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1. Introduction

1.1 Mesenchymal stem cells are multipotent stem cells with

mesodermal origin
Stem cells are specialized cells with the capacity of self-renewal and differentiation in many
cell lineages. They can be divided in three main categories: embryonic stem cells (ESC)
(Thomson et al., 1998), induced pluripotent stem cells (iPSC) (Takahashi and Yamanaka,
2006) and adult stem cells (Maximow, 1909).
Mesenchymal Stem (or Stromal) Cells (MSC) are adult stem cells derived from the
mesodermal layer. In the past, MSC were mistakenly considered to be able to repair and
regenerate almost all tissues (Prockop, 1997). Actually, it is known that they are
multipotent cells, belonging to the group of adult stem cells, that can generate only
mesodermal lineage cells, such as adipocytes, chondrocytes and osteocytes (Nardi and
da Silva Meirelles, 2006), while maintaining their potential ectodermal (Petersen et al.,
1999) and neuroectodermal (Beyth et al., 2005) differentiation.
MSC were first isolated from bone marrow (Friedenstein et al., 1974), but have been
reported in numerous adult organs and tissues (da Silva Meirelles et al., 2006), including
adipose tissue, umbilical cord, amniotic fluid and endometrium (Ullah et al., 2015).
Although there are no known markers specific for MSC, a cell is defined as mesenchymal
stem if it exhibits adhesion properties in vitro, has a fibroblast-like morphology (Hematti,
2012), is recognized by the monoclonal antibody STRO-1 and is phenotypically identified
by expression of surface stromal markers, including Cluster of Differentiation 44 (CD44),
CD71, CD73, CD90, CD105, CD271 and Ganglioside GD2, concomitantly with the lack of
expression of hematopoietic markers CD11b, CD14, CD19, CD34, CD45, CD79a, Major
Histocompatibility Complex class Il (MHCII), or costimulatory molecules CD80, CD86 and
CD40 (Dominici et al., 2006; Chamberlain et al., 2007; Horwitz et al., 2005).

1.2 MSC have an anti-inflammatory effect on immune cells in vitro

In 2002, the demonstration that bone marrow-derived MSC were able to inhibit T-cell
proliferation in vitro (Di Nicola et al., 2002; Bartholomew et al., 2002) set the basis for the
studies of the significant therapeutic plasticity that characterizes this cell population.
Indeed, MSC have the capacity to modulate effector functions of different cells of both

innate and adaptive immunity (Lovato et al., 2013), through a direct or indirect mechanism.



1.2.1 MSC modulate the effector functions of T and B cells in vitro
The direct inhibition of T cells by MSC depends on the release of soluble factors, including
indoleamine 2,3-dioxygenase (IDO), prostaglandin 2 (PGE-2), interleukin 10 (IL-10),
transforming growth factor 8 (TGF-B), through which MSC are able to make T cells anergic
(Benvenuto et al., 2007; Glennie et al., 2005; Ghannam et al., 2010) or to skew their
phenotype to a regulatory one (Treg) (Melief et al., 2013). A recent study showed that MSC
promote the formation of CD4*CD25" Treg cells, directly through production of TGF-1, or
indirectly through release of chemokine (C-C motif) ligand 18 (CCL18), which induces
monocytes to acquire an anti-inflammatory phenotype and to promote Treg development
(Melief et al., 2013).
While some studies showed that MSC have a direct inhibitory effect on B-cell proliferation,
maturation and antibody release in vitro (Corcione et al., 2006), others demonstrated that
MSC induce proliferation and differentiation of purified B cells (Traggiai et al., 2008). Such
controversy was resolved with the demonstration that MSC need T-cell signals for being
able to modulate B cells effects (Rosado et al., 2015). When MSC are stimulated with IFN-
y, released by effector T cells, they create more interactions with B cells through binding
between programmed cell death 1 (PD-1), expressed on MSC, and its ligand (PDL-1),
expressed on B cells. The cross-talk between MSC and B cells induces inhibition of B-cell
receptor-mediated activation of follicular and marginal zone B cells isolated from lupus
mice (Schena et al., 2010).
MSC suppress B-cell maturation independently of cell contact and the soluble factors
involved are still unknown, but the pathway of B lymphocyte—induced maturation protein-
1 (Blimp-1), a transcriptional factor that regulates B-cell differentiation, is dysregulated
(Asari et al., 2009). Asari and co-workers confirmed that the MSC suppressive activity on
B cells acts through paracrine mechanisms also in vivo; indeed, administration of MSC-
conditioned medium (MSC-CM), supernatant of MSC culture, in mice results in a decrease
of IgM and 1gG production (Asari et al., 2009). An in vitro study demonstrated that in the
presence of MSC plasmablast development was decreased, but MSC induced the
formation of CD19+CD24highCD38high IL-10-secreting B cells, known as regulatory B
cells (Franquesa et al., 2015).
MSC have immunomodulatory effects on T and B cells also through indirect mechanisms,
influencing differentiation and functions of myeloid-derived cells, such as Dendritic cells

(DC) and macrophages, related to the adaptive immune response.



1.2.2 MSC affect the activity of cells of the innate immunity in vitro
MSC inhibit differentiation of monocytes into immature DC (Nauta et al., 2006; Spaggiari
et al., 2009). In vitro and in vivo studies showed that MSC impair Toll-like receptor (TLR)
activation of DC, inhibiting their capacity to present antigen to T cells (Chiesa et al., 2011),
which results in decreased T-cell proliferation. Cytokine production by activated DC was
blocked by MSC through release of soluble factors that weaken the activation of the
mitogen-activated protein kinase (MAPK) cascade of the NF-kB pathway, upregulated
upon TLR4—induced DC activation (Chiesa et al., 2011).
Specifically, MSC influence DC to assume a suppressive phenotype through release of
growth-regulated oncogene (GRO) chemokines (Chen et al., 2013). When DC are
activated by Gro-y, they induce T cells to differentiate toward a tolerogenic phenotype,
characterized by the production of high levels of anti-inflammatory cytokines, such as IL-
10 and IL-4, and reduced levels of pro-inflammatory cytokine expression, such as IL-12
and IFN-y (Chen et al., 2013).
MSC exert their effect on DC not only through paracrine mechanisms: a direct contact
MSC-DC is required to inhibit formation of active immune synapses by DC with T cells
(Aldinucci et al., 2010).
MSC have also been shown to interact with NK cells in vitro (Spaggiari et al., 2006;
Sotiropoulou et al., 2006; Krampera et al., 2006; Poggi et al., 2005); MSC can block IL-2-
mediated NK cell proliferation (Spaggiari et al., 2006), and effector functions, such as
cytotoxicity and cytokine secretion (Sotiropoulou et al., 2005; Spaggiari et al., 2008). This
inhibitory effect of MSC is mediated by released IDO, PGE2, and TGF-, that induce a
down-regulation of the expression of specific NK receptors, NKp30, NKp44, and NKG2D
(Spaggiari et al., 2008). Unfortunately, the underlying mechanisms are yet unknown.
MSC play a suppressive role also on macrophages through a direct cell-to-cell contact,
inducing pro-inflammatory macrophages (M1 phenotype) to acquire an anti-inflammatory
profile (M2 phenotype), but the modulatory mechanism of activated macrophages by MSC
is still unknown (Siniscalco et al., 2011). When put in co-culture with LPS-activated alveolar
macrophages (macrophages that acquire a pro-inflammatory phenotype also known as
M1 macrophages), MSC cause a deregulation in the expression of inflammatory cytokines,
such as IL-1a and IL-6, resulting in a skewing of M1 macrophages toward an anti-
inflammatory phenotype (M2 macrophages) and an increase in the expression of anti-
inflammatory factors (Jin et al., 2013). Dayan et al. observed that pro-inflammatory
macrophages were induced to assume an alternative activated profile by the
overexpression of IL-10 by MSC (Dayan et al.,, 2011). Moreover, MSC induce
macrophages to acquire a regulatory phenotype, characterized by an increase in

expression of IL-10 and reduced levels of molecules inducing T-cell activation, such as
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TNF-q, IL-12, and co-stimulatory molecule CD86 (Maggini et al., 2010). A recent study in
vitro demonstrated that human MSC modulate both human and mouse macrophage
activity through the inhibition of NLRP3 inflammasome activation in LPS or ATP-activated
macrophages (Oh et al., 2014). Kim and Hematti confirmed the capacity of MSC to
promote an alternative activation of macrophages in vitro, as demonstrated by the
expression of high levels of IL-6 and CD206, typical markers of alternatively activated
macrophages, and IL-10, together with low levels of TNF-a and IL-12, specific markers of
classical macrophage activation, in macrophages exposed to MSC (Kim and Hematti,
2009). This shift in phenotype was accompanied by an improved phagocytic activity of
macrophages (Kim and Hematti, 2009).

As a consequence of the modulatory/suppressive effect of MSC on the peripheral immune
cells in vitro, we postulated that MSC could affect also microglial cells, which represent the

resident macrophages in the central nervous system (CNS).

1.3 Microglia are resident macrophages of the CNS

In 1920, Pio del Rio-Hortega discovered a new type of cells belonging to neuroglia
population in the CNS, microglia (Tremblay et al., 2015).

Even if they are considered one of the four main cellular type of CNS, microglia do not
arise from the same precursors as neurons, astrocytes and oligodendrocytes, but they are
macrophages resident in the CNS originating from myeloid progenitor cells and sharing
various markers with dendritic cells, monocytes and peripheral macrophages, such as
CD11b, F4/80 (also known as EMR1 or Ly71) and CD45 (Prinz et al., 2011).

Microglial cells originate in the yolk sac during early hematopoiesis (Ginhoux et al., 2010).
Later the hematopoietic precursors migrate to the brain and proliferate in situ (Alliot et al.,
1999). After their migration in the neural tissue, the cells resettle stably in the CNS and
undergo self-renewal until the adult age (Ginhoux et al., 2010; Greter and Merard, 2013).
Microglia are ubiquitously present in brain and spinal cord and it was estimated that they
represent about 10% of all cells found within the CNS (Lawson et al., 1992).

At the beginning, microglia were considered as a population of inactivated and quiescent
cells (Davalos et al., 2005; Nimmerjahn et al., 2005), but through two-photon microscopy,
it was observed that also in absence of damage, microglia are surprisingly dynamic
(Schwartz et al., 2006), playing an important role in the maintenance of tissue homeostasis
and in defense mechanisms for the CNS against exogenous and endogenous threats;
indeed, they are able to eliminate dead cells and harmful debris through phagocytosis and
to produce cytokines and growth factors (Aloisi et al., 2000), having a beneficial role for
the CNS.



Microglial cells play a relevant role in neuroinflammation, including tissue repair and
regeneration, immunosuppression and cytotoxicity; indeed, they are able to acquire

different states or phenotypes of activation (Chhor et al., 2013).

1.3.1 Microglia can assume different phenotypes of activation on the basis of
the signals received

In a healthy CNS, microglia assume a surveillance phenotype, defined as “resting”,
characterized by a slow turnover rate, a low expression of functional markers, such as
MHCII and CD45 (Lynch, 2009), and highly branched and very mobile processes which
contact neurons and glial cells, while the soma stays fixed and stationary (Kalla et al.,
2001; Davalos et al., 2005; Nimmerjahn et al., 2005). As soon as they detect an event that
determines the loss of homeostasis or which can lead to tissue damage, such as the
presence of some extraneous matter, damaged or apoptotic cells, DNA fragments, or
plaques, microglial cells change their morphological, molecular and functional states,
ranging from a resting to an ameboid intermediate form with short and thick processes to
acquire a more active profile (Aloisi, 2001; Chhor et al., 2013) characterized by a bigger,
granular soma with cytoplasmic inclusions and shorter cellular processes (Frommann et
al., 1878; Colton and Wilcock, 2010). Furthermore, microglial cells become mobile and
actively move following chemotactic gradients, causing a cellular thickening in the
damaging site (Kettenmann et al., 2011). Local microglial density also greatly increases
due to an intense proliferative activity, in order to offer a more efficient defense mechanism
(Kettenmann et al., 2011). But when they are excessively and chronically activated,
microglia lose their protective role and assume a neuroinflammatory, deleterious,
phenotype.
The microglia activation process is characterized by the induction of expression or
rearrangement of surface molecules that mediate cell-cell and cell-matrix interactions, by
changes in intracellular enzyme activity, as well as by the release of a series of factors
with pro-inflammatory and immunomodulatory effects (Kettenmann et al., 2011).
The distinction of activated microglia phenotypes is based on the expression of different
molecular markers; expression of pro-inflammatory receptors or cytokines with a cytotoxic
effect distinguish M1-like phenotype or classical activated microglia, whereas anti-
inflammatory receptors or cytokines involved in tissue repair and regeneration are
overexpressed in an M2-like or alternative microglial activated phenotype (Guedes et al.,
2013; Chhor et al., 2013).
Microglial cells assume a specific activation state on the basis of the nature, duration, and
intensity of the received stimulus, and the microenvironment in which they are. Pro-

inflammatory stimuli, such as lipopolysaccharide (LPS), interleukin-1  (IL-1B) and tumor
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necrosis factor a (TNF-a), increase genic expression of cytotoxic markers related to M1-
like phenotype, for example cyclooxygenase-2 (Cox-2) and inducible nitric oxide synthase
(iNOS), and release of factors, such as TNF-q, interleukin-6 (IL-6), and IL-1 (Chhor et al.,
2013). Furthermore, the classical microglial activation is associated with the production of
reactive oxygen species (ROS) caused by a greater activity of NADPH oxidase. High levels
of intracellular ROS in microglia amplify their pro-inflammatory cytokines expression
contributing to microglia neurotoxicity (Block et al., 2007).

Conversely, the alternative microglia activation is characterized by secretion at high levels
of anti-inflammatory cytokines, such as IL-4, IL-5 or IL-10, and neurotrophic factors, like
brain-derived neurotrophic factor (BDNF), insulin-like growth factor 1 (IGF-1) and TGF-
(Gomes-Leal, 2012; Boche et al., 2013), which lead to a neuroprotective microglial
phenotype and capacity to inhibit pro-inflammatory response.

More studies revealed the existence of different states of intermediate activation and
evidenced that phenotypes M1- and M2-like can overlap, accordingly microglia are able to
assume a wide spectrum of phenotypes which cannot be simplistically divided in discrete

categories.

1.3.2 Microglia acquire an activated phenotype in response to the surrounding
environment

The CNS milieu is full of molecules that modulate microglial activation; the nature of the
surrounding tissue directs cells towards a particular phenotype rather than another one.
Microglial activation is controlled by two classes of signals: off and on signals (Biber et al.,
2007). The off signals are molecules constitutively present in brain environment; their
absence triggers a microglia activation (Biber et al., 2007). For instance, binding between
CD200, expressed on neurons, and its receptor (CD200R), expressed on microglia (Hoek
et al., 2000), represents an off signal; indeed, CD200-CD200R interactions are essential
to prevent microglial switch from the alternative neuroprotective phenotype to the
classically activated state, thereby avoiding over-activation of microglia and consequent
neurotoxicity (Zhang et al., 2011). Another important factor produced by neural cells and
involved in off signaling is fractalkine (CX3CL1), a C-X-C motif chemokine that acts
through binding to its specific receptor, CX3CR1, expressed by M2-like microglia,
preventing neurotoxic activity (Cardona et al., 2006; Lee et al., 2010). Even TGF-$ is a
relevant off signal for modulating microglia activation. Studies demonstrated that in
presence of TGF-B in the microenvironment, microglia reduce their production of pro-
inflammatory cytokines, while the lack of this factor determines a pathological microglial
activation, leading to microgliosis and neuronal death (Brionne et al., 2003).The on signals

appear when cell damage occurs and they act by attracting microglia in the lesion site,
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through the creation of a chemical gradient. Among the possible chemotactic factors, ATP
(Kaufmann et al., 2005) triggers the rapid microglial response migration to the lesion site
(Davalos et al.,, 2005). This phenomenon involves purinergic receptors (P2), as
demonstrated by the decrease of microglial chemotactic response in vivo after
administration of various P2 receptors inhibitors in the cortex (Davalos et al., 2005), or
through experiments in mice knock-out for metabotropic purinergic receptor P2Y12
(Haynes et al., 2006), in which motility of microglia is reduced. Even an excessive release
of neuronal glutamate, associated with neurodegenerative process, acts as an on signal
for the activation and migration of microglia, presumably through the binding to specific
ionotropic receptors for glutamate expressed on microglia surface; treatment with a-amino-
3-hydroxy-5-methyl-4-isoxazolone propionate (AMPA), a glutamate agonist, induced
microglia migration following glutamate concentration gradients (Liu et al., 2009).
However, the expression of N-methyl-D-aspartate (NMDA) receptor for glutamate remains
uncertain in microglia.

The activation of microglia appears to have contradictory consequences, depending on
inputs and feedback signals from the neural environment. On one hand, M2-like microglia
activation facilitates the removal of degenerate neurons, inflammatory debris and protein
aggregates, which are histopathological characteristic of numerous neurodegenerative
disorders. On the other hand, neurotoxin secretion and pro-inflammatory activities
associated with microglia M1-like phenotype may aggravate the disease by promoting the
inflammatory process (Block et al., 2007) and contributing to neurodegeneration.
Therefore, depending on their state of activation, microglia play different functions in the
neural tissue (Boche et al., 2013).

The activation of microglia, whether or not accompanied by microgliosis, occurs practically
in all diseases of the CNS. Although microglia appear to play a key role in controlling the
efficiency of the nervous system in healthy subjects, and, in an alternately activated state,
play a beneficial role in the early stages of the disease, a continued activation is implicated
in the neurodegeneration process. Recent research has shown an involvement of
microglial population in neural pathologies, considering it as one of the major causes of

neuronal malfunction (Derecki et al., 2014).

1.4 MSC can modulate activation of microglia in vitro
In vitro, MSC are able to modify the activation of microglia both in co-cultures (cultures
where direct cell-cell contact occurs) and in transwell cultures (cultures in which the two
different cell types are separated by a porous membrane that avoids a physical interaction

between the two populations, but allows the cellular communication based on the release



of soluble factors). This most likely occurs through inhibition of the activation of mitogen-
activated protein kinase (MAPK) p38, which is essential for microglial activation induced
by TLR4 (LPS-binding receptor) (Zhou et al., 2009; Pathak et al., 2006). In vitro studies
from our laboratory have shown that MSC are able to induce a switch of microglia from the
M1-like phenotype to the classically activated phenotype (M2-like) by releasing CX3CL1,
recognized by CX3CR1 on microglia. In particular, MSC cause a significant increase of
expression and release of neuroprotective molecules by activated microglia, while
significantly decrease the expression and release of various inflammatory factors and
molecules involved in oxidative stress (Giunti et al., 2012).

MSC therefore represent an efficient tool through which it might be possible to modulate
the activation state of microglia, inducing a shift from a neurotoxic, pro-inflammatory
phenotype to a neuroprotective one. It could partly explain the beneficial effects that are
associated with MSC therapeutic plasticity in the various experimental models of
neurological pathologies in which the inflammatory component plays a fundamental role
(Uccelli and Mancardi, 2010; Uccelli et al., 2011).

1.5 Administration of MSC to mice affected with amyotrophic lateral

sclerosis-like disease decreases neuroinflammation
Many neurodegenerative diseases are characterized by a dysregulation of immune
responses that sustains the neuroinflammation and neural degeneration progress. It has
been observed that MSC adoptively transferred can migrate in the CNS injured site (Le
Blon, et al., 2014) and, with their immunomodulation potential on T cells, macrophages,
and especially microglia, could provide remarkable therapeutic effects (Gordon et al.,
2008).
Recent evidences suggested the efficacy of MSC-based therapy in treating numerous
neurodegenerative disease, including amyotrophic lateral sclerosis (ALS; also known as
Lou Gehrig’s disease) (Hajivalili et al., 2016).
ALS is an adult-onset neurological disease characterized by degeneration of upper and
lower motoneurons (MNSs) in the motor cortex, brainstem and spinal cord (Bruijn et al.,
2004), causing their progressive loss of function, and eventually leading to death via
respiratory muscle paralysis (Cozzolino et al., 2008). The etiology of disease is still
unclear, indeed most ALS cases (90%) are sporadic (SALS), defined as having no obvious
genetic component (Brown, 1997); only 10% of cases are inherited in a dominant fashion
(known as familial ALS; FALS). In both SALS and FALS there are similar pathological
hallmarks, including weakness, atrophy, spasticity (Mulder, 1982) and accumulation of
phosphorylated neurofilaments in MN axons (Ince et al., 1998). In addition, SALS and
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FALS show the same overactivation and overproliferation of astrocytes and microglia
(Uccelli et al., 2012). Twenty percent of ALS are related to mutations in the Cu/Zn
superoxide dismutase (SOD1) gene. SODL1 is a ubiquitously expressed cytosolic enzyme
consisting of 153 aminoacids. Binding one zinc and one copper atom, it catalyzes the
conversion of superoxide radicals into oxygen and hydrogen peroxide (Sea et al., 2015).
More than 125 mutations on SOD1 gene have been observed but only 114 of them
provoke disease, inducing a toxic gain-of-function of the enzyme (Turner and Talbot, 2008;
llieva et al., 2009; Rothstein, 2009).

Among others, an important SOD1 point mutation in which a glycine substitutes the alanine
at residue 93 (SOD1°%%4) is commonly studied in ALS research. The transgenic mice
expressing many copies of human SOD1¢%* were developed by Gurney and
collaborators, and this animal model shows a progressive adult-onset motor phenotype
comparable to that seen in patients (Gurney, 1994). In agreement with these data,
Reaume et al., created mice deficient for SOD1 (SOD1™) and observed that those animals
did not develop motor neuron disease (Reaume et al., 1996). Moreover, transgenic mice
overexpressing wild-type human SOD1 form were completely healthy (Wong et al., 1995).
Although the mechanisms underlying the ALS are still unknown, neuroinflammation plays
an important role in ALS pathogenesis. Microglial activation was observed in the brain and
spinal cord of ALS patients (Engelhardt and Appel 1990; Henkel et al., 2004; McGeer et
al., 1991; Troost et al., 1993; Turner et al., 2004) and in the spinal cord of mutant SOD1
mice (Hall et al., 1998; Henkel et al., 2005; Kriz et al., 2002). Henkel et al. observed a
previous microglia activation that was followed by loss of MNs (Henkel et al., 2006). Other
studies confirmed a role for microglia in the pathogenesis of ALS. Forcing activation of
microglial cells by administrating LPS to SOD1 transgenic mice exacerbated the disease
(Nguyen et al., 2004), and silencing the expression of CX3CR1 on microglia of mutated
SOD1 mice accelerated neuronal loss (Cardona et al., 2006).

In vivo studies in our laboratory have shown that intravenous administration of MSC in
SOD1%%** mice with overt disease results in a slowdown of pathology progression and an
improvement of motor function. The beneficial effect is related to the decrease of oxidative
stress, the inhibition of glutamate-mediated excitotoxicity, but also to a reduction in
microglial activation and hence of inflammation affecting MNs (Uccelli et al., 2012).
Immunohistochemical analysis of the spinal cord showed that MSC treatment did not
induce differences in expression of iINOS markers, insulin-like growth factor 1 (IGF1),
CX3CR1, and nuclear receptor related 1 protein (Nurrl), but rather a significant down-
regulation of RNA expression for TNF-a and IL-1 pro-inflammatory cytokines in MSC-
treated mice compared to controls (Uccelli et al., 2012). Similarly, Vercelli et al. observed

that ALS mice transplanted with hMSC into the spinal cord showed a decreased microglial
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activation and ameliorated motility (Vercelli et al., 2008). Another research group
systemically administered hMSC in ALS mice and obtained a disease progression
slowdown with decrease microglial activation and reactivated astrogliosis (Sun et al.,
2014).

1.6 Exosomes mediate intercellular communication transferring

their content, including microRNAs (miRNA), to target cells
MSC are among the stem cells most studied for their potential therapeutic capacity, but
their mode of action in vivo is still unclear. Indeed, administration of MSC intravenously
results in less than 1% of transplanted MSC reaching the damaged site, the rest being
trapped in lungs, spleen and liver (Djouad et al., 2003). Accordingly, and on the basis of
their in vitro effect and, more recently, of the demonstrated therapeutic impact of their
secretome, their therapeutic effect is likely predominantly attributable to paracrine
mechanisms (Uccelli et al., 2008).
A possible paracrine mechanism through which MSC could affect their target cells is the
release of vesicles, in particular of exosomes (Ludwig and Giebel 2012). Exosomes are
nanovesicles with a diameter of 40-100 nm of endocytic origin that exhibit a set of
preserved proteins, including ALIX and CD9, CD63 (Lai et al., 2011).
Many research groups are studying the capacity of exosomes to mediate paracrine effects
of the cells that release them. Chen et al. showed that MSC-derived exosomes alter
production of pro-inflammatory cytokines, TNF-a and IL-1B, on T cells, inducing them to
secrete anti-inflammatory mediator TGF-f in vitro, and promote a shift to anti-inflammatory
T cells, with the transformation of T helper type 1 (Thl) into T helper type 2 (Th2) cells and
the reduced differentiation of T cells to interleukin 17-producing effector T cells (Th17)
(Chen et al., 2016). Teng et al. observed an anti-inflammatory effect when exosomes
isolated from MSC conditioned medium are in culture with T cells (Teng et al., 2015).
Another group demonstrated that MSC affect macrophage activation through microRNAs-
containing exosomes that suppress Toll-like receptor (TLR) expression and inflammatory
signaling both in vitro and in an in vivo model of lung injury (Phinney et al., 2015).
Exosomes can affect the fate of the receiving cell through the transfer of their content,
which includes proteins, mMRNA and microRNA (miRNA) into the cellular lumen (Valadi et
al., 2007).
MiRNA are small regulatory sequences of non-coding RNA consisting of 20-22 nucleotides
whose purpose is to regulate gene expression at post-transcriptional level (Bartel, 2004).
They are transcribed by RNA polymerase Il as precursors, called primary miRNA (pri-

MiRNA). Pri-miRNA assumes an asymmetric structure, partly single- and partly double-
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stranded with intramolecular interaction. Subsequently, it is processed by RNAse Il
Drosha in the nucleus to form the premature miRNA (pre-miRNA) (Han et al., 2004). The
pre-miRNA arrives in the cytoplasm of the cell where another RNAse lll, Dicer (Bernstein
et al., 2001), generates the mature form of miRNA (Filipowicz et al., 2008).The mature
MiRNA are mainly expressed in the cytoplasm where they can recognize and target
specific mMRNA, generally preventing their translation or promoting their degradation (Shyu
et al., 2008).

The post-transcriptional mechanism mediated by miRNA plays an important role in events
that determine changes in cell fate, such as differentiation and activation. Several studies
confirm that miRNA may act as modulators of microglia activation state. One of the first
described pro-inflammatory miRNA associated with the microglial M1-like phenotype is
MiRNA-155. This particular miRNA is overexpressed in microglial cells in response to
various pro-inflammatory stimuli, such as LPS, IFN-y and TNF-a (Cardoso et al., 2012;
Balaetal., 2011; Wang et al., 2010). In this regard, it has recently been shown that miRNA-
155 decreases the expression of some microglia anti-inflammatory proteins, such as
suppressor of cytokine signaling 1 (SOCS-1), and causes upregulation of various
inflammatory mediators characteristic of the M1-like phenotype, including iINOS, IL-6 and
TNF-a (Cardoso et al., 2012). Interestingly, there is a feedback mechanism that controls
immune response, indeed the over-expression of miR-155 increases the expression of
Interferon B (IFN-B), which in turn increases the expression of SOCS-1 and IL-10, two
major anti-inflammatory mediators (Benveniste et al., 2007; Dalpke et al., 2008).

Several other miRNA have been directly linked to the alternative activation state of
microglia. Recently, the role played by miRNA-200b in microglial inflammatory response
has been analyzed. MiRNA-200b influences various aspects of the microglia inflammatory
process, particularly reducing pro-inflammatory cytokine secretion, NO production, and
inducing a neuroprotective activity, and it does this through the modulation of MAPK
pathway (Jadhav et al., 2014).

Moreover, it has recently been shown that several miRNA play an important role in the
control of neuroinflammatory mechanisms. Specifically, miRNA-365 and miRNA-125b are
over-expressed in the primary microglia obtained from murine model of ALS ALS and they
contribute to increase TNF-a transcription through IL6-STAT3 pathway repression on
microglia (Parisi et al., 2013).

MiRNA-124 is specifically expressed in microglial cells, but not in peripheral monocytes or
macrophages (Ponomarevet et al., 2011). An overexpression of miRNA-124 in microglia
induces activated cells to assume a quiescent resting phenotype, characterized by low
expressions of CD45 and MHCII (Ponomarev et al., 2011). In EAE mice, animal model of

Multiple Sclerosis (MS), miR-124 is downregulated in M1-like microglia, and its
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administration deactivates microglia and reduces activation of T cells (Ponomarev et al.,
2011).

Since miRNA affect the expression of different proteins and the signaling pathways in
which those proteins are involved, inducing an over-expression or down-regulation of
specific miRNA could be a useful therapeutic approach. Moreover, it has been shown that
MSC-derived exosomes are enriched of miRNA with specific pattern, suggesting the
existence of a finely regulated mechanism of accumulation and transfer of miRNA that
mirror the cell state (Collino et al., 2010).

It is well known from the literature that MSC play modulatory roles on innate and adaptive
immunity mostly through paracrine mechanisms, which include soluble factors or release
of exosomes. For these reasons MSC are considered a possible alternative therapy for
neurological disease associated with neuroinflammation, such as ALS. The objects of our
study were to ascertain whether or not MSC-derived exosomes could affect microglia
activation through shuttling of specific miRNA, to identify genes concerned, and to
understand whether such a mechanism could account, at least in part, for the effect of
MSC treatment in ALS-affected mice.
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2. Materials and Methods

2.1N9 microglia cell line culture

The microglial cell line N9 results from the immortalization of cultures from encephalus of
mouse embryo at the thirteenth day via retrovirus 3RV containing an activated v-myc
oncogene. The N9 are plated in 75 cm? cell culture flasks at a concentration of 5-6x10° in
15 ml RPMI (Sigma-Aldrich) medium with 10% of Fetal Bovine Serum (FBS) (Lonza Cat
No. DE14-801F), penicillin 100 U/ml, streptomycin 100 pug/ml, maintained at 37° C and 5%
CO? in incubator. For microglial activation, 1 pg/ml lipopolysaccharide (LPS, Sigma-
Aldrich, cat. no. L2137-5MG) was added to the culture medium for 24 hours.

2.2MSC culture

MSC were derived from bone marrow obtained from tibia and femur of 6-8 weeks old
female C57BI/6J mouse. After withdrawal from the animal, tibia and femur were transferred
to a Petri dish in which, with an insulin syringe, 1 ml of sterile medium (RPMI, Sigma-
Aldrich) was injected into the channel of each bone to eject the bone marrow content. The
marrow fragments, deposited on the bottom of the Petri, were minced with the needle of
the syringe. The suspension was transferred to a 15 ml Falcon tube and brought to a final
volume of 10 ml with RPMI. Two washings were made through centrifugation at 1500 rpm
for 5 minutes at room temperature and the obtained pellet was resuspended in 1 ml of
MesenCult MSC Basal Medium (mouse) (Stem Cell Technologies Inc., cat. n. 05401) and
counted in Burker's chamber.

The cells were then plated in 75 cm? cell culture flasks at a total concentration of 20-25x10°
in 15 ml of mouse-specific Mesencult and maintained at 37° C and 5% CQO? in incubator,
changing MesenCult medium every 3/4 days for 4/5 weeks, time to reach about 80% of
confluence. Cell culture were maintained in 75 cm? flask, plating 3x10° cells and splitting
them upon reaching confluence with a 0.05% trypsin solution containing 0,02%
ethylenediaminotetraacetic acid (EDTA, Sigma-Aldrich). Mature cells were obtained after
4-5 culture steps and were defined as having the ability to inhibit proliferation of
splenocytes in vitro and their expression of stromal markers such as CD9, Sca-1, CD73
and CD44, but not of hematopoietic markers, such as CD45, CD34 and CD11b.

2.3Primary microglia isolated from wtSOD1 or SOD1%%A mice

Primary microglia were obtained from brain of 135-day old wtSOD1 mice (transgenic mice
that overexpress the human SOD1 wt) or SOD1%%* (transgenic mice that overexpress

mutated human SOD1) mice. Brains were chopped in a Petri dish and transferred into a
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15 ml Falcon tube with 2 ml of activated papain solution (2 ml of Papain stock solution
(composed by 10 ml raw papain (Roche cat. no. 10108014001), 0.4 ml 0.5 M EDTA (2 mM
final), 10 ml 10x HBSS Ca?* and Mg?* free (1x final), 2.5 ml 1 M HEPES (25 mM final),
77.1 ml ddH20) with 10 ul 14.3 mM B-Mercaptoethanol (BME)) for 30 minutes at 37° C in
the water bath, pipetting every 10 minutes. 500 ul of leupeptin (R&D Systems, cat.
no.EI002) were added to the suspension and mixed thorougly for 2 minutes. 8 ml
prewarmed Dnase (Sigma, cat. no.D5025) were added to the samples and incubated for
10 minutes at 37° C. Suspensions were filtered with a 100-250 pm filter. Samples were
centrifuged at 450 x g at 4° C for 5 minutes. Supernatants were aspirated and the pellets
were resuspended in 9 ml of RPMI with 25 mM Hepes with 10% FBS and 3.6 ml of 100%
Percoll (Sigma-Aldrich cat. no.P1644-500ML) (composed of 9 parts of Percoll and 1 part
of 10x HBSS). 1 ml of 10% FBS in RPMI was stratified over the Percoll and cell
suspension. Samples were centrifuged at 800 x g at 4° C for 15 minutes without brake.
Pellets were resuspended and cells were counted. After determining the cell count,
primary microglia were purified using CD11b (Microglia) MicroBeads (Miltenyi Biotec, cat.

no. 130-093-634), following the instructions provided.

2.4Transfection
1X10° cells were plated in 24-well plate in 500 pl of RPMI and transfected using the
HiPerFect® Transfection Reagent (Qiagen), according to the instruction, with mimics
specific for each miRNA (miRNA Mimic miRNA, Qiagen) for 48 hours to analyze the ability
of miRNA to modulate microglial phenotype, with mimics specific for each miRNA (miRNA
Mimic miRNA, Qiagen) and with MISSION miRNA Mimic Negative Control, a synthetic
MiRNA mimic (Sigma-Aldrich cat. no. HMCO0002) which does not recognize any gene
target in cells, and for 1 hour to evaluate in which pathway miRNA could have a modulatory

role on microglia cells.

2.5Isolation of MSC-derived exosomes

MSCs were cultured in 75 cm? flasks at a concentration of 5-6x10° in 15 ml of MesenCult
MSC Basal Medium and allowed to expand.

Before they reached confluence, MSCs were stimulated with IFN-y at concentration of 10
ng/ml and incubated for 24 hours. After stimulation, the cells were washed with DPBS
(Lonza cat no. BE17-512F) 3 times, and 10 ml of RPMI 1640 medium containing
penicillin/streptomycin and L-glutamine were added to the culture which was incubated for
24 hours. In order to increase the production of exosomes by MSC, the cells were
stimulated for 20 minutes with ATP (Sigma-Aldrich, cat. no A6419-1G) 1 mM at 37° C
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(Bianco et al., 2005). Subsequently the supernatant was centrifuged at 2,000 x g at 4° C
for 20 minutes to eliminate all cells and debris. To recover the exosomes, the supernatant
was incubated overnight at 4° C with 0.5 volume of Total Exosome Isolation Kit (Invitrogen,
cat. n0.4478359) and centrifuged at 10,000 x g at 4° C for 1 hour. The pellet containing

the exosomes was then resuspended in various solutions based on experimental needs.

2.6 Microglia exposure to IFN-y primed MSC-derived exosomes
1x10° LPS-activated N9 cells or 3x10° primary microglia were plated in a 24-well plate with
1 ml RPMI in presence or absence of exosomes derived from IFN-y-stimulated MSC. The
amount of exosomes put in culture was based on the number of MSC from which the
exosomes derived, maintaining the ratio microglia:MSC = 1:3. Cells were incubated at 37°
C and 5% CO? for 24 hours, then processed for the extraction of RNA.

2.7RNA extraction, mRNA retrotranscription in cDNA and real time
PCR

RNA was isolated through the phenol-chloroform extraction procedure, using QIAzol Lysis
Reagent (Qiagen, cat. no.79306). The purity of the RNA was evaluated by
spectrophotometric analysis at the absorbance 230, 260 and 280 nm, to exclude the
presence of peptides, phenols, aromatic compounds, or carbohydrates and proteins.

The cDNA was synthesized according to the instructions provided by the kit used
(Transcriptor First Strand cDNA synthesis kit, Roche Diagnostics, Germany).
Quantification of the gene expression was evaluated in duplicate, in a final volume of 20
Ml containing 50 ng cDNA, 1 ul of each pair of forward and reverse primers (20 uM)
(synthetized by Tib Molbiol) and 10 pl of FastStart Essential DNA Green Master (Roche,
cat. n0.06402712001), using the LightCycler 480 (Roche). The amplification of the 3-
phosphate dehydrogenase glyceraldehyde gene (GAPDH) was adopted as housekeeping
gene to normalize data.

Primer sequences used: Tnf-a forward (5-TCTTCTCATTCCTGCTTGTGG-3') and
reverse (5-GGTCTGGGCCATAGAACTGA-3"); g forward (5-
AGTTGACGGACCCCAAAAG-3') and reverse (5-TTTGAAGCTGGATGCTCTCAT-3');
Cx3crl  forward (5-AAGTTCCCTTCCCATCTGCT-3') and reverse (5
CAAAATTCTCTAGATCCAGTTCAGG - 3"; Nr4a2 forward (5"
TCAGAGCCCACGTCGATT-3") and reverse (5-TAGTCAGGGTTTGCCTGGAA-3');
Cd206 forward (56'-CCACAGCATTGAGGAGTTTG-3") and reverse (5-
ACAGCTCATCATTTGGCTCA-3'); Mk2 forward (5-AGTGCAGCTCCACCTCTCTG-3’)
and reverse  (5-CAGCAAAAATTCGCCCTAAA-3)); Map3k8  forward (5-
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TTCCAGTGCTCATGTACTCCA-3’) and reverse (5-GGACTGCTGAACTCTGTTTGC-3’);
GAPDH forward (5-ATGGTGAAGGTCGGTGTGA-3) and reverse (5-
AATCTCCACTTTGCCACTGC-3).

2.8 MiRNA retrotranscription in cDNA, Microarray analyses and real

time PCR
RNA was extracted from MSC which were activated or not with IFN-y (10 ng/ml) for 24

hours or exosomes isolated therefrom, according to manufacturer’'s instructions
(miRNeasy Mini Kit, Qiagen, Netherlands). The purity of the RNA was evaluated by
spectrophotometric analysis at the absorbance 230, 260 and 280 nm, to exclude the
presence of peptides, phenols, aromatic compounds, or carbohydrates and proteins.
Microarray analyses were performed on 5ug of RNA by LC Science LLC (Houston, TX).
The cDNA was obtained from 200 ng of total miRNA according to manufacturer's
instructions (miScript Il RT Kit, Qiagen, Netherlands).

MiRNA expression was analyzed by RT-PCR using a suitable kit (miScript SYBR Green
PCR Kit, Qiagen, cat. no. 218073) in a final volume of 25 ul containing 2.5 pl of cDNA, 2.5
pI of the specific forward primer (10 pmol / ul) (miScript miRNA Mimic, Qiagen), 12.5 ul
Universal Primer, and 12.5 yl Master Mix, using the LightCycler 480 (Roche). The Scarna-
17 (Qiagen, cat. no. MS00014014) miRNA amplification was used as housekeeping gene

to normalize data.

2.9Western Blot on Exosomes
To verify the purity of the exosomes, exosomes released by IFN-y-stimulated MSC culture
were lysed in RIPA buffer containing a protease inhibitors cocktail (Roche, Indianapolis,
IN). Proteins were quantified through Pierce BCA Protein Assay kit (Thermo Fisher
Scientific, cat. no. 23227) following provided instructions. 15 pug of proteins were loaded
on a precast gel with polyacrylamide from 4% to 12% gradient (Life Technologies, cat.
no.NW04120BOX), using the Bolt® Mini Gel Tank (Life Technologies) system. Protein
were then transferred on a nitrocellulose membrane (BioRad, Hercules, CA) using XCell
II™ Blot Module (Life Technologies). After blocking in BSA 5% in PBS + 0.1% Tween-20
for 1 hour, the membrane was incubated overnight at 4° C with primary rabbit anti-ALIX
(1: 1000, Merck Millipore, Milan, Italy) and anti-CD9 (1:1000, BD Pharmigen, cat.
no.553758) antibodies in BSA 2% in PBS + 0.1% Tween-20. Membranes were washed
three times with PBS + 0.1% Tween-20 for 5 minutes and incubated with goat anti-rabbit
IgG secondary antibody conjugated with horseradish peroxidase (1: 5000, Merck Millipore,
cat. no. 12-348) in BSA 2% in PBS + 0.1% Tween-20 for 1 hour. Membranes were washed
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three times with PBS + 0.1% Tween-20 and then developed using the ECL Plus kit
(Thermo Fisher Scientific, Rockford, IL).

2.10 Electronic microscopy analyses on exosomes
To observe the exosomes at the electronic microscope, the samples were fixed according
to a published protocol (Théry et al., 2006). The exosomes were resuspended in a volume
of 50-100 pl of paraformaldehyde (PFA) at 2%. 5 ul of resuspended pellet was allowed to
adhere to electron microscopy screens (Formvar-Carbon) for 20 minutes at 42° C.
Subsequently, the screens were washed 2 times with 100 ul of PBS for 3 minutes, after
with 1% glutaraldehyde for 5 minutes. Finally, the screens were washed with 100 pl of
distilled water for 2 minutes for seven times. For the contrast phase, the screens were
transferred to 50 pl of 2% uranyl acetate (UA) solution for 5 minutes and then transferred
to 50 yl of methylcellulose (MC) and UA (9 ml MC + 1 ml UA 4%) for 10 minutes in ice.
Finally, the screens were dried on a filter paper and then in the air. The sections were

visualized using a FEI CM10 microscope and acquired via a Leo912ab camera.

2.11 Western Blotting of LPS-activated N9 cells transfected with

MiRNA mimics

LPS-activated N9 transfected were lysed in RIPA buffer containing a protease inhibitor
cocktail (Roche, Indianapolis, IN). Proteins were quantified through Pierce BCA Protein
Assay kit (Thermo Fisher Scientific, cat. no. 23227) following manufacturer’s instructions.
15-30 ug of proteins were loaded on precast 4% to 12% polyacrylamide gradient gels (Life
Technologies, cat. n0.NW04120BOX) and the gels were run using the Bolt® Mini Gel Tank
(Life Technologies) system. Proteins were then transferred on a nitrocellulose membrane
(BioRad, Hercules, CA) using XCell II™ Blot Module (Life Technologies). After blocking in
BSA 5% in PBS + 0.1% Tween-20 for 1 hour, the membrane was incubated overnight at
4° C with anti-phosphorylated p38 (1:2000, Cell Signaling, cat. no.4511) antibody in BSA
2% in PBS + 0.1% Tween-20. The membrane was washed three times with PBS + 0.1%
Tween-20 for 5 minutes and incubated with anti-IgG secondary antibody conjugated with
horseradish peroxidase (1: 5000, Merck Millipore, Milan, cat. no. 12-348) in BSA 2% in
PBS + 0.1% Tween-20 for 1 hour. The membrane was washed three times with PBS +
0.1% Tween-20 and then developed using the ECL Plus kit (Thermo Fisher Scientific,
Rockford, IL). The concentration of the phosphorylated form of p38 was normalized on the
level of expression of total p38.

The membrane was stripped for reprobing following the Harsh Stripping protocol (AbCAM).

The membrane was incubated in a pre-warmed solution containing 20 ml SDS 10%, 12.5
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ml TrisHCI pH 6.8 0.5 M, 67.5 ml ultra pure water and 0.8 ml 3-mercapto-ethanol at 50° C
for 45 minutes with some agitation. The membrane was rinsed under running water tap for
1-2 hours and washed for 5 minutes in PBS+ 0.1% Tween-20. After blocking in BSA 5%
in PBS + 0.1% Tween-20 for 1 hour, the membrane was incubated overnight at 4° C with
the anti-p38 (1:2000, Cell Signaling, cat. n0.9212) in BSA 2% in PBS + 0.1% Tween-20.
The membrane was washed three times with PBS + 0.1% Tween-20 for 5 minutes and
incubated with goat anti-rabbit IgG secondary antibody conjugated with horseradish
peroxidase (1: 5000, Merck Millipore, Milan, Italy) in BSA 2% in PBS + 0.1% Tween-20 for
1 hour. The membrane was washed three times with PBS + 0.1% Tween-20 and then
developed using the ECL Plus kit (Thermo Fisher Scientific, Rockford, IL).

2.13 Bioinformatics analysis of miRNA 466q and miRNA 467f
Online softwares miRWalk, MicroT4, miRanda and Targetscan were consulted to predict
specific target genes of miRNA 466q and miRNA 467f. Pathways in which miRNA 466q
and 467 might have a modulation were predicted in-silico using Kyoto encyclopedia of
genes and genomes (KEGG) Pathway database which predicts on the basis of miRNA
sequences. In order to lower the false positive results, Panther database was consulted to
predict pathways in which target genes identified through miRWalk are involved.

2.14 Statistical analysis
The results are represented as mean * standard error (SEM). Statistical analysis was
performed on independent experiments using Student's test using the Prism 5 program
(GraphPad Software, La Jolla, CA). In all analyses, it is considered statistically significant
p <0.05.
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3. Results

3.1Microarray analysis shows an up-regulation of nine miRNA in

immunosuppressive IFN-y-stimulated MSC

As already known from the literature, MSC can assume immunomodulatory properties in
inflammatory conditions (Krampera et al., 2006; Sivanathan et al., 2014). In particular, IFN-
y was shown to license the ability of MSC to acquire an immunosuppressive profile,
inhibiting T cells proliferation and this occurs mostly through the activation of IDO that
catalyzes the catabolism of tryptophan, essential amino acid for T cell growth (Munn et al.,
1999; Krampera et al., 2006; Meesuk et al., 2016). We have speculated that at least part
of the immunomodulatory role of MSC on microglia could be exerted via exosome-shuttling
of specific miRNA that affect inflammatory pathways in the target cell. To assess if the
switch to an immunosuppressive phenotype was associated with changes in miRNA
content in the MSC, we analyzed, through microarray (LC Sciences), the expression of
MiRNA on MSC stimulated with IFN-y compared to unstimulated ones. We identified nine
microRNA (listed in Table 3.1) that are significantly upregulated in IFNy-activated MSC
compared to their expression in unstimulated MSC, and validated their upregulation in
immunosuppressive MSC through gRT-PCR.

We speculated that at least some of these upregulated miRNA could be involved in the

immunosuppressive activity of MSC.

Upregulated miRNA p value
mMiRNA 466i 3p p<0.05
miRNA 669c 3p p<0.05

miRNA 5126 p<0.05
mMiRNA 466q p<0.05
MiRNA 4679 p<0.05
miRNA 467f p<0.05
MiRNA 466m 5p p<0.05
mMiRNA 466i 5p p<0.05
miRNA 3082 5p p<0.05

Table 3.1 miRNA resulted upregulated in the
MSC stimulated with IFN-y (modulatory MSCs)
compared to unstimulated MSC. p< 0.05 t test.
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3.2All nine miRNAs are present in MSC-derived exosomes, some
are more abundant in immunosuppressive MSC-derived

exosomes

We have proposed that the suppressive mode of action of MSC could be mediated, at
least in part, through the transfer of miRNA to target cells, via exosome shuttling.
Accordingly, we assessed whether or not miRNA upregulated in immunosuppressive MSC
were contained in exosomes released in the culture medium by MSC stimulated with IFN-
y. To isolate MSC-derived exosomes, we used Total exosome isolation kit (Invitrogen),
which permits the precipitation, and purification of exosomes from MSC supernatant. We
characterized the isolated exosomes through electron microscopy (Figure 3.1a) and
western blot analyses (Figure 3.1b). Electron microscopy analysis revealed a preparation
composed of purified nanovesicles, with a diameter ranging from 30 to 100 nm, as
expected for exosomes. Moreover, we performed western blotting experiments on the
isolated vesicles and we detected the expression of ALIX and CD9, which are exosomal
markers, confirming the good yield of exosomes collected.

To ascertain whether or not exosomes released by IFN-y-treated MSC contain miRNA
upregulated upon licensing of the immunosuppressive activity of the MSC, we measured
the miRNA content in exosomes from MSC primed or not with IFN-y through RT-PCR

analyses (Figure 3.2).

Figure 3.1 Characterization of exosomes isolated

B
from MSC culture (a) The exosomal characterization
ALIX was performed through electronic microscopy analyses.
(b) The expression of the exosomal markers ALIX and
G CD9 was analyzed through western blot on lysate of
‘ exosomes isolated from conditioned medium of IFN-y-

primed MSC using primary antibodies anti-ALIX and anti-
CDO9.

D9

As seen in Figure 3.2, all the nine miRNA overexpressed in immunosuppressive MSC are
present in MSC-derived exosomes, albeit at different levels. Only some of the miRNA,
namely miR-466q, -466m 5p, -466i 3p and -467f, are significantly upregulated in exosomes
released by IFN-y-primed MSC. These outcomes may suggest a possible active role

played by these specific miRNA in the immunomodulatory capacity of MSC.
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Figure. 3.2 Exosomes derived from MSC primed or not with IFN-y are differentially enriched in miRNA. miRNA
upregulated in MSC are present in the derived exosomes, but not all at the same level and only some are significantly
more expressed in the exosomes derived from immunomodulatory MSC. (RT-PCR analysis). *P < 0.05

3.3 miR-466q and -467f affect the expression of pro-inflammatory

cytokines, showing an anti-inflammatory potential

In order to investigate whether the miRNA overexpressed in immunosuppressive MSC

show a modulatory role in activated microglia upon transfer, our prerequisite was that

microglial N9 cells, upon activation with LPS, did not themselves overexpress any of the

nine selected miRNA shown to be upregulated by modulatory MSC. RT-PCR analyses

demonstrated that there is a basal expression of miRNA in unstimulated microglia which

does not increase when the cells are activated (Figure 3.3).
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Figure 3.3 Activated microglia N9 cells do not overexpress any of the nine miRNA upregulated in
immunomodulatory MSC. There is no difference in the expression of the nine miRNA upregulated in immunosuppressive
MSC in stimulated and unstimulated N9. (RT-PCR)

With the purpose of understanding if miRNA upregulated in immunosuppressive MSC
could affect the molecular phenotype of activated microglia, we used mimics (synthetically
generated oligonucleotide of identical sequence with endogenous miRNA) of the miRNA
upregulated in immunosuppressive MSC to transfect immortalized microglial N9 cells
activated with a pro-inflammatory stimuli, lipopolysaccharide (LPS). Then we evaluated if
these miRNA have an effect on the microglial profile by measuring the mRNA expression
of TNF-a and IL-1P3, as pro-inflammatory phenotype markers, and CX3CR1, as a marker
of alternative microglia activation (Figure 3.4). As expected from our previous and other
studies, activation with LPS induced microglia to overexpress the main pro-inflammatory
cytokines and to downregulate CX3CR1 expression. Transfection with mimics
demonstrated that some of the nine miRNA could regulate pro-inflammatory pathways,
with miR-466q and -467f inducing down-regulation of TNF-a and IL-13 and miR-466m 5p
inducing a reduced expression of IL-1, while others (miR-5126, -466m 5p and -3082 5p)
upregulated the expression of CX3CR1.

Interestingly, miR-466q and -467f, which appear involved in the regulation of expression
of inflammatory genes, were significantly overexpressed in the exosomes released by
immunosuppressive MSC, as shown above (Figure 3.2). Results obtained suggest a

selective role of specific miRNA in microglia phenotype modulation, in particular these two
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MiRNA could be able to modify microglia activation state from a pro-inflammatory (M1-like)
to an anti-inflammatory/neuroprotective (M2-like) phenotype. For this reason, we focused
our further studies on miRNA 466qg and miRNA 467f.

Tnf llib

Fold induction

None

LPS
LPS+miR-466i 3p
LPS+miR-669c 3p
LPS+miR-5126
LPS+miR-466q
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Figure 3.4 Transfection with specific miRNA mimics induces changes in molecular phenotype of activated N9
microglia. When stimulated with LPS, N9 are activated, as demonstrated by the significant increase of the expression
of pro-inflammatory cytokines and the significant decrease of Cx3crl, a marker of alternative activated microglial
phenotype. Transfection of LPS-activated N9 with synthetic mimics of the nine miRNA upregulated in modulatory MSC
demonstrates the effect of miR-466q and miR-467f that significantly reduce the expression of TNF and IL1b (pro-
inflammatory markers), whereas miR-466m 5p, miR-5126 and miR-3082 5p affect the mRNA expression of Cx3crl
(“neuroprotective” marker). (RT-PCR analysis). (None vs LPS-activated N9) ## P< 0.01; ### P< 0.001; (LPS-activated N9
vs transfected LPS-activated N9) *P < 0.05; **P < 0.01; ***P<0.001

3.4miR-466q and -467f could modulate MAPK signaling pathway by

affecting their target gene expression

miRNA are sequences of regulatory RNA that promote, in most cases, the inhibition or
degradation of their mRNA targets. We hypothesized that modulatory MSC induce
alternative microglia activation through exosome-shuttling of miRNA that would affect gene
expression by microglia cells.

To predict possible miRNA targets, we used miRWak online database, which provides
information on predicted miRNA target genes, calculated through algorithms based on
different parameters, such as complementary and pairing sequences, AU content and
binding miIRNA-mRNA energy. Through miRWalk database, we predicted 241 target
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genes of miR-466q and 494 target genes for miR-467f. To better understand the role of
MiRNA in the modulation of microglia activation, we analyzed in-silico pathways in which
target genes of miR-466q and -467f could be involved. We used two different parameters
to predict pathways modulated by miRNA 4669 and 467f. We used the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database, which predicts pathways based on miRNA
itself, and Panther Classification System, which predicts pathways on the basis of
predicted target genes we identified through miRWalk database. By combining data from
these two databases, we predicted a number of pathways, listed in Table 3.2a, which
specific miRNA might modulate. Of these, we have chosen to focus on the MAPK signaling
pathway, which could be regulated by both miR-466q and miR-467f, because it plays an
important role in inflammatory cytokine expression. Accordingly, the miRNA could play an
anti-inflammatory role in activated microglia by preventing the activation of MAPK pathway

via inhibition of the expression of some of its component.

miR-467f miR-466q
Pathways in cancer Dorso ventral axis formation Pathways in cancer
TGF beta signaling pathway Adipocytokine signaling pathway Neurotrophin signaling
Endometrial cancer Vascular smooth muscle pathway

contraction Colorectal cancer

Acute myeloid leukemia Whnt signaling pathway Endometrial cancer
Chronic myeloid leukemia Regulation of actin cytoskeleton Amyotrophic lateral
Colorectal cancer Ubiquitin mediated proteolysis sclerosis ALS
MAPK signaling pathway Melanoma MAPK signaling
B cell receptor signaling pathway Glioma pathway
ErbB signaling pathway Gap junction Thyroid cancer
Prostate cancer Basal cell carcinoma VEGF signaling
Renal cell carcinoma Fc epsilon RI signaling pathway pathway
Chemokine signaling pathway Jak STAT signaling pathway Fc epsilon RI signaling
T cell receptor signaling pathway GnRH signaling pathway pathway
Sphingolipid metabolism

MAPK signaling pathway

Target of miR-466q Target of miR-467f
- Table 3.2 miR-466q and -467f might have a role in the
MAPK11/p38beta Eif4ebpl modulation of MAPK signaling pathway through affecting
MAPKAPK1c MAPKAPK3/MK3 their target genes
MAPKAPK?2/MK?2 IL1R type 1 (a) Bioinformatic analysis predicted regulation of MAPK
MAPK3/ERKL pathwqy by .m/R-466q and mlR-46?f. (b) B/O/nfqrmat/c
analysis predicted target genes of miR-466q and miR-467f
MAP3K8 whithin the MAPK signaling pathway.
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To further understand the possible effect of miR-466q and -467f on MAPK signaling, we
analyzed their predicted target genes that are components of this pathway. Of the several
components of MAPK pathway which could be regulated by miRNA-466q and -467f (Table
3.2b), we focused on MAPKAPK2 (or MK2), target of miR-466q, and MAP3K8, target of
miR-467f, important steps of activation of the p38 pathway (Figure 3.5), which plays a key
role in neuroinflammation. In addition, an overactivation of the p38 MAPK signaling
pathway has also been observed in degenerating MN and reactive astrocytes in ALS
patients (Bendotti et al., 2004) and in post-mortem human ALS brain tissues (Sama et al.,
2017). For its implications in ALS pathology, we decided to further analyze the effect of
the immunomodulatory miRNA on this pathway.

p38 signaling pathway

proinflammatory
stimuli

Target of MAP3K8
miR-467f (TPL2)
P
‘ MEK3/GI
P
P MAP3K7/
g < TAKL
— ]
Target of MAPKAPK2 i HspB27/
miR-466q » L (MK2) I > HSPB1 I

l Inactivating TTP

mRNA

\m— AAA  —> TCytokines expression

Figure 3.5 p38 MAPK signaling might be modulated by

MIAP3K8 hnd 4660 targets MK2. The efiot o both mRNAS

on their targets affects the phosphorylation of p38.
To validate whether MK2 and MAP3K8 are really targets of miR-466q and -467f in
microglia, we performed RT-PCR for MK2 and MAP3K8 mRNA on LPS-activated N9 and
transfected with the relevant mimics. When stimulated with LPS, the cells show an
upregulation of both these genes. As we expected, miR-466q induced a downregulation
of its direct target, Mk2, affected also by miR-467f, whose upstream effect on its target,
Map3k8, affects the whole pathway. Interestingly, the expression of Map3k8 was inhibited
by both miRNA, in particular miR-467f inhibits its translation by directly targeting it, while
miR-466q apparently does this through an indirect mechanism still unknown. Our results
validated that miR-466q and -467f modulate the expression of these two genes involved
in the p38 MAPK pathway (Figure 3.6).
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Figure 3.6 RT-PCR analysis on transfected LPS-activated N9 confirmed that Mk2 and
Map3k8 are target genes of miRNAs 466q and 467f. *P<0.05; **P<0.01; ***P<0.001

3.5 miR-466q and -467f affect the p38 MAPK pathway

To evaluate how miRNA modulation affects the p38 MAPK signaling pathway, we
assessed phosphorylation of p38 compared to the total p38 expressed through WB
analyses of LPS-activated N9 cells transfected with mimics of miR-466q and -467f. We
observed an expected increase in the phosphorylated form of this situation. This effect
could be specifically attributed to these miRNA, as transfection with a negative control (a
synthetic miRNA mimic (Sigma-Aldrich) which does not recognize any gene target in cells)

did not have any effect (Figure 3.7).
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Figure 3.7 miR-466q and -467f are able to affect the phosphorylation of p38, inhibiting the activation
of p38 MAPK pathway Transfection of LPS-stimulated N9 with mimics of miRNA 466q and miRNA 467f
decreases p38 phosphorylation. (Western Blot).
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3.6 Exosomes derived from IFN-y-primed MSC affect genes related

to the inflammatory and neuroprotective phenotype of microglia

We had demonstrated that the exosomes released by immunomodulatory MSC contain
MiRNA upregulated in IFN-y-primed MSC. We had observed that these specific miRNA
have an effect on the molecular phenotype of activated microglia, and in particular miR-
466q and -467f that are significantly more abundant in the immunomodulatory MSC-
derived exosomes compared to exosomes released by unstimulated MSC, and have an
anti-inflammatory role. To have the proof of concept that the immunosuppressive MSC-
derived exosomes, containing modulatory miRNA, can mediate the paracrine effect of
MSC on activated microglia, we exposed LPS-activated N9 cells to the IFN-y-primed MSC-
derived exosomes. Results obtained confirmed the role of exosomes in mediating the
immunomodulatory effect of MSC on the molecular phenotype of activated microglia.
Indeed, N9 cell activation to a pro-inflammatory profile, as demonstrated by the
overexpression of Tnf and downregulation of the expression of alternative activated
microglia phenotype marker, was reverted upon exposure to IFN-y-primed MSC-derived
exosomes, with downregulation of TNF expression and upregulation of the expression of
markers of alternative microglial activation, Cx3crl and Nr4a2 (Figure 3.8).
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Figure 3.8 Exosomes derived from immunosuppressive MSC are able to affect the molecular
phenotype of activated microglia. Exposure to exosomes derived from modulatory MSC results in
downregulation of the pro-inflammatory gene (Tnf) and upregulation of genes associated with anti-
inflammatory/neuroprotective phenotype (Cx3crl and Nr4a2) in LPS-activated immortalized microglial
cell line. (RT-PCR analysis). *P < 0.05; ***P<0.001
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3.7 Immunosuppressive MSC-derived exosomes affect the

molecular phenotype of end-stage mSOD1-microglia
We have postulated that the beneficial effect of MSC in the murine ALS model could be
mediated, at least in part, by exosome shuttling of specific miRNA inducing a shift of
microglia profile from classical to alternative activation with upregulation of the
neuroprotective phenotype. To evaluate whether the exosomes released by
immunosuppressive MSC were able to affect the activation of microglia of SOD1%%4 mice,
we exposed primary microglia isolated from mice at the end stage of ALS, which show an
over-activated molecular phenotype (Figure 3.9), to exosomes derived from

immunosuppressive MSC.
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Figure 3.9 mSOD1-microglia show an over-activated molecular phenotype at the end-stage of ALS.
mSOD1-microglia show up-regulation of genes associated with a proinflammatory (Tnf and ll1b) phenotype and

down-regulation of genes associated with an anti-inflammatory/neuroprotective phenotype (Cx3crl, Nr4a2 and
Cd206) at the end stage of disease (day 135). (a-RT-PCR analysis) *P < 0.05, **P < 0.01.
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As can be seen in Figure 3.10, exposure of SOD1%%** microglia to IFN-y-primed MSC-
derived exosomes led to downregulation of TNF and upregulation of M2-like molecular

phenotype markers (Figure 3.10).
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Figure 3.10 Exposure to exosomes derived from modulatory MSCs results in downregulation of the pro-
inflammatory gene (Tnf) and upregulation of genes associated with anti-inflammatory/neuroprotective phenotype
(Cx3crl and Nr4a2) in microglia isolated from end-stage mSOD1 mice. (RT-PCR analysis).

These data suggest that specific miRNA shuttled by exosomes derived from
modulatory MSC are able to alter microglial gene expression, inducing a switch from
neurotoxic to neuroprotective phenotype, and that this occurs, at least in part, through
the regulation of p38 MAPK signaling pathway involved in the expression of

inflammatory mediators.
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4. Discussion and conclusion

The microglia act as guardians of brain homeostasis until they perceive an activating signal
(Amor, 2010). In most cases, immune responses in the CNS lead to repair and
regeneration (Neumann et al., 2009), but there is a delicate balance between pathogenic
and restoring process, which can be triggered by immune responses. Modulation of
microglia activation from the M1-like phenotype to the M2-like one represents a therapeutic
target in research on neurological diseases characterized by a strong inflammatory
component.

While research aimed at modulating neuroinfiammation with classical immunomodulatory
factors were not convincing, stem cell therapy, particularly the administration of MSC,
which showed a potent neuroprotective, modulatory and probably also neurogenic
potential in vitro (Zappia et al., 2005), is getting more and more considered as an
alternative approach for treatment of neurodegenerative diseases in which the
inflammatory component plays a key role.

Using MSC could be a logical solution, since, in addition to carrying out an important
immunomodulatory function, they are able to migrate where they can support local
neurogenesis, providing support for precursors, e.g. neural stem cells, to differentiate
(Uccelli et al., 2008).

The use of bone marrow-derived MSC has several advantages over conventional neural,
embryonic and hematopoietic stem cells: they can be obtained from adult bone marrow,
are easily cultured and expandable in vitro, can be administered in an autologous manner
without using immunosuppressive anti-rejection drugs, and lastly are apparently not
subject to genetic change despite repeated culture steps, thus possessing a low level of
risk of tumorigenesis compared to other types of stem cells (Kassis et al., 2008). But the
therapeutic effectiveness of MSC depends on their ability to modify the damaged tissue
microenvironment. These events take place through the release of inflammatory cytokines,
anti-apoptotic molecules and neurotrophic factors that promote repair and protection of
damaged tissues (Uccelli et al., 2008).

In this work, we demonstrated the presence of specific miRNA in exosomes derived from
immunomodulatory MSC, which are able to influence the activated molecular phenotype
of microglia in vitro, leading them to acquire an alternative activated phenotype
characterized by the expression of anti-inflammatory / neuroprotective molecules. We
observed that in inflammatory conditions, simulated in our in vitro experiments by
stimulation with IFN-y, MSC showed a different expression of endogenous miRNA,
compared to MSC at basal conditions, and in particular we evidenced the significant over-

expression of nine specific MiIRNA. This interesting aspect suggests that at least some of
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the nine overexpressed miRNA in the MSC could be involved in the immunosuppressive
activity of the IFN-y-primed MSC, through modulation of gene expression in target cells
(Krampera et al., 2005; Sivanathan et al., 2014; Rasmusson et al., 2003).

Our aim was to investigate whether specific miRNA-shuttled by exosomes derived from
immunomodulatory MSC could account for the modulatory paracrine action of these MSC
on microglial cells. We confirmed the presence of all the nine miRNA in the exosomes
released by IFN-y-treated MSC. Of interest, we observed a differential enrichment of
specific miRNA in the exosomes derived from immunosuppressive MSC compared to the
parental cells, with some of the miRNA being present in significantly greater amount in the
exosomes derived from modulatory MSC, thus supporting the demonstration of Squadrito
et al. that the exosomal content does not reflect the cytoplasm of the cell from which they
originate, but miRNA are sorted into the exosomes depending on the state of the cells
(Squadrito et al., 2014). Accordingly, exosomes could mediate the paracrine action of MSC
by transferring specific miRNA, that might have a role in the target cells.

The data obtained in vitro with immortalized N9 microglial cells support the idea that MSC
can also exert their neuroprotective effects on microglia. In addition to our previous study
indicating that exposure of microglia to MSC significantly increases the production of
molecules potentially involved in anti-inflammatory / neuroprotective mechanisms (Giunti
et al., 2012), we show here that MSC are also able to inhibit microglia activation and the
production of inflammatory mediators. Transfection of selective miRNA in activated
microglia showed that some miRNA are able to affect microglia activation, inhibiting the
expression of pro-inflammatory cytokines or upregulating the expression of M2-like
marker. Interestingly, we noted correlations between the “beneficial” anti-inflammatory
effect displayed by some modulatory miRNA when transferred to activated microglia
through transfection of mimics or through exosome shuttling, in particular miR-466q and -
467f, and their significant over-expression in the exosomes derived from
immunomodulatory MSC. Indeed, it is well known that exosomes are modulators of
neuroinflammation (Gupta and Pulliam, 2014) by shuttling soluble factors, mRNA and
miRNA. In particular, we proposed that these two miRNA can attenuate M1-like microglia
functions acting on the p38 MAPK pathway, which is involved in the neuroinflammation
process. Many groups (Morfini et al., 2013; Holasek et al., 2005; Lee et al., 2013; Tortarolo
et al., 2003; Nahirnyj et al., 2013; Lee and Kim, 2017; Sama et al., 2017; Bendotti et al.,
2004) have reported the increase of activation of p38 MAPK both in SOD1%% mice and
in human sporadic and familial ALS cases (Bendotti et al., 2004; Picher-Martel et al.,
2015), suggesting the crucial role of this pathway in ALS pathology. In this context, the
possible inhibitory role of p38 MAPK signaling pathway played by miR-466q and -467f
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could be of relevant importance for all pathology in which there is an inflammatory
component, including ALS.

On the basis of results obtained in vitro, we aimed at demonstrating the effect of
modulatory miRNA in controlling microglial activation in the animal model of ALS.
Although microglia assume a neuroprotective phenotype at the clinical onset of murine
ALS, they switch to a proinflammatory phenotype towards the end stage of pathology
(Zhao et al., 2013); accordingly, we analyzed the clinical stage of the disease in the
SOD1%%A mice in which the primary microglia assume an over-activated and more
deleterious phenotype. Our results on primary microglia reflect the modulatory effect of
exosomes obtained in vitro, indeed we observed a reduction in microglia activation.
Although exosome functions are still not well defined, it is clear that they play an important
role in intercellular communication and our results confirmed that exosomes can mediate
paracrine effects exerted by MSC on microglia cells, and that their content can modulate
microglia activation. The usefulness of exosomes depends on their ability to cross the
blood-brain barrier (BBB), highly impenetrable to most drugs, and their potential as a
therapeutic vehicle in inflammatory neurological disorders has been demonstrated in vivo
with intra-nasal administration in the animal model of the EAE (Zhuang et al., 2011). The
importance of the exosomes as a therapeutic tool also includes their capacity to reach
specific tissues and deliver their cargo into particular cells, in which they have to act
(Bryniarski et al., 2013).

The therapeutical use of exosomes would provide several advantages compared to
classical cell therapy, mainly linked to the ability to mitigate risks associated with cell
transplantation and the ability to transport soluble factors, transcription factors, genes and
miRNA (Lai et al., 2011; Andaloussi et al., 2013).

The results obtained from this study support the starting experimental hypothesis, that
MSC can exert their modulatory effect on activated microglia by the transfer of specific
MiRNASs contained in their exosomes.

We are planning to perform pre-clinical studies in SOD1%%* mice to verify the efficacy of
MSC-derived exosomes administered intra-nasally, a route that has been demonstrated
to be the preferential exosomal route to efficiently reach the neural tissue and deliver their
cargo in microglia cells (Zhuang et al., 2011).

Overall, this study will provide us important information about the innovative use of miRNA
derived from MSC as a therapeutic tool for controlling neuroinflammation not only in ALS
but also in other neurodegenerative diseases in which neuroinfiammation plays a

fundamental role in the disease progression.

34



References

» Aldinucci A., Rizzetto L., Pieri L., Nosi D., Romagnoli P., Biagioli T., Mazzanti B., Saccardi R.,
Beltrame L., Massacesi L., Cavalieri D. and Ballerini C. (2010) Inhibition of immune synapse by
altered dendritic cell actin distribution: a new pathway of mesenchymal stem cell immune regulation.
J. Immunol., 185: 5102-5110.

» Alliot F., Godin I. and Pessac B. (1999) Microglia derive from progenitors, originating from the yolk
sac, and which proliferate in the brain. Brain Res Dev Brain Res., 117:145-152.

» Aloisi F., Ria F. and Adorini L. (2000) Regulation of T-cell responses by CNS antigen presenting cells:
different roles for microglia and astrocytes. Immunol Today, 21:141-147.

» Aloisi F. (2001). Immune function of microglia. Glia, 36(2):165-179.

» Amor S. (2010) Inflammation in neurodegenerative diseases. Immunology, 129:154-169.

» Andaloussi S. E., Mager |., Breakefield X. O. and Wood M. J. A. (2013) Extracellular vesicles: biology
and emerging therapeutic opportunities. Nature Reviews Drug Discovery, 12:347-357.

» Asari, S, ltakura S., Ferreri K., Liu C.P., Kuroda Y., Kandeel F. and Mullen Y. (2009) Mesenchymal
stem cells suppress B-cell terminal differentiation. Exp. Hematol., 37: 604—615.

» BalaS., Marcos M., Kodys K., Csak T., Catalano D., Mandrekar P. and Szabo G. (2011) Up-regulation
of microRNA-155 in macrophages contributes to increased Tumor Necrosis Factor a (TNF-a)
production via increased mRNA half-life in alcoholic liver disease. Journal of Biological Chemistry,
286(2):1436-1444.

» Bartel D. P. (2004) MicroRNAs: genomics, biogenesis, mechanism, and function. Cell., 116(2):281-
297.

» Bartholomew A., Sturgeon C., Siatskas M., Ferrer K., McIntosh K., Patil S., Hard, W., Devine S.,
Ucker D., Deans R., Mosele, A. and Hoffman R. (2002) Mesenchymal stem cells suppress
lymphocyte proliferation in vitro and prolong skin graft survival in vivo. Exp. Hematol. 30, 42-8.

» Bendotti C., Atzori C., Piva R., Tortarolo M., Strong M.J., DeBiasi S., Migheli A.J. (2004) Activated
p38 MAPK is a novel component of the intracellular inclusions found in human amyotrophic lateral
sclerosis and mutant SOD1 transgenic mice. Neuropathol Exp Neurol. 63(2):113-9.

» Benveniste E. N. and Qin H. (2007) Type | interferons as antiinflammatory mediators. Science’s
STKE, 2007(416):70.

» Benvenuto, F., Ferrari S., Gerdoni E., Gualandi F., Frassoni F., Pistoia V., Mancardi G. and Uccelli
A. (2007) Human mesenchymal stem cells promote survival of T cells in a quiescent state. Stem
Cells, 25: 1753-1760.

» Bernstein E., Caudy A.A., Hammond S.M. and Hannon G.J. (2001) Role for a bidentate ribonuclease
in the initiation step of RNA interference. Nature 2001, 409, 363—366.

» Beyth S., Borovsky Z., Mevorach D., Liebergall M., Gazit Z., Aslan H., Galun E. and Rachmilewitz J.
(2005) Human mesenchymal stem cells alter antigen-presenting cell maturation and induce T-cell
unresponsiveness. Blood, 105(5):2214-2219.

» Biber K., Neumann H., Inoue K. and Boddeke H. W. (2007) Neuronal ‘On’ and ‘Off signals control
microglia. Trends Neurosci, 30:596-602.

» Block M. L., Zecca L. and Hong J. S. (2007) Microglia-mediated neurotoxicity: uncovering the
molecular mechanisms. Nat Rev Neurosci, 8:57-69.

» Boche D., Perry V. H. and Nicoll J. A. (2013) Activation patterns of microglia and their identification
in the human brain. Neuropath Appl Neuro, 39(1):3-18.

35



Bryniarski K., Ptak W., Jayakumar A., Pullmann K., Caplan M.J., Chairoungdua A., Lu J., Adams
B.D., Sikora E., Nazimek K., Marquez S., Kleinstein S.H., Sangwung P., lwakiri Y., Delgato E.,
Redegeld F., Blokhuis B.R., Wojcikowski J., Daniel A.W., Groot Kormelink T. and Askenase P.W.
(2013) Antigen-specific, antibody-coated, exosome-like nanovesicles deliver suppressor T-cell
microRNA-150 to effector T cells to inhibit contact sensitivity. J. Allergy Clin. Immunol. 132, 170-181.
Brionne T. C., Tesseur Il., Masliah E. and Wyss-Coray T. (2003) Loss of TGF-beta 1 leads to
increased neuronal cell death and microgliosis in mouse brain. Neuron, 40:1133-1145.

Broderick C., Hoek R.M., Forrester J.V., Liversidge J., Sedgwick J.D. and Dick A.D. (2002)
Constitutive retinal CD200 expression regulates resident microglia and activation state of
inflammatory cells during experimental autoimmune uveoretinitis. Am J Pathol 161:1669—-1677
Brown RH Jr (1997) Amyotrophic lateral sclerosis. Insights from genetics. Arch Neurol, 54(10):1246-
50.

Bruijn L.I., Miller T.M. and Cleveland D.W. (2004) Unraveling the mechanisms involved in motor
neuron degeneration in ALS. Annu Rev Neurosci., 27:723-49.

Cardona A. E., Pioro E. P., Sasse M. E., Kostenko V., Cardona S. M., Dijkstra I. M., Huang D. R.,
Kidd G., Dombrowski S, Dutta R., Lee J., Cook D. N., Jung S., Lira S. A., Littman D. R. and Ransohof
R. M. (2006) Control of microglial neurotoxicity by the fractalkine receptor. Nat Neurosci, 9:917-924.
Cardoso A. L., Guedes J. R., Pereira de Almeida L. and Pedroso de Lima M. C. (2012) miR-155
modulates microglia-mediated immune response by down-regulating SOCS-1 and promoting
cytokine and nitric oxide production. Immunology, 135(1):73-88.

Chamberlain G., Fox J., Ashton B. and Middleton J (2007) Concise review: mesenchymal stem cells:
their phenotype, differentiation capacity, immunological features, and potential for homing. Stem
Cells, 25(11):2739-2749.

Chen HW., Chen H.Y., Wang L.T., Wang F.H., Fang LW, Lai H.Y., Chen H.H., Lu J., Hung M.S.,
Cheng Y., Chen M.Y., Liu S.J., Chong P., Lee O.K. and Hsu S.C. (2013) Mesenchymal stem cells
tune the development of monocyte-derived dendritic cells toward a myeloid-derived suppressive
phenotype through growth-regulated oncogene chemokines. J. Immunol. 190: 5065-5077.

Chen W., Huang Y, Han J, Yu L, Li Y, Lu Z, Li H, Liu Z, Shi C, Duan F, Xiao Y. (2016)
Immunomodulatory effects of mesenchymal stromal cells-derived exosome. Immunol Res.,
64(4):831-40.

Chhor V., Le Charpentier T., Lebon S., Oré M. V., Celador I. L., Josserand J., Degos V., Jacotot E.,
Hagberg H., Sdavman K., Mallard C., Gressens P. and Fleiss B. (2013) Characterization of phenotype
markers and neuronotoxic potential of polarised primary microglia in vitro. Brain Behav Immun.,
32:70-85.

Chiesa S., Morbelli S., Morando S., Massollo M., Marini C., Bertoni A., Frassoni F., Bartolomé S.T.,
Sambuceti G., Traggiai E. and Uccelli A. (2011) Mesenchymal stem cells impair in vivo T-cell priming
by dendritic cells. Proc. Natl. Acad. Sci. U.S.A., 108: 17384-17389.

Collino F., Deregibus M. C., Bruno S., Sterpone L., Aghemo G., Viltono L., Tetta C. and Camussi G.
(2010) Microvesicles derived from adult human bone marrow and tissue specific mesenchymal stem
cells shuttle selected pattern of mMiRNAs. PLoS One, 5(7):11803.

Colton C. A. and Wilcock D. M. (2010) Assessing activation states in microglia. CNS Neurol Disord
Drug Targets, 9:174-191.

Corcione, A., Benvenuto F., Ferretti E., Giunti D., Cappiello V., Cazzanti F., Risso M., Gualandi F.,
Mancardi G.L., Pistoia V. and Uccelli A. (2006) Human mesenchymal stem cells modulate B-cell
functions. Blood, 107: 367-372.

36



Cozzolino M, Ferri A, Carri MT (2008) Amyotrophic lateral sclerosis: from current developments in
the laboratory to clinical implications. Antioxid Redox Signal., 10(3):405-43.

Da Silva Meirelles L., Chagastelles P.C. and Nardi N.B. (2006) Mesenchymal stem cells reside in
virtually all post-natal organs and tissues. J. Cell Sci., 119: 2204-2213.

Dalpke A., Heeg K., Bartz H. and Baetz A. (2008) Regulation of innate immunity by suppressor of
cytokine signaling (SOCS) proteins. Immunobiology, 213(3-4):225-235.

Davalos D., Grutzendler J., Yang G., Kim J. V., Zuo Y., Jung S., Littman D. R., Dustin M. L. and Gan
W. (2005) ATP mediates rapid microglial response to local brain injury in vivo. Nat Neurosci, 8:752—
758.

Dayan V, Yannarelli G, Billia F, Filomeno P, Wang XH, Davies JE, Keating A (2011) Mesenchymal
stromal cells mediate a switch to alternatively activated monocytes/macrophages after acute
myocardial infarction. Basic Res Cardiol. 106(6):1299-310.

Derecki N. C., Katzmarski N., Kipnis J. and Meyer-Luehmann M. (2014) Microglia as a critical player
in both developmental and late-life CNS pathologies. Acta Neuropathol., 128(3):333—-345.

Di Nicola, M., Carlo-Stella C., Magni M., Milanesi M., Longoni P.D., Matteucci P., Grisanti S. and
Gianni A.M. (2002) Human bone marrow stromal cells suppress T-lymphocyte proliferation induced
by cellular or nonspecific mitogenic stimuli. Blood, 99:3838-3843.

Djouad F, Plence P, Bony C, Tropel P, Apparailly F, Sany J, Noél D, Jorgensen C. (2003)
Immunosuppressive effect of mesenchymal stem cells favors tumor growth in allogeneic animals.
Blood., 102(10):3837-44.

Dominici M., Le Blanc K., Mueller 1., Slaper-Cortenbach I., Marini F., Krause D., Deans R., Keating
A., Prockop D. J. and Horwitz E. (2006) Minimal criteria for defining multipotent mesenchymal stromal
cells. The International Society for Cellular Therapy position statement. Cytotherapy, 8(4):315-317.
Engelhardt JI, Appel SH (1990) IgG reactivity in the spinal cord and motor cortex in amyotrophic
lateral sclerosis. Arch Neurol., 47(11):1210-6.

Filipowicz W., Bhattacharyya S. N. and Sonenberg N. (2008) Mechanisms of posttranscriptional
regulation by microRNAs: are the answers in sight? Nature Reviews Genetics, 9(2):102-114.
Franques, M., Mensah F.K., Huizinga R., Strini T., Boon L., Lombardo E., DelaRosa O., Laman J.D.,
Griny6 J.M., Weimar W., Betjes M.G., Baan C.C. and Hoogduijn M.J. (2015) Human adipose tissue-
derived mesenchymal stem cells abrogate plasmablast formation and induce regulatory B cells
independently of T helper cells. Stem Cells, 33: 880—891.

Friedenstein A.J., Chailakhyan R.K., Latsinik N.V., Panasyuk A.F. and Keiliss-Borok 1.V. (1974)
Stromal cells responsible for transferring the microenvironment of the hemopoietic tissues. Cloning
in vitro and retransplantation in vivo. Transplantation, 17: 331-340.

Frommann C. (1878) Untersuchungen Uber die Gewebsveranderungen bei der Multiplen Sklerose
des Gehirns und Ruckenmarks. Jena:Verlag von Gustav Fischer.

Ghannam S., Péne J., Moquet-Torcy G., Jorgensen C. and Yssel H. (2010) Mesenchymal stem cells
inhibit human Th17 cell differentiation and function and induce a T regulatory cell phenotype. J.
Immunol., 185: 302-312.

Ginhoux F., Greter M., Leboeuf M., Nandi S., See P., Gokhan S., Mehler M. F., Conway S. J., Ng L.
G., Stanley E. R., Samokhvalov I. M. and Merad M. (2010) Fate mapping analysis reveals that adult
microglia derive from primitive macrophages. Science, 330:841-845.

Giunti D., Parodi B., Usai C., Vergani L., Casazza S., Bruzzone S., Mancardi G. and Uccelli A. (2012)
Mesenchymal stem cells shape microglia effector functions through the release of CX3CL1. Stem
Cells, 30(9):2044—2053.

37



Glennie, S., Soeiro I., Dyson P.J., Lam E.W. and Dazzi F. 2005. Bone marrow mesenchymal stem
cells induce division arrest anergy of activated T cells. Blood 105: 2821-2827

Gomes-Leal W. (2012) Microglial physiopathology: how to explain the dual role of microglia after
acute neural disorders? Brain Behav, 2:345-356.

Gordon D., Pavlovska G., Glover C. P., Uney J. B., Wraith D. and Scolding N. J. (2008) Human
mesenchymal stem cells abrogate experimental allergic encephalomyelitis after intraperitoneal
injection, and with sparse CNS infiltration. Neurosci Lett, 448(1):71-73.

Greter M. and Merad M. (2013) Regulation of microglia development and homeostasis. Glia, 61:121—
127.

Guedes J., Cardoso A. L. C. and Pedroso de Lima M. C. (2013) Involvement of MicroRNA in
Microglia-Mediated Immune Response. Clin Dev Immunol, 2013:186872.

Gupta A. and Pulliam, L. (2014). Exosomes as mediators of neuroinflammation. J. Neuroinflammation
11:68.

Gurney ME, Pu H, Chiu AY, Dal Canto MC, Polchow CY, Alexander DD, Caliendo J, Hentati A, Kwon
YW, Deng HX, et al. (1994) Motor neuron degeneration in mice that express a human Cu,Zn
superoxide dismutase mutation. Science, 264:1772-5.

Hajivalili M., Pourgholi F., Kafil H.S., Jadidi-Niaragh F., Yousefi M. (2016) Mesenchymal Stem Cells
in the Treatment of Amyotrophic Lateral Sclerosis. Curr Stem Cell Res Ther., 11(1):41-50.

Hall E.D., Oostveen J.A. and Gurney M.E. (1998) Relationship of microglial and astrocytic activation
to disease onset and progression in a transgenic model of familial ALS. Glia, 23(3):249-56.

Han J., Lee Y., Yeom K.H., Kim Y.K., Jin H. and Kim V.N. (2004) The Drosha-DGCR8 complex in
primary microRNA processing. Genes Dev. 2004, 18, 3016—-3027

Haynes S.E., Hollopeter G., Yang G., Kurpius D., Dailey M. E., Gan W. B. and Julius D. (2006) The
P2Y12 receptor regulates microglial activation by extracellular nucleotides. Nat Neurosci, 9:1512—
15109.

Hematti P. (2012) Mesenchymal stromal cells and fibroblasts: a case of mistaken identity?
Cytotherapy, 14(5):516-521.

Henkel JS, Engelhardt JI, Siklés L, Simpson EP, Kim SH, Pan T, Goodman JC, Siddique T, Beers
DR, Appel SH (2004) Presence of dendritic cells, MCP-1, and activated microglia/macrophages in
amyotrophic lateral sclerosis spinal cord tissue. Ann Neurol., 55(2):221-35.

Henkel J.S., Beers D.R., Siklés L., Appel S.H. (2006) The chemokine MCP-1 and the dendritic and
myeloid cells it attracts are increased in the mSOD1 mouse model of ALS. Mol Cell Neurosci.,
31(3):427-37.

Hoek R.M., Ruuls S.R., Murphy C.A., Wright G.J., Goddard R., Zurawski S.M., Blom B., Homola M.E.,
Streit W.J., Brown M.H., Barclay A.N. and Sedgwick J.D. (2000) Down-regulation of the macrophage
lineage through interaction with OX2 (CD200). Science 290:1768-1771.

Holasek S.S., Wengenack T.M., Kandimalla K.K., Montano C., Gregor D.M., Curran G.L., Poduslo
J.F. (2005) Activation of the stress-activated MAP kinase, p38, but not JNK in cortical motor neurons
during early presymptomatic stages of amyotrophic lateral sclerosis in transgenic mice. Brain Res
1045, 185-98.

Horwitz E.M., Le Blanc K., Dominici M., Mueller I., Slaper-Cortenbach I., Marini F., Deans R., Krause
D. S. and Keating A. (2005) Clarification of the nomenclature for MSC: the International Society for
Cellular Therapy position statement. Cytotherapy, 7(5):393—-395.

llieva H, Polymenidou M, Cleveland DW. (2009) Non-cell autonomous toxicity in neurodegenerative
disorders: ALS and beyond. J Cell Biol., 187:761-72.

38



Ince PG, Lowe J, Shaw PJ (1998) Amyotrophic lateral sclerosis: current issues in classification,
pathogenesis and molecular pathology. Neuropathol Appl Neurobiol., 24(2):104-17.

Jadhav S. P., Kamath S. P., Choolani M., Lu J. and Dheen S. T. (2014) microRNA-200b modulates
microglia-mediated neuroinflammation via the cJun/MAPK pathway. J Neurochem., 130(3):388-401.
Jin HJ, Bae YK, Kim M, Kwon SJ, Jeon HB, Choi SJ, Kim SW, Yang YS, Oh W, Chang JW. (2013)
Comparative analysis of human mesenchymal stem cells from bone marrow, adipose tissue, and
umbilical cord blood as sources of cell therapy. Int J Mol Sci., 14(9):17986-8001.

Kalla R., Liu Z., Xu S., Koppius A., Imai Y., Kloss C.U., Kohsaka S., Gschwendtner A., Moller J.C.,
Werner A. and Raivich G. (2001) Microglia and the early phase of immune surveillance in the
axotomized facial motor nucleus: impaired microglial activation and lymphocyte recruitment but no
effect on neuronal survival or axonal regeneration in macrophage-colony stimulating factor-deficient
mice. J Comp Neurol., 436:182—-201.

Kassis I., Grigoriadis N., Gowda-Kurkalli B., Mizrachi-Kol R., Ben-Hur T., Slavin S., Abramsky O. and
Karussis D. (2008) Neuroprotection and immunomodulation with mesenchymal stem cells in chronic
experimental autoimmune encephalomyelitis. Arch Neurol, 65(6):753-761.

Kaufmann A, Musset B, Limberg SH, Renigunta V, Sus R, Dalpke AH, Heeg KM, Robaye B, Hanley
PJ. (2005) "Host tissue damage" signal ATP promotes non-directional migration and negatively
regulates toll-like receptor signaling in human monocytes. J Biol Chem., 280(37):32459-67.
Kettenmann H., Hanisch U., Noda M. and Verkhratsky A. (2011) Physiology of Microglia. Physiol Rev,
91(2):461-553.

Kim J and Hematti P (2009) Mesenchymal stem cell-educated macrophages: a novel type of
alternatively activated macrophages. Exp Hematol.; 37(12):1445-53.

Krampera M, Cosmi L, Angeli R, Pasini A, Liotta F, Andreini A, Santarlasci V, Mazzinghi B, Pizzolo
G, Vinante F, Romagnani P, Maggi E, Romagnani S, Annunziato F. (2006) Role for interferon-gamma
in the immunomodulatory activity of human bone marrow mesenchymal stem cells. Stem Cells.,
24(2):386-98.

Krampera M., Cosmi L., Angeli R., Pasini A., Liotta F., Andreini A., Santarlasci V., Mazzinghi B.,
Pizzolo G., Vinante F., Romagnani P., Maggi E., Romagnani S. and Annunziato F. (2006) Role for
interferon-gamma in the immunomodulatory activity of human bone marrow mesenchymal stem cells.
Stem Cells, 24(2):386-398.

Kriz J, Nguyen MD, Julien JP. (2002) Minocycline slows disease progression in a mouse model of
amyotrophic lateral sclerosis. Neurobiol Dis., 10(3):268-78.

Lai R.C., Chen T.S. and Lim S.K. (2011) Mesenchymal stem cell exosome: a novel stem cell-based
therapy for cardiovascular disease. Regen Med., 6(4):481-492.

Lawson L. J., Perry V.H. and Gordon S. (1992) Turnover of resident microglia in the normal adult
mouse brain. Neuroscience, 48:405-415.

Le Blon D., Hoornaert C., Daans J., Santermans E., Hens N., Goossens H., Berneman Z., Ponsaerts
P. (2014) Distinct spatial distribution of microglia and macrophages following mesenchymal stem cell
implantation in mouse brain Immunol. Cell Biol., 92:650-658.

Lee S., Varvel N.H., Konerth M.E., Xu G., Cardona A.E., Ransohoff R.M. and Lamb B.T. (2010)
CX3CR1 deficiency alters microglial activation and reduces beta-amyloid deposition in two
Alzheimer’s disease mouse models. Am J Pathol, 177:2549-2562.

Lee, J.K., Shin J.H., Hwang S.G., Gwag B.J., McKee A.C., Lee J., Kowall N.W., Ryu H., Lim D.S,,
Choi E.J. (2013) MST1 functions as a key modulator of neurodegeneration in a mouse model of ALS.
Proc Natl Acad Sci USA 110, 12066—71.

39



Lee J.K. and Kim N.J. (2017) Recent Advances in the Inhibition of p38 MAPK as a Potential Strategy
for the Treatment of Alzheimer's Disease. Molecules, 2;22(8).

Liu G.J., Nagarajah R., Banati R.B. and Bennett M.R. (2009) Glutamate induces directed chemotaxis
of microglia. Eur J Neurosci, 29:1108-1118.

Lovato L., Kerlero de Rosho N. and Uccelli A. (2013) Mesenchymal stem cells for the treatment of
multiple sclerosis. In “Multiple sclerosis immunology. A foundation for current and future treatments”
(B. Gran and T. Yamamura, eds.), Springer Science. New York. pp. 433-455.

Ludwig A.K. and Giebel B. (2012) Exosomes: Small vesicles participating in intercellular
communication. The International Journal of Biochemistry & Cell Biology, 44(1):11-15.

Lynch M.A. (2009) The multifaceted profile of activated microglia. (2009) Molecular Neurobiology,
40(2):139-156.

Maggini J, Mirkin G, Bognanni |, Holmberg J, Piazzon IM, Nepomnaschy I, Costa H, Cafiones C,
Raiden S, Vermeulen M, Geffner JR. (2010) Mouse bone marrow-derived mesenchymal stromal cells
turn activated macrophages into a regulatory-like profile. PLoS One; 5: €9252.

Maximow A. (1909) The Lymphocyte as a stem cell common to different blood elements in embryonic
development and during the post-fetal life of mammals. Cell Ther Transplant:125-134.

McGeer P.L., McGeer E.G., Kawamata T., Yamada T. and Akiyama H. (1991) Reactions of the
immune system in chronic degenerative neurological diseases. Can J Neurol Sci., 18(3 Suppl):376-
9.

Meesuk L., Tantrawatpan C., Kheolamai P., Manochantr S. (2016) The immunosuppressive capacity
of human mesenchymal stromal cells derived from amnion and bone marrow. Biochem Biophys Rep.
3,;8:34-40.

Melief S.M., Schrama E., Brugman M.H., Tiemessen M.M., Hoogduijn M.J., Fibbe W.E. and Roelofs
H. (2013) Multipotent stromal cells induce human regulatory T cells through a novel pathway involving
skewing of monocytes toward anti-inflammatory macrophages. Stem Cells, 31(9):1980-91.

Morfini G.A., Bosco D.A., Brown H., Gatto R., Kaminska A., Song Y., Molla L., Baker L., Marangoni
M.N., Berth S., Tavassoli E., Bagnato C., Tiwari A., Hayward L.J., Pigino G.F., Watterson D.M.,
Huang C.F., Banker G., Brown R.H. Jr and Brady S.T. (2013) Inhibition of fast axonal transport by
pathogenic SOD1 involves activation of p38 MAP kinase. PLoS One 8.

Mulder D.W. (1982) Clinical limits of amyotrophic lateral sclerosis. Adv Neurol. 36:15-22.

Munn DH, Shafizadeh E, Attwood JT, Bondarev |, Pashine A, Mellor AL (1999). Inhibition of T cell
proliferation by macrophage tryptophan catabolism. The Journal of Experimental Medicine, 189 (9):
1363-72.

Nahirnyj A., Livne-Bar I., Guo X. and Sivak J.M. (2013) ROS detoxification and proinflammatory
cytokines are linked by p38 MAPK signaling in a model of mature astrocyte activation. PloS One 8
(12): e83049.

Nardi B.N. and da Silva Meirelles L. (2006) Mesenchymal Stem Cells: Isolation, In Vitro Expansion
and Characterization. Handb Exp Pharmacol., 174:249-282.

Nauta A.J., Kruisselbrink A.B., Lurvink E., Willemze R. and Fibbe W.E. (2006) Mesenchymal stem
cells inhibit generation and function of both CD34+-derived and monocyte-derived dendritic cells. J.
Immunol. 177: 2080—-2087.

Neumann H., Kotter M. R. and Franklin R. J. (2009) Debris clearance by microglia: an essential link

between degeneration and regeneration. Brain, 132:288-295.

40



Nguyen MD, D'Aigle T, Gowing G, Julien JP, Rivest S. (2004) Exacerbation of motor neuron disease
by chronic stimulation of innate immunity in a mouse model of amyotrophic lateral sclerosis. J
Neurosci., 24(6):1340-9.

Nimmerjahn A., Kirchhoff F. and Helmchen F. (2005) Resting microglial cells are highly dynamic
surveillants of brain parenchyma in vivo. Science, 308:1314-1318.

Oh JY, Ko JH, Lee HJ, Yu JM, Choi H, Kim MK, Wee WR, Prockop DJ (2014) Mesenchymal
stem/stromal cells inhibit the NLRP3 inflammasome by decreasing mitochondrial reactive oxygen
species. Stem Cells. 32(6):1553-63.

Parisi C., Arisi I., D'Ambrosi N., Storti A. E., Brandi R., D'Onofrio M. and Volonté C. (2013)
Dysregulated microRNAs in amyotrophic lateral sclerosis microglia modulate genes linked to
neuroinflammation. Cell Death and Disease, 4:€959.

Pathak S.K., Basu S., Bhattacharyya A., Pathak S., Banerjee A., Basu J. and Kundu M. (2006) TLR4-
dependent NF-jB activation and mitogen- and stress-activated protein kinase 1-triggered
phosphorylation events are central to Helicobacter pylori peptidyl prolyl cis-, trans-isomerase
(HPO0175)-mediated induction of IL-6 release from macrophages. J Immunol, 177:7950-7958.
Petersen B.E., Bowen W.C., Patrene K.D., Mars W.M., Sullivan A.K., Murase N., Boggs S.S.,
Greenberger J.S. and Goff J.P. (1999) Bone marrow as a potential source of hepatic oval cells.
Science, 284(5417):1168-1170.

Phinney D.G., Di Giuseppe M., Njah J., Sala E., Shiva S., St Croix C.M., Stolz D.B., Watkins S.C., Di
Y.P., Leikauf G.D., Kolls J., Riches D.W., Deiuliis G., Kaminski N., Boregowda S.V., McKenna D.H.,
Ortiz L.A. (2015) Mesenchymal stem cells use extracellular vesicles to outsource mitophagy and
shuttle microRNAs. Nat. Commun., 7;6:8472.

Picher-Martel V., Dutta K., Phaneuf D., Sobue G. and Julien J.P. (2015) Ubiquilin-2 drives NF-kappaB
activity and cytosolic TDP-43 aggregation in neuronal cells. Mol Brain, 8, 71.

Poggi A., Prevosto C., Massaro A.M., Negrini S., Urbani S., Pierri |., Saccardi R., Gobbi M. and Zocchi
M.R. (2005) Interaction between human NK cells and bone marrow stromal cells induces NK cell
triggering: role of NKp30 and NKG2D receptors. J Immunol, 175:6352-6360.

Ponomarev E.D., Veremeyko T., Barteneva N., Krichevsky A.M., Weiner H.L. (2011) MicroRNA-124
promotes microglia quiescence and suppresses EAE by deactivating macrophages via the C/EBP-a-
PU.1 pathway. Nat Med. 17(1):64-70.

Prinz M., Priller J., Sisodia S.S. and Ransohoff R.M. (2011) Heterogeneity of CNS myeloid cells and
their roles in neurodegeneration. Nature Neuroscience, 14(10):1227-1235.

Prockop D.J. (1997) Marrow stromal cells as stem cells for nonhematopoietic tissues. Science,
276:71-74.

Rasmusson |, Ringdén O, Sundberg B, Le Blanc K. (2003) Mesenchymal stem cells inhibit the
formation of cytotoxic T lymphocytes, but not activated cytotoxic T lymphocytes or natural killer cells.
Transplantation. 27;76(8):1208-13.

Reaume AG, Elliott JL, Hoffman EK, Kowall NW, Ferrante RJ, Siwek DF, Wilcox HM, Flood DG, Beal
MF, Brown RH Jr, Scott RW, Snider WD. (1996) Motor neurons in Cu/Zn superoxide dismutase-
deficient mice develop normally but exhibit enhanced cell death after axonal injury. Nat Genet.,
13(1):43-7.

Rosado M.M., Bernardo M.E., Scarsella M., Conforti A., Giorda E., Biagini S., Cascioli S., Rossi F.,
Guzzo I, Vivarelli M., Dello Strologo L., Emma F., Locatelli F. and Carsetti R. (2015) Inhibition of B-
cell proliferation and antibody production by mesenchymal stromal cells is mediated by T cells. Stem
Cell. Develop., 24: 93-103.

41



Rothstein JD. (2009) Current hypotheses for the underlying biology of amyotrophic lateral sclerosis.
Ann Neurol.; 65 (Suppl 1):S3-9.

SamaR.R., Fallini C., Gatto R., McKeon J.E., Song Y., Rotunno M.S., Penaranda S., Abdurakhmanov
I., Landers J.E., Morfini G., Brady S.T. and Bosco D.A. (2017) ALS-linked FUS exerts a gain of toxic
function involving aberrant p38 MAPK activation. Sci Rep. 8;7(1):115.

Schena F., Gambini C., Gregorio A., Mosconi M, Reverberi D, Gattorno M, Casazza S, Uccelli A,
Moretta L, Martini A, Traggiai E. (2010) Interferon-gamma-dependent inhibition of B cell activation by
bone marrow-derived mesenchymal stem cells in a murine model of systemic lupus erythematosus.
Arthritis Rheum., 62: 2776-2786.

Schwartz M., Butovsky O., Bruck W. and Hanisch U.K. (2006) Microglial phenotype: is the
commitment reversible? Trends Neurosci, 29:68—74.

Sea K., Sohn SH, Durazo A, Sheng Y, Shaw BF, Cao X, Taylor AB, Whitson LJ, Holloway SP, Hart
PJ, Cabelli DE, Gralla EB, Valentine JS. (2015). Insights into the role of the unusual disulfide bond in
copper-zinc superoxide dismutase. The Journal of Biological Chemistry, 290 (4): 2405-18.

Shyu A.B., Wilkinson M.F. and van Hoof A. (2008) Messenger RNA regulation: to translate or to
degrade. EMBO J., 27(3): 471-481.

Siniscalco D., Giordano C., Galderisi U., Luongo L., de Novellis V., Rossi F. and Maione S. (2011)
Long-lasting effects of human mesenchymal stem cell systemic administration on pain-like behaviors,
cellular, and biomolecular modifications in neuropathic mice. Front Integr Neurosci., 1;5:79.
Sivanathan KN, Gronthos S, Rojas-Canales D, Thierry B, Coates PT. (2014) Interferon-gamma
modification of mesenchymal stem cells: implications of autologous and allogeneic mesenchymal
stem cell therapy in allotransplantation. Stem Cell Rev. 10(3):351-75.

Sotiropoulou P.A., Perez S.A., Gritzapis A.D., Baxevanis C.N. and Papamichail M. (2006) Interactions
between human mesenchymal stem cells and natural killer cells. Stem Cells. 2006, 24(1):74-8 .
Sotiropoulou P.A., Perez S.A., Gritzapis A.D., Baxevanis C.N. and Papamichail M. (2006) Interactions
between human mesenchymal stem cells and natural killer cells. Stem Cells, 24:74-85.

Spaggiari G.M., Capobianco A., Becchetti S., Mingari M.C. and Moretta L. (2006) Mesenchymal stem
cell-natural killer cell interactions: evidence that activated NK cells are capable of kiling MSCs,
whereas MSCs can inhibit IL-2-induced NK-cell proliferation. Blood, 107:1484-1490.

Spaggiari M.G., Capobianco A., Abdelrazik H., Becchetti F., Mingari M.C. and Moretta L. (2008)
Mesenchymal stem cells inhibit natural killer—cell proliferation, cytotoxicity, and cytokine production:
role of indoleamine 2,3-dioxygenase and prostaglandin E2. Blood, 111:1327-1333.

Spaggiari, G.M., Abdelrazik H., Becchetti F. and Moretta L. (2009) MSCs inhibit monocyte-derived
DC maturation and function by selectively interfering with the generation of immature DCs: central
role of MSC-derived prostaglandin E2. Blood, 113: 6576—-6583.

Squadrito ML, Baer C, Burdet F, Maderna C, Gilfillan GD, Lyle R, Ibberson M, De Palma M. (2014)
Endogenous RNAs modulate microRNA sorting to exosomes and transfer to acceptor cells. Cell Rep.,
8(5):1432-46.

Sun H., Hou Z., Yang H., Meng M., Li P., Zou Q., Yang L., Chen Y., Chai H., Zhong H. (2014) Multiple
systemic transplantations of human amniotic mesenchymal stem cells exert therapeutic effects in an
ALS mouse model Cell Tissue Res., 357:571-582.

Takahashi K. and Yamanaka S. (2006) Induction of Pluripotent Stem Cells from Mouse Embryonic
and Adult Fibroblast Cultures by Defined Factors. Cell, 126(4):663.

42



Teng X., Chen L., Chen W., Yang J., Yang Z., Shen Z. (2015) Mesenchymal Stem Cell-Derived
Exosomes Improve the Microenvironment of Infarcted Myocardium Contributing to Angiogenesis and
Anti-Inflammation. Cell Physiol Biochem., 37(6):2415-24.

Théry C, Amigorena S, Raposo G and Clayton A. (2006) - Isolation and characterization of exosomes
from cell culture supernatants and biological fluids — Materials and Methods. Curr Protoc Cell Biol.,
3(3):22.

Thomson J.A., Itskovitz-Eldor J., Shapiro S.S., Waknitz M.A., Swiergiel J.J., Marshall V.S. and Jones
J.M. (1998) Embryonic stem cell lines derived from human blastocysts. Science, 282(5391):1145-7.
Tortarolo M., Veglianese P., Calvaresi N., Botturi A., Rossi C., Giorgini A., Migheli A. and Bendotti C.
(2003) Persistent activation of p38 mitogen-activated protein kinase in a mouse model of familial
amyotrophic lateral sclerosis correlates with disease progression. Mol Cell Neurosci 23, 180-92.
Traggiai E., Volpi S., Schena F., Gattorno M., Ferlito F., Moretta L. and Martini A. (2008) Bone
marrow-derived mesenchymal stem cells induce both polyclonal expansion and differentiation of B
cells isolated from healthy donors and systemic lupus erythematosus patients. Stem Cells, 26: 562—
569.

Tremblay M.E., Lecours C., Samson L., Sanchez-Zafra V. and Sierra A. (2015) From the Cajal alumni
Achucarro and Rio-Hortega to the rediscovery of never-resting microglia. Front Neuroanat., 9: 45.
Troost D, Claessen N, van den Oord JJ, Swaab DF, de Jong JM. (1993) Neuronophagia in the motor
cortex in amyotrophic lateral sclerosis. Neuropathol Appl Neurobiol. 19(5):390-7.

Turner BJ and Talbot K. (2008) Transgenics, toxicity and therapeutics in rodent models of mutant
SOD1-mediated familial ALS. Prog Neurobiol., 85:94-134.

Turner MR1, Cagnin A, Turkheimer FE, Miller CC, Shaw CE, Brooks DJ, Leigh PN, Banati RB. (2004)
Evidence of widespread cerebral microglial activation in amyotrophic lateral sclerosis: an [11C] (R)-
PK11195 positron emission tomography study. Neurobiol Dis. 15(3):601-9.

Uccelli A., Moretta L. and Pistoia V. (2008) Mesenchymal stem cells in health and disease. Nat. Rev.
Immunol., 8:726-36.

Uccelli A. and Mancardi G. (2010) Stem cell transplantation in multiple sclerosis. Curr Opin Neurol,
23:218-225.

Uccelli A., Laroni A., Freedman M.S. (2011) Mesenchymal stem cells for the treatment of multiple
sclerosisi and other neurological diseases. Lancet Neurol, 10:649.

Uccelli A., Milanese M., Principato M.C., Morando S., Bonifacino T., Vergani L., Giunti D., Voci A.,
Carminati E., Giribaldi F., Caponnetto C. and Bonanno G. (2012) Intravenous Mesenchymal Stem
Cells Improve Survival and Motor Function in Experimental Amyotrophic Lateral Sclerosis. Mol Med.,
18:794-804.

Ullah 1., Subbarao R.B. and Rho G.J. (2015) Human mesenchymal stem cells - current trends and
future prospective. Biosci Rep., 35(2).

Valadi H., Ekstrém K., Bossios A., Sjostrand M., Lee J.J. and O Létvall J. (2007) Exosome-mediated
transfer of MRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nature
Cell Biology, 9:654-659.

Vercelli A., Mereuta O., Garbossa D., Muraca G., Mareschi K., Rustichelli D., Ferrero |., Mazzini L.,
Madon E., Fagioli F. (2008) Human mesenchymal stem cell transplantation extends survival,
improves motor performance and decreases neuroinflammation in mouse model of amyotrophic
lateral sclerosis. Neurobiol. Dis., 31:395-405.

43



Wang P., Hou J., Lin L., Wang C., Liu X,, Li D., Ma F., Wang Z. and Cao X. (2010) Inducible
microRNA-155 feedback promotes type | IFN signaling in antiviral innate immunity by targeting
suppressor of cytokine signaling 1. Journal of Immunology, 185(10):6226—6233.

Wong PC, Pardo CA, Borchelt DR, Lee MK, Copeland NG, Jenkins NA, Sisodia SS, Cleveland DW,
Price DL. (1995) An adverse property of a familial ALS-linked SOD1 mutation causes motor neuron
disease characterized by vacuolar degeneration of mitochondria. Neuron., 14(6):1105-16.

Zappia E., Casazza S., Pedemonte E., Benvenuto F., Bonanni I., Gerdoni E., Giunti D., Ceravolo A,
Cazzanti F., Frassoni F., Mancardi G. and Uccelli A. (2005) Mesenchymal Stem Cells ameliorate
experimental autoimmune encephalomyelitis inducing T cell anergy. Blood, 106:1755-1761.

Zhang S., Wang X.J., Tian L.P., Pan J., Lu G.Q., Zhang Y.J., Ding J.Q. and Chen S.D. (2011) CD200-
CD200R dysfunction exacerbates microglial activation and dopaminergic neurodegeneration in a rat
model of Parkinson’s disease. J Neuroinflammation, 8:154.

Zhao W., Beers D.R. and Appel S.H. (2013) Immune-mediated mechanisms in the pathoprogression
of amyotrophic lateral sclerosis. J Neuroimmune Pharmacol., 8(4):888-99.

Zhou C., Zhang C., Chi S, Xu Y., Teng J., Wang H., Song Y. and Zhao R. (2009) Effects of human
marrow stromal cells on activation of microglial cells and production of inflammatory factors induced
by lipopolysaccharide. Brain Res, 1269:23-30.

Zhuang X., Xiang X., Grizzle W., Sun D., Zhang S., Axtell R. C., Ju S., Mu J., Zhang L., Steinman L.,
Miller D. and Zhang H. G. (2011) Treatment of brain inflammatory diseases by delivering exosome
encapsulated anti-inflammatory drugs from the nasal region to the brain. Mol Ther, 19:1769-1779.

44



