identify G3 maturation stage. (E) UMAP of neutrophil population from control and EAE animals with the
expression of MMP8 and RETNLG gene that identify G4 maturation stage. (F) UMAP of neutrophil population

87



from control and EAE animals with the expression of CCL6 and TMCC1 gene that identify G5a maturation stage.
(G) UMAP of neutrophil population from control and EAE animals with the expression of IFLT3 and IFLT1 gene
that identify G5b maturation stage. (H) UMAP of neutrophil population from control and EAE animals with the
expression of BCL2A1B and CLEC4N gene that identify G5¢ maturation stage.

Overall, these results showed highly heterogeneity of cell populations present in meninges
during EAE and confirmed a crosstalk between immune cells and NSCs identified by stromal
cluster. More analyses are ongoing to describe the specific pathological phenotype of

meningeal NSCs.

3.2.4 Immune-regulation properties of meningeal NSCs

Assessment of in vitro meninges NPCs-immune cells interactions
In order to better investigate the relationship between immune cells (T cells, TMPs) and brain

meningeal NSCs, we performed co-culture in vitro experiment in physiological and
pathological conditions.

We hypothesised that meningeal NSCs interaction with Naive T cells could drive the immune-
cell activation. To assess this idea, we tested in vitro PDGFrf cells, stained with CMAC dye,
interaction with two different types of immune cells: Naive T cells from control C57BI/6J WT
mice (CTRL) and resting TMPs from EAE mice. Firstly, we performed different NPCs:Naive T
cells ratio (1:1, 1:10, 1:100) with increasing number of T Naive cells from CTRL seeded (Figure
3.18A-D). After 48h in co-culture condition, results of FACS analysis showed an increase of
CD25, activation marker for T cells, percentage in CD4* and CD8* (markers for T helper and
cytotoxic T cells) cells in 1:1 ratio suggesting an activation of Naive T cells (Figure 3.18C).
With the aim to understand the immune-activation effect of PDGFrp* cells on resting T cells
from EAE mice, we performed NSCs-resting TMPs co-culture experiment. Experiments was
performed using various concentration ratios PDGFrB:resting TMPs (1:10, 1:100) (Figure
3.18E-G). FACS analysis showed an increase in percentage of CD25 and CD69 (early marker
for T cells) marker in CD4* and CD8* cells (Figure 3.18G). We also observed a decrease of
CD62L marker for L-selectin, a cell adhesion molecule, in CD8* cells (Figure 3.18F) according
with the activation of these cells in the co-culture (Klinger et al. 2009). These results may
suggest an activation of resting T cells by PDGFrB* cells.

Taken together these data showed an increased expression of markers associated with
activated T cells suggesting the ability of PDGFrp* cells to interact and activate both Naive T

cells in physiological and resting T cells in pathological conditions.
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FIGURE 3.18 - CO-COLTURE REVEAL AN INTERACTION BETWEEN T CELLS AND NSCs

(A) Schematic representation of the experimental design used to obtain naive T cells. (B) Graph of CD4* and CD8*
naive T cells expressing CD25 in different ratios 1:1, 1:10, 1:100. (C) FACS analysis of co-culture Naive T cells and
PDGFrB* cells in DMEM medium incubated with CD4, CD8, CD25 and measured using APC (CD4), PE/Cy7 (CD8),
PE (CD25). Control of Naive T cells population distribution expressing CD25*: CD4" cells, CD8* cells and CD4*/CD8*
cells (Top panels). Co-culture distributions of PDGFrB*:Naive T cells ratios: PDGFrp*:CD4* naive T cells 1:1,
PDGFrB*:CD8" naive T cells 1:1 and PDGFrB*:CD4*/CD8" naive T cells 1:1, respectively (Bottom panels). (D)
Increasing concentration of Naive T cells and fixed concentration of PDGFrp cells: 1:1 ratio (50.000 NSCs:50.000
Naive T cells), 1:10 ratio (50.000 NSCs: 500.000 Naive T cells), 1:100 ratio (50.000 NSCs:5.000.000 Naive T cells)
respectively. (E) Schematic representation of the experimental design used to obtain resting T cells. (F) Graphs
of CD4* and CD8"* resting T cells expressing CD25, CD69, CD62L, respectively, in different PDGFrp*:resting T cells
ratios 1:10, 1:100. (G) FACS analysis of co-culture resting T cells and PDGFrB* cells in DMEM medium incubated
with CD4, CD8, CD25, CD62L and measured using APC (CD4), PE/Cy7 (CD8), FITC (CD69), PE (CD62L). Control of
CD4+ resting T cells expressing CD25 (First panel). Control of CD8* resting T cells expressing CD25 (Second panel).
Co-culture population distributions in 1:10 PDGFrp*:resting T cells ratios: PDGFrp*:CD4"* resting T cells 1:10
expressing CD25 (Third panel), PDGFr*:CD8* resting T cells 1:10 expressing CD25 (Fourth panel). All conditions
were cultured in DMEM. Blue cells are NSCs stained with CMAC dye (D). Scale bars represent 20um

Characterisation of meningeal neural cell population phenotype changes during EAE

disease progression by Fluorescent Activated-Cell Sorting

Based on these data, we proceeded to investigate how NSCs are modified in EAE
pathogenesis.

With this aim, we confirm the modifications of meningeal cell phenotype, through FACS
analysis, of cells isolated from control (n=5) and EAE (n=6) mouse brain between the onset
and peak stages of disease. We stained the meningeal cells by different specific markers:
PDGFrp for neural stem cells and MHCII for antigen presenting cells.

Interestingly, comparing FACS results from MOG and control mice, we identified an increase
of PDGFrp (3,1% of positive cells in MOG sample over 600.000 events analysed in comparison
with the 1,4% in the control sample) and MHCII (1,6% of positive cells in MOG sample over
600.000 events analysed in comparison with the 0,9% in the control sample) cells (Figure
3.19).

These results showed the increase of meningeal neuronal and MHCII cell population during
disease development, further supporting the data obtained in vivo.

Furthermore, the data obtained from FACS analysis, showed marked increase of double
positive cells in EAE animals, with 2,2% of MHCII*/PDGFrB* positive cells over 600.000 events
compared to the 0,3 % in control animals. Suggesting that meningeal NSCs may become

antigen presenting cells during EAE (Figure 3.19).
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FIGURE 3.19 — NSCs INCREASED IN NUMBER IN EAE PATHOGENESYS

(A) Schematic representation of the experimental design used for FACS analysis. (B, E) FACS analysis results
showing increase in the percentage of PDGFr* and (C, F) MHCII* cells in EAE animals (MOG) respects to the
controls (CTRL). (D, G) FACS analysis results showing increase in the percentage of PDGFrp*/MHCII* cells in EAE
animals (MOG) respects to the controls (CTRL).
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CHAPTER 4 - DISCUSSION

4.1 Meningeal niche respond to EE stimulus

The primary finding of this thesis project is that meningeal tissue, and in particular the
resident neural stem cells, response to neurogenic stimuli like EE.

It is known in literature that pro neurogenic paradigms such as EE and anti-depressant
treatments affect hippocampal neurogenesis. However, the effect on meninges, a novel less-
known NSC niche, is still unexplored (David et al. 2009; Eisinger and Zhao 2018; Kempermann
2019). Based on this evidence, here we investigated, for the first time, the role of meninges
in a physiological context of EE. As widely reported in literature (Kempermann et al. 1997),
we first confirmed the efficacy of pro-neurogenic stimuli on hippocampal neurogenesis
through immunofluorescence and confocal analysis. As result, we stated an increased number
of immature DCX* neurons after EE treatment. We subsequently studied how the meningeal
niche reacts to the same neurogenic stimulus.

In literature it has already been shown that the meningeal niche is able to react and respond
to different types of stimuli both in physiological and pathological conditions. Administration
of FGF-2 and NGF in meninges induced hyperplastic changes within the meninges of the rat
and monkey (Day-Lollini et al. 1997; Parr et al. 2007). Injuries, including spinal cord injury (SCl)
(Decimo et al. 2011), progressive ataxia (Kumar et al. 2014) and brain stroke (Nakagomi et al.
2012) were able to increase the number of meningeal-derived doublecortin (DCX) positive
immature neurons.

Strikingly, after exposure to EE, we found an increase in GLAST* stem cells and immature B3-
Tubulin* neurons in meninges. These data suggested that meninges are able to react to the
EE stimulus increasing the neural part of the niche. However, the meningeal response to EE
partially differs from the hippocampal one (David et al. 2009; Kempermann 2019; Ming and
Song 2011; Sohur et al. 2006; Wang et al. 2008), as no apparent increase in cellular
proliferation was observed.

As previously described in the cerebral cortex, in addition to the effects on immature neurons
and NSCs, pro-neurogenic stimuli are also capable of significantly remodelling the
extracellular matrix (Slaker et al. 2016). In line with this, we observed in animals subjected to

EE an increase of fractones (Mercier 2016), specialized ECM components of the neurogenic
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niche able to retain trophic factors (Kerever et al. 2007), suggesting an overall remodelling of

the meningeal niche.

4.2 Meningeal cells responsive to EE belong to the GLAST population

In order to investigate whether immature neurons reacting to EE were derived from neuronal
progenitors relying in the meninges or other brain regions, we took advantage of an inducible
transgenic mouse model for radial-glia (RG) cells tracing (Mori et al. 2006; Nakamura et al.
2006). Through immunofluorescence and confocal analysis, we observed GFP* radial glia
derived neural precursors cells co-expressing TrkB and B3-Tubulin increased after EE
exposure, even though no change in cell number of meningeal retrosplenial cortex was
observed. With these results, we showed, for the first time, the presence of neurons with RG
origin in the adult mouse brain, so far only demonstrated in the healthy newborn mouse
(Bifari et al. 2017). In this context, the increase in the number of immature neurons observed
in the meninges after EE stimulation may be due to: i) differentiation of endogenous RG cells
already present in the meninges, ii) other populations of meningeal neural progenitors not
investigated in this study (including Nestin* and PDGFrB* cells (Bifari et al. 2017)) or iii) neural

precursors that migrate from other neurogenic niches in the brain to the meninges.

4.3 TrkB/BDNF signaling modulate meningeal niche response to EE

The mechanism underlying the effects of pro-neurogenic stimuli is still not fully understood.
The pivotal role played by BDNF, a member of the neurotrophin family that plays a
fundamental role in neuronal development and plasticity (Bjorkholm and Monteggia 2016),
has been demonstrated (Casarotto et al. 2021; David et al. 2009; Eisinger and Zhao 2018).
Trying to investigate the mechanism that guide the EE effects on meningeal niche, we
examined the role of BDNF using ANA-12, a small molecule that acts as a non-competitive
inhibitor of TrkB (Cazorla et al. 2011). Through immunofluorescence, western blot and RT-
PCR, we were able to observe that the effects on the high expression of f3-Tubulin* immature
neurons and TrkB induced by EE were partially reduced by the administration of ANA-12.
Furthermore, the number of CD68* macrophages was not altered by the TrkB inhibitor, while
a statistical reduction in the number of meningeal fractones was observed suggesting that the

activity of macrophages to generate ECM is affected by this mechanism (Kerever et al. 2007).
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4.4 Fluoxetine administration induces meningeal niche response

With the aim to explore if the meningeal niche was able to respond to other stimuli than EE,
we evaluated the effect of fluoxetine, an antidepressant that acts as a neurogenic stimulus
on DG (David et al. 2009; Wang et al. 2008). After confirming the response of the hippocampal
niche to the stimulus, we focused on meningeal niche. Similarly to EE exposure observations,
as a reaction to fluoxetine administration, we found an increase of GLAST* neural precursors
and B3-Tubulin* immature neurons, along with no proliferation in meninges. Alike to EE
exposure, also fluoxetine treatment led to a significantly higher number of fractones in
meninges of treated mice, together with a slight increase in CD68* macrophages. These data
confirm a reaction of meningeal niche to a different pro-neurogenic stimulus, but we didn’t
explore the molecular mechanism behind this response. Previous studies have shown the role
of TrkB in anxiety (Bergami et al. 2008) and fluoxetine treatment (Casarotto et al. 2021).
However, further studies will be necessary to elucidate the molecular mechanisms driving the
meningeal response to pharmacological neurogenic stimuli including antidepressant

treatment.

4.5 Immune cells of meningeal niche respond to EAE

In order to provide a comprehensive characterization of the meningeal niche responsiveness
in different scenarios, we then explored whether meninges could react also in pathological
conditions (Decimo et al. 2011; Nakagomi et al. 2011; Nakagomi et al. 2012) as reported for
other classical NSCs niches like SVZ niche during different type of disease such as ischemia
(Kojima et al. 2010) and Multiple Sclerosis (Nait-Oumesmar et al. 2007).

As second purpose, we therefore explored the meningeal niche response to
neurodegenerative disease such as Multiple Sclerosis (MS). The more used animal model for
MS is the Experimental Autoimmune Encephalomyelitis (EAE) that supports the
autoimmunity hypothesis of disease development (Procaccini et al. 2015) and it is
characterized by demyelination, axonal loss and gliosis. As already reported in literature, the
EAE model is characterized also by the presence of immunity cells that actively participate in
the development of the disease (Caravagna et al. 2018; Christy et al. 2013; Russi et al. 2018).
By means of immunofluorescence and confocal analysis, we characterized the immune cells
present in the leptomeninges of EAE mouse brain. Among cell populations, we found, at the

peak stage of the disease, the presence of T cells (CD3* cells) in meninges of both control and
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EAE mice, confirming the role of meninges in the CNS immune surveillance (Louveau et al.
2018). On the other hand, we observed that these cells, together with meningeal
macrophages (CD163* cells) (Kim et al. 2006) significantly migrated toward EAE meningeal
substructures at peak stage, compared to control animals. Cells of the adaptive and innate
immune systems in the brain parenchyma and in the meningeal spaces contribute to
physiologic functions but when the equilibrium is broken, they contribute in CNS to the
disease course and to neurodegenerative and neurobehavioral disorders (Healy et al. 2020).
In EAE animals the immunological homeostasis is lost and the T cells accumulation and their
aberrant activation lead to the neurodegenerative disease (Grigoriadis and van Pesch 2015),
instead, in control animals, no alterations of meningeal niche were detected.

Neutrophils (Ly6G* cells) have been described as one of the major sources of pro-
inflammatory cells that are responsible of EAE initiation, axonal demyelination and axonal
degeneration in the first acute stage of EAE development (De Bondt et al. 2020; Wu et al.
2010). According to this, we observed Ly6G* cells accumulated in meninges before the onset
of clinical sign of EAE (De Bondt et al. 2020), while their presence in meningeal substructures
started few days later and coincided with the peak of disease. These immune populations and
their relative increase in the meninges, demonstrate the presence of inflammation and the

development of pathology in the mouse model.

4.6 Meningeal NSC niche respond to EAE

Currently, NSCs studies mainly focus on neurodegenerative field due to the biological
proprieties of undifferentiated and proliferating cells (2019). Beside the well-known
protective function as a physical barrier and neural precursors reservoir for the formation of
new neurons, meninges are also involved in the reaction to injuries and insults (Decimo et al.
2011; Decimo et al. 2020; Nakagomi et al. 2011; Nakagomi et al. 2012). In fact, they are
becoming more relevant in MS field.

In order to identify the modifications of the leptomeningeal niche and of the meningeal NSCs-
T cell interactions in EAE pathological conditions, we performed immunofluorescence and
confocal analysis on control and EAE animals. First, in EAE brain meninges from pre-onset
stage and in meningeal substructures from onset stage of disease, we detected an increase
of cell proliferation through ki67 marker. We also observe an increase in cell nuclei number

in spinal cord meninges of EAE animals in comparison with controls during onset stage of
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disease. These results, according to literature, demonstrated a reaction of meningeal niche
to the inflammatory environment of EAE (Decimo et al. 2012a; van Olst et al. 2021). Among
neural precursor populations, we investigated PDGFrB* and GLAST* stem cells, and DCX*
immature neurons in both brain meninges and meningeal substructures. We noted, in
meninges and meningeal substructures, an early increase of PDGFrp* cells at the pre-onset
stage of EAE mice, which is maintained until peak stages with a slightly decrease at chronic
stage. This evidence highlights that PDGFrp* cells may have a role in the initiation and
progression of EAE development. On the other hand, no differences were found in the
number of Glast* cells between EAE and control mice. Interestingly, we found a significant
increase of DCX* cells at pre-onset stage in meninges and at onset stages in meningeal
substructures and spinal cord meninges, suggesting an initial role of these cells in meninges
and a later accumulation of immature neurons in meningeal substructures and spinal cord
meninges.

A striking observation was the detection of DCX* cells able to express MHCII marker in brain
and spinal cord meninges, suggesting their potential ability to interact and subsequently re-
activate myelin-specific auto-reactive T cells. DCX*/MHCII* cells slightly increased with a high
statistical significance at onset of disease in meninges and meningeal substructures.
Additionally, we also detected the presence of DCX'/CD68* cells, further supporting the
potential role of DCX* cells as antigen-presenting cells (APCs). As previously discussed,
professional APCs have a key role for the MS/EAE pathology due to their ability to re-activate
T cells causing the infiltration of auto-reactive T cells within CNS parenchyma (Constantinescu
et al. 2011; Jorddo et al. 2019).

In literature it has already been reported the presence of DCX* cells expressing immunological
markers (Unger et al. 2018). The presence of this non-canonical DCX* cells expressing the
phagocytic marker CD68 has been found near amyloid plaques in the brain of an Alzheimer
Disease mouse model. In this context, it is strongly suggested that DCX cells have phagocytic
activity and that they contribute to amyloid plaque clearance (Unger et al. 2018). However,
the exact origin of these DCX*/CD68"* cells need to be deeply understood and further analyses
are still required. Despite this, Mauffrey and colleagues showed the extraordinary ability of
DCX* cells to migrate from SVZ and infiltrate in sites that are colonized by cancer cells. At this

level, DCX cells initiate neurogenesis during tumour formations, helping the tumour growth
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(Mauffrey et al. 2019). This study revealed a unique crosstalk between the CNS and tumours

and indicate neural targets for the treatment of cancer.

4.7 Meningeal substructures and spinal cord meninges as route of infiltrations into CNS
parenchyma

MS studies, in mouse animal model, have shown conspicuous multifocal perivascular
infiltrates, mainly including lymphocytes, monocytes and macrophages (Jorddo et al. 2019;
Wau et al. 2010) that provoke a massive destructive inflammation (Miljkovic and Spasojevic
2013; Pol et al. 2019). Recently, it has been proposed T cell trafficking within leptomeninges,
during EAE (Schlager et al. 2016). Thus, leptomeninges may have a key role as checkpoint at
which activated T cells are licensed to infiltrate into CNS parenchyma and non-activated T
cells are preferentially released into the CSF, reaching areas of antigen availability (Schlager
et al. 2016; Yasuda et al. 2019).

Interestingly, by investigating the external brain meninges, meningeal substructures and
spinal cord meninges of EAE animal model, we observed that those sites actually act as point
of cells accumulation during EAE development. In leptomeninges extravascular brain-reactive
T cells have been found to express different factors such as proinflammatory cytokines,
tumour necrosis factor, proteases, chemokines and adhesion molecules, included LFA-1 and
VLA-4. These latter required for the attachment and migration of effector T-cell trough the
leptomeninges into the CNS Parenchyma (Grigoriadis and van Pesch 2015; Schlager et al.
2016). Furthermore, meninges represent an important site of accumulation for many
activated lymphocytes, as well as dendritic cells, neutrophils, mast cells, B cells and plasma
cells.

In this contest, we analysed the presence of NSCs and immune cells infiltrations, at each time
point of disease development, at the level of brain meninges, meningeal substructures and
spinal cord meninges.

We observed that in brain, NSCs (PDGFrB*, GLAST*, PDGFr*/GLAST* and DCX*), immune cells
(CD68* and MHCII*) and also immune like-NSCs (DCX*/CD68* and DCX*/MHCII*) infiltrate only
along the meningeal substructures, which projected inside brain parenchyma underneath the
hippocampus, but not through external brain meninges. Along the meningeal projections, we
identified specific points of cells infiltrations, including the retrosplenial area, the superior
colliculus, the midbrain and the subiculum. Noteworthy, all these brain regions are involved

in a wide range of cognitive functions, able to receive visual signals and also to help with the
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orientation of the eyes and head (Savage et al. 2017), which are all compromised in MS.
Further, we found cells infiltrating from meninges to hippocampus inside dentate gyrus, CA3,
ventral hippocampal commissure, thalamus, and the fornix which are all key brain areas
involved in cognitive and memory functions as well.

By means of behavioural test, several studies in literature correlate the demyelination
observed in the areas of hippocampus, dentate Gyrus and CA3 with the cognitive decline in
EAE mice (Aharoni et al. 2019). According to these findings, we detected a reduction of myelin
content in hippocampal area together with microglia and astrocyte reaction to EAE.

Overall, our results are in line with the already described cells infiltration in EAE mice brain at
the level of cerebellum, cerebral cortex and subcortical regions (thalamus and striatum)
(Waiczies et al. 2012). However, it is the first time that such a specific characterisation is
performed on brain areas along meningeal substructures presenting cells infiltrations.
Contrarily, at the level of spinal cord, we observed that cells infiltrations were diffused along
all meninges both in ventral and in the dorsal sections without showing a preferential point
of cells infiltration. This result is in accordance with other studies in which infiltrations are
shown to be not spatially restricted but more dispersed in the spinal cord tissue (Shrestha et

al. 2017).

4.8 Meningeal cell population heterogeneity in EAE

In this work, for the first time, we performed a scRNAseq on meningeal tissue without sorting
cells for a specific marker. Thus meningeal tissue was collected and analysed for a more
informative and complete result that described all the features of meningeal cells in EAE
animals in comparison with controls. We performed scRNAseq in order to describe deeply
meningeal NSCs in EAE conditions and to better investigate neural-immune phenotype of
meningeal cells that was detected in previous analysis. From scRNAseq analysis emerged
different cluster of cellular population: immune cells (comprehensive of T cells, B cells,
neutrophils, macrophages, dendritic cells and NK cells), endothelial cells, pericytes, erythroid
cells and stromal cells. Among them, we mainly focused the attention on the stromal cell
cluster. Indeed, from a deep analysis of the entire cluster, we identified a subpopulation of
the stromal cells (the group 0) that was characterized by the expression of genes like ENPP2,

SLC4A10, PRLR, NSG2, HTR2C and ZBTB20, all involved in the regulation of neuronal activity
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and differentiation process. This genes signature suggests that the neural cells of interest may
be included in the stromal cell cluster.

Strictly, through a ligand-receptor analysis, we were able to determinate a link between
stromal cells and neutrophils and between neutrophils and macrophages. We found that all
stromal cells strongly expressed SLC22A17 gene while the more immature part of neutrophils
expressed LCN2 gene. Neutrophils play a key role in the immune system by participating in
inflammatory response and adaptive immunity (Nam et al. 2014). In the present study the
expression of the LCN2 receptor, SLC22A17 (Chi et al. 2020), was detected in stromal cells of
EAE meninges, which suggested that it could contribute to the neutrophils entrance into the
meninges. Furthermore, neutrophils are involved in the differentiation and proliferation of
naive T cells by inducing the activation of antigen presenting cells, such as macrophages and
dendritic cells (Nam et al. 2014). Here, we found that the more mature part of neutrophils
strongly expressed CSF1 gene while macrophages expressed CSF1R gene. CSF1 gene on
neutrophils encoded for a cytokine involved in the production, differentiation, and function
of macrophages (Lin et al. 2019), CSFIR on macrophages, instead, encoded for the relative
receptor. This data suggested that neutrophils can act as a booster to macrophages and
monocytes by activating them and promoting the invasion of meningeal tissue (Hagan et al.
2020).

Due to the correlation found between stromal cells and neutrophils, we proceeded with a
supervised trajectory analysis of neutrophil populations and we characterized them from an
immature to a more mature state, both involved in EAE pathogenesis and performing
numerous functions (De Bondt et al. 2020). As described in literature, we detected
neutrophils that belonged to GO-4 stage mainly originating from bone marrow (BM), and
neutrophils belonging to G5a—c mainly originating from peripheral tissue (Xie et al. 2020).
Despite their involvement in EAE pathogenesis, the role of neutrophils in MS is still not yet
well defined. The unsolved question is whether neutrophils exhibit a predominantly
proinflammatory function or are implicated in the resolution of chronic inflammatory
responses in MS.

Our results showed an extended heterogeneity of cell populations in meninges during EAE
and confirmed a crosstalk between immune cells and NSCs, identified by stromal cluster.
However, further studies are necessary to describe the specific pathological phenotype of

meningeal NSCs.
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4.9 Immune-regulation properties of meningeal NSCs

Our preliminary data on SCID mice, immunocompromised animals, showed that in the
absence of lymphocytes, NSCs are highly affected in number and proliferation, suggesting the
presence of a strong relationship between immune system and NPCs (Saino et al. 2010).
According to this, with the aim to study the relationship between NSCs and immune cells
under physiological condition, we performed an in vitro co-culture experiment with PDGFrB*
cells and naive T cells. The observed increased expression of CD25 marker, which is a marker
associated to activated T cells, in naive T cells reflects the ability of NSCs to activate immune
cells. We also found the ability of PDGFrp* cells to re-activate resting myelin-specific auto-
reactive T cells (TMPs), deriving from EAE mouse, further suggesting an ability to modulate
immune responses in vitro (Conforti et al. 2014). Interestingly, this result is supported also by
a cell-cell contact between PDGFrp* cells and monocytes/macrophages (CD68* cells) and
meningeal macrophages (CD163" cells) showed in ex vivo experiments.

Lastly, FACS analysis on meningeal cells isolated from control and EAE mouse brain showed
an increase of double positive cells for PDGFrB and MHCII marker in EAE animals. This result
suggests that meningeal NSCs may become antigen presenting cells during EAE and itisin line
with in vitro study showing that, once primed by inflammatory stimuli (INF-y and TNF-a),
leptomeningeal NSCs acquire an immune regulatory functions, and up-regulate molecules
important for immune cell interactions (MHCII, CD40, PDL-1) and adhesion molecules (ICAM-

1 and VCAM-1)(Di Trapani et al. 2013).

4.10 Final conclusions

In this thesis we described and characterised meninges in different paradigms: in
physiological condition under pro-neurogenic stimuli and in pathological condition in a
neurodegenerative disease. We found that in both conditions meningeal NSC niche is able to
react modulating meningeal neural populations present in the niche.

The main output of this project is the identification of novel players, neural precursor cells,
governing the complex events that act during the pro neurogenic stimulation and in
pathological conditions, and the pharmacological potentiality that those cells represent.

The generation of immature neurons in the cerebral meninges after exposure to neurogenic
stimuli as in pathological condition is a completely new and largely misunderstood result. The

main question that arises in this context is: what is the function of these cells? In recent years,
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the presence of neuroblasts in a quiescent state (no expression of Ki67, no incorporation of
BrdU) has been described expressing markers of neural precursors (such as GLAST) or of
migrating cells (such as DCX) (Benedetti et al. 2020; La Rosa et al. 2019; Pino et al. 2017).
Those quiescent cells were found in classical NSC niches, like the subgranular (Fuentealba et
al. 2015; Jhaveri et al. 2015) and the subventricular zone (Ottone et al. 2014), but also in newly
described niches like the cortex, the striatum and the meninges themselves (Bifari et al. 2017;
Fuentealba et al. 2015; Kempermann 2017; Luzzati et al. 2014; Pino et al. 2017).
Interestingly, here we found that meningeal stand-by neuroblasts participate to brain
plasticity after pro-neurogenic stimulation in physiological condition, giving the possibility to
modulate these quiescent precursors in order to boost endogenous regeneration.

In pathological condition, instead, meningeal neural precursors expressed molecules that are
usually associated with immune system suggesting an existence of crosstalk between NSCs
and immune cells. Additionally, the identification through scRNAseq analysis of the
relationship between NSCs and immunity could represent a valuable source of information to
identify new pharmacological target for MS and may be promising for the development of a
therapy.

As a whole, meninges appear as a potential pharmacological target for regenerative medicine
of the CNS. The meninges are a source of adult, somatic, endogenous NSCs that could be
modulated by drugs. The modulation of this neurogenic population could be a novel
therapeutic strategy to boost endogenous regeneration in neurodegenerative diseases and

IH

mood disorders, based on a potential “ready to use” widespread NSC potential located

outside the brain parenchyma.
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Publications in the pipeline

The content of aim 1 led to the publication of a paper entitled “Environmental enrichment
induces meningeal niche remodeling through trkb-mediated signaling” in the International
Journal of Molecular Sciences.

The content of aim 2 will be the object for future publication on meninges and meningeal

neural precursors during multiple sclerosis.
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experiments as a coauthor, and a paper as the first author:
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damage and increases microglia activation in severe spinal cord injury”; PNAS, under
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niche remodeling through trkb-mediated signaling”; International Journal of

Molecular Sciences, October 2021. DOI: https://doi.org/10.3390/ijms221910657
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