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Summary
Demyelinating diseases such as multiple sclerosis are chronic inflammatory autoimmune diseases
with a heterogeneous clinical presentation and course. Both the adaptive and the innate immune
systems have been suggested to contribute to their pathogenesis and recovery. In this review, we
discuss the role of the innate immune system in mediating demyelinating diseases. In particular,
we provide an overview of the anti-inflammatory or pro-inflammatory functions of dendritic cells,
mast cells, natural killer (NK) cells, NK-T cells, γδ T cells, microglial cells, and astrocytes. We
emphasize the interaction of astroctyes with the immune system and how this interaction relates to
the demyelinating pathologies. Given the pivotal role of the innate immune system, it is possible
that targeting these cells may provide an effective therapeutic approach for demyelinating
diseases.
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Introduction
Demyelination is the pathological removal of myelin sheaths that surround axons and
enhance axonal function. Spontaneous remyelination by oligodendrocytes that mature from
oligodendrocyte precursor cells may occur following demyelination, presumably allowing a
partial, if not complete, recovery from disability. The balance between demyelination and
remyelination during demyelinating pathologies is mediated by the immune system (both the
adaptive and the innate) and determines the outcome of the disease (1–3).

The major disease in this category is multiple sclerosis (MS). MS is a chronic inflammatory
demyelinating autoimmune disease of the central nervous system (CNS) of unknown
etiology and heterogeneous clinical symptoms and course (4). Depending upon clinical
presentation and course, MS is classified either as relapsing remitting (RR), primary
progressive (PP), or secondary progressive (SP). Approximately 85% of MS patients
initially exhibit a RR course, characterized by acute attacks (relapse) followed by partial or
full recovery (remission), which occurs at variable intervals. Of these RR–MS patients,
about two-thirds of the untreated patients transition to the secondary progressive phase at
which time neurologic disability accumulates in the absence of attacks (3). About 15% of
MS patients have a primary progressive course manifested by progressive clinical worsening
from onset with no clinical attacks (5). Other, more rare forms of demyelinating diseases
include (i) neuromyelitis optica (NMO), in which there is an adaptive immune response
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directed against the water channel aquaporin 4 (AQP4), (ii) acute disseminated
encephalomyelitis (ADEM), which is characterized by a monophasic immune mediated
attack against the CNS and which has been suggested to be a variant of MS (6), and (iii)
paraneoplastic syndromes in which the adaptive immune response targets cancer antigens
shared by epitopes in the nervous system, including myelin (7).

Animal models of demyelinating diseases are central for our understanding of the molecular
and cellular mechanisms underlying the pathogenesis of these diseases. Moreover, most of
the therapies used in MS, emerged from experiments in these models (reviewed in 8, 9). The
three most commonly studied categories of demyelinating animal models are: (i) toxin-
induced models of demyelination, including the cuprizone model and focal demyelination
induced by lysophosphatidyl choline (lysolecithine); (ii) virally induced chronic
demyelinating disease models, the primary example of which is Theiler’s murine
encephalomyelitis virus (TMEV) infection, and (iii) purely autoimmune driven models,
which are the most commonly used, including the classic autoimmune model experimental
autoimmune/allergic encephalomyelitis (EAE) (Fig 1). In the cuprizone model,
demyelination is induced by degeneration of oligodendrocytes rather than by a direct attack
on the myelin sheath. This phenotype is mediated by the innate system (central and
peripheral) with little or no participation of adaptive immunity and is reversed once the toxin
is removed, thus allowing remyelination (8, 10, 11). In the TMEV model, virus infection of
the susceptible (SJL/J) mouse strain leads to the induction of myelin-specific T cells,
resulting in a progressive disease course, similar to the primary progressive MS (8, 12).
Finally, the EAE model is an inducible CD4+ T-cell mediated model of MS that exhibits
different strain-specific disease phenotypes, ranging from monophasic to relapsing to
progressive disease (3, 8, 13).

An important concept that has emerged in recent years is that the peripheral innate immune
system plays a significant role during neuroinflammatory pathologies. In line with this,
when patients transition from the relapsing-remitting to the progressive stage of MS,
changes in the cytokines profile and costimulatory molecule expression are observed in their
dendritic cells (DCs) (3, 14–16). Moreover, we have recently demonstrated that in mouse
models of SPMS, central innate immune cells, such as astrocytes, promote disease
progression and are potential targets for therapeutic intervention (13, 17). Taken together,
there is a growing recognition of the importance of the innate immune system in regulating
and mediating demyelinating pathology, particularly in the progressive phase of MS.

In this review, we discuss the role of the innate immune system in the pathogenesis of
demyelinating diseases (Fig. 2). We focus on the unique features of CNS innate immunity
and the role of the innate cells that participate in those pathologies, including DCs, mast
cells, natural killer (NK) cells, NKT cells, γδ T cells, microglial cells, and with a special
emphasis on the role of astrocytes.

The innate immune system
Innate immunity is the first line of defense against infections. It is phylogenetically the
oldest mechanism of defense against microbes and is present in all multicellular organisms
including plants and insects. Innate immunity serves two main functions. First, it provides
the initial response against microbes to prevent, control, and eliminate infections. Second,
with the evolution of the adaptive immunity (beginning with the jawed vertebrates), the
innate immune system developed the ability to stimulate and modulate adaptive immunity.

Innate immunity is a multi-component system. The first line of defense includes cellular
barriers, such as the skin, the mucosal surfaces and of the gastrointestinal and respiratory
tracts, and more relevant to this review, the blood brain barrier (BBB), which has
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remarkable similarities to the peripheral barriers such as the gastrointestinal barrier. The
second line of defense is composed of the innate immune cells, mostly of myeloid origin,
including DCs, macrophages, monocytes, NK cells, NKT cells, mast cells, granulocytes, and
γδ T cells in the periphery, and microglia cells in the CNS. Innate immunity also includes
non-myeloid cells such as thymic epithelial cells in the periphery and astrocytes in the CNS.

The role of the BBB
The role of BBB is to restrict the accesses of chemical/biological compounds, pathogens,
and immune cells into the brain. This phenomenon was first described by Paul Ehrlich in
1885, when he noted that hydrophilic dyes injected directly to the blood stream exhibited
little or no staining of the brain (but were highly visible in most organs). Over a century
later, we now view the BBB as a complex barrier composed of endothelial cells, astrocytes,
pericytes, and myeloid cells such as perivascular macrophages and mast cells (18–20).

In demyelinating disorders, the entry of cells from the periphery to the CNS (both regulators
of the immune response or cells directly involved in the demyelinating process) is critical in
disease pathologies. Hence, the regulation of the BBB integrity and the adhesion molecules
and factors secreted from it play a pivotal role (21–24). Consistent with this notion, an
effective treatment for the relapsing forms of MS is natalizumab, which acts by inhibiting
the T cells’ ability to enter the brain by blocking their interaction with adhesion molecules
on the BBB’s endothelial cells. In this review, we also address how the innate cells affect
BBB integrity and function.

The cellular innate immune response to stimuli is at most limited to known patterns, which
are pre-coded in the germline (see below, neuroimmunology); therefore, unlike adaptive
immunity, it lacks the diversity and specification that arises from somatic rearrangements
and has no immunological memory. This is accomplished through an array of pattern
recognition receptors (PRRs) that reside in specific subcellular compartments and bind
pathogen-associated molecular patterns (PAMPs). Among the PAMP family of receptors,
there are Toll-like receptors (TLR), NOD-like receptors (NLRs), C-type lectin receptors
(CLRs), and RIG-I-like receptors (RLRs) (25–29). PRRs also recognize self-molecules that
are released after cell damage or death, known as danger-associated molecular patterns
(DAMPs), which include a diverse repertoire of ligands such as genomic double-stranded
DNA, proteins [e.g. heat-shock proteins (HSPs)], and purinergic metabolites. Those
molecules may interact with the PRRs or unique receptors such as the P2x receptor family
[recognizing extracellular adenosine triphosphate (ATP)], or CD38 [recognizing
extracellular nicotinamide adenine dinucleotide (NAD)]. Our understanding of endogenous
(self) activation of the PRRs is slowly changing as it becomes increasingly evident that the
PAMPs receptor family, on top of their conventional response to pathogen antigens, also
responds to endogenous host molecules that trigger inflammatory responses. Thus, they play
an important role in autoimmunity. For example, dying cells in the brain may release
extracellular purinergic metabolites such as ATP and NAD leading to innate (and adaptive)
activation (30–33), and the uptake of double-stranded DNA can induce activation of TLRs.
The HSP60, HSP70, and high-mobility group box 1 (HMGB1) proteins, suspected to have
an important role in MS progression (34–38), can also activate different TLRs (39–42) and
CLRs (25, 43, 44), affecting cytokine production and antigen presentation. Hence, the
activation of the PPRs seems to play an important role in the regulation of the demyelinating
pathologies, either by activation by disease-associated pathogens, such as the Epstein-Barr
virus in MS (45–47), or responding to endogenous stimuli (35, 37, 38, 48).

Innate effector functions are elaborate and may include (i) nitric oxide production and
respiratory burst, which is aimed at generating oxidative DNA damage to nearby pathogenic
organisms but which may also cause neuronal and oligodendrocyte cell death, as well as
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affecting the immune response, (ii) phagocytosis of pathogens, dying cells, and myelin, (iii)
cytokine and chemokine production, (iv) antigen presentation to adaptive immune cells, (v)
secretion of trophic factors, or (vi) release of soluble proteins such as matrix
metalloproteinases (MMPs) affecting the extracellular matrix and the BBB.

Neuroimmunology
In considering innate immunity in the CNS, the concept of ‘immune privilege’ is very
important. For many years, the CNS was considered to be immune privileged, as
heterologous tissue transplanted into CNS was spared from immunological rejection,
presumably because the CNS is isolated form the immune system by the BBB, lacks
draining lymphatics, and its resident macrophages were considered less competent
immunologically in comparison to their peripheral counterparts. CNS autoimmunity and
neurodegeneration were consequently regarded as resulting from immune cell encounter
with CNS antigens. This notion had to undergo a dramatic transformation with the discovery
that peripheral immune cells enter the CNS [e.g. T-helper 17 (Th17) cells migrate to the
uninflamed CNS via the choroid plexus (49)] and that neurodegeneration and demyelination
occur in the absence of substantial infiltration of peripheral immune cells. Furthermore,
certain aspects of inflammation may in fact be required for remyelination, and CNS-resident
innate immune cells (mainly microglia and astrocytes) are not incompetent but actively
maintain a tolerogenic CNS environment (1, 50–53).

As the concept of CNS immune privilege expands, investigations have begun to elucidate
the extent to which CNS neurons, microglia, and astrocytes actively regulate immune
responses. Neurons play an important part in maintaining a quiescent immunological profile
of microglial cells by constant expression of ligands such as CD22, CD200, and CX3CL1
(fractalkine)(50, 52). Remarkably, the downregulation of those molecules, as a result of
neural stress, triggers microglial activation (even in the absence of PPRs signaling). For
example, in mice lacking CD200, normally expressed on neurons, the microglia show an
activated phenotype with changes in morphology and expression of major histocompatibility
complex (MHC) class II, which is associate with more severe disease in the EAE model (54,
55). It is unclear whether similar mechanisms of immune regulation are associated with
astrocytes. Other mechanisms that may contribute to innate immune regulation in the CNS
are the absence of serum proteins (known to activate phagocytes), the presence of anti-
inflammatory cytokines such as transforming growth factor-β (TGFβ) and prostaglandin E2
(PGE2) (52), and the expression of specific microRNAs. For example, we have recently
shown that microRNA-124 is expressed in microglia cells but not peripheral monocytes
promoting microglia quiescence in the healthy CNS (56). Interestingly, microRNA-124 is
down regulated in EAE, and artificial downregulation of microRNA-124 induces microglial
activation in vitro and aggravates EAE in vivo (56).

A further dimension of CNS immunity is that known immunological molecules, such as
proinflammatory cytokines [e.g. tumor necrosis factor-a (TNFα) and interleukin-6 (IL-6)],
components of the histocompatibility protein complex, and elements of the complement
cascade, not only have classic immunological functions but have a dual role in influencing
the development of the nervous system (57).

Dendritic cells
DCs are professional antigen-presenting cells (APCs) that play an important role in
promoting the activation and differentiation of naive T cells as well as memory T cells. DCs
are a diverse cell type made up of several subsets based on the expression of their surface
markers. Two main subsets are recognized: myeloid DCs (CD11c+, also called conventional
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DCs) and plasmacytoid DCs (CD11cdim). DCs can be further subdivided into different
subsets based on other markers, such as CD8 or the newly identified CD141 (58, 59).

The interaction of DCs with CD4+ T cells is crucial in determining T-cell differentiation into
either effector T cells (Th1, Th2, Th9, and Th17 cells) or regulatory T cells [forkhead box
protein 3 (Foxp3)+ Tregs and Tr1 cells], thus shaping the adaptive response (60–62). DCs
are also important for the activation of CD8+ T cells and can induce either cytotoxic or
regulatory NK cells (reviewed in 63).

In animal EAE models, CD11c+ DCs were found to be the only APC required for the
initiation of adoptive transfer EAE using a transgenic mouse in which H2-Ab1 (MHC class
II) expression was targeted specifically to the DCs of H2-Ab1−/− mice (i.e. MHC class II is
exclusively restricted to CD11c+ DCs), and augmenting the numbers of DCs directly
correlated with disease severity (64). DCs were also shown to be the most effective APC in
the CNS in mediating epitope spreading in different EAE models (65, 66). Moreover,
manipulating DC function alters the T-cell repertoire, thus affecting the disease course. We
have demonstrated that increased osteopontin (OPN) expression in DCs amplifies the Th17
T-cell compartment and that DCs modified by interferon-γ (IFNγ) acquire IL-27–dependent
regulatory function, promote IL-10-mediated T-cell tolerance, thus either augmenting (OPN)
or suppressing the autoimmune inflammation and clinical severity of EAE (67, 68).
Conversely, we have also found that aryl hydrocarbon receptor (AhR) signaling is anti-
inflammatory (69), and targeting DCs with nanoparticles containing AHR ligands and
myelin peptides may be used to induce antigen specific tolerance (authors’ unpublished
results).

In MS patients, DCs are found in MS lesions (64, 65, 70), and DCs isolated from the
peripheral blood of MS patients exhibit an altered phenotype with decreased or delayed
expression of the activation markers CD86, CD83, and CD40 in addition to their altered
functionality in terms of T-cell proliferation and generation of regulatory T cells (71).
Moreover, we found changes in the cytokine profile and expression of costimulatory and
inhibitory molecules in SPMS versus RRMS (3, 14–16). Taken together, these studies
suggest that DCs are important in promoting disease progression in MS and EAE and are
also linked to transition from the RR to the SP phase of MS.

NK cells
NK cells contribute to both effector and regulatory functions of innate immunity via their
cytotoxic activity and their ability to secrete pro- and anti- inflammatory cytokines and
growth factors. NK cells respond to low or absent expression of MHC class I molecules on
cells (frequently observed in tumors or in virus infected cells), yet it had been postulated that
in an autoimmune context, the inflammatory milieu is sufficient to trigger NK activation
(72). To date, several human NK subsets were defined based on surface marker expression
including (i) CD56dimCD16+ NK cells, a cytolytic subset, (ii) CD56brightCD16− cells that
lacks perforin, or (iii) CD8lowCD56+ that were reported to be reduced in RRMS patients.
Alternately, they can be defined by their cytokine profile, namely NK1 and NK2, expressing
IFNγ (NK1) or IL5 and IL13 (NK2) (72, 73).

The role of NK cells in demyelinating pathologies, in agreement with the polarity of their
known subtypes, suggest that they can either enhance or ameliorate disease, as observed by
in vitro studies, animal models, and in MS. In vitro data demonstrate an array of toxicities of
NK cells towards immune and CNS resident cells, including the direct lysis of primary
oligodendrocytes and neurons, and to some extent microglia, astrocytes, DCs, and T cells
(the latter, by CD95L expression) (72, 74–76).
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EAE studies demonstrated that EAE induced in NK-depleted rats resulted in more severe
disease and that IL-18, and IL-21 enhancement of EAE was NK dependent, thus suggesting
the NK cells are important for disease progression (77–79). Yet, a larger body of work,
utilizing antibody- mediated NK depletion, transgenic mice (Cx3CR1GFP+/GFP+) in which
NK cell homing to the CNS was interrupted, and EAE induced in mice in which NK cells
were enriched in vivo (following IL-2 complex treatment), demonstrated that NK cells have
a protective role in EAE. This phenotype demonstrated reduced clinical severity and
demyelination, coupled with a reduction in Th17 cells, changes to the microglia and DCs
phenotypes, and even the production of neurotrophic factors by the NK cells (80).

Studies in humans also support a protective role for NK cells in MS. CD95+ (Fas) NK cells
expand during remission (74) and are postulated to kill activated T cells. In MS clinical
trials with a humanized antibody against the IL-2 receptor α chain (daclizumab), only
marginal effects on CD4+ T cells were reported, while an expansion of CD56bright

immunoregulatory NK cells was consistently observed (similar to the NK expansion in EAE
reported above), which in turn was highly correlated with the reduction of the inflammatory
activity (81). Interestingly, both the frequencies of CD56bright immunoregulatory NK cells
and the CD8lowCD56+ NK cells are reduced in MS (73, 82), yet NK2 immunoregulatory
cells were reported to recover to normal levels during remissions (83). Taken together, these
data show that NK cells may play a regulatory role in modulating demyelination by
affecting the activation and the survival of autoreactive T cells and other innate cells through
cytokine production and direct cytotoxicity.

Mast cells
Mast cells are regarded as the first line of defense of the innate immune system, and
although mast cells are found in peripheral tissues such as the skin, gut, and the respiratory
tract, they can also be found in the CNS (particularly in perivascular locations as part of the
BBB). Mast cells are known for their role in allergic reactions, where they are activated by
cross-linking of the high affinity IgE receptor (FcεRI), but they also have an important role
in autoimmune disease such as MS, rheumatoid arthritis, and type 1 diabetes. Mast cells are
classically activated by IgG-antigen complexes, but are also induced by other factors
including PAMPs, complement, cell–cell contact and cytokines. These stimuli can result in
the release of both preformed and newly synthesized mediators. The release of preformed
molecules is regulated by the secretion of different granules containing histamine, serotonin,
tryptase, chymase, as well as the lipid-derived mediators prostaglandin D2 (PGD2) and
leukotriene B4 (LTB4), while newly synthesized mediators include cytokines, chemokines
and MMPs (19, 39, 52, 84–88).

Mast cells are observed at sites of inflammatory demyelination in the brain and spinal cord
of MS patients as well as in rodents with EAE (89, 90). Elevated levels of tryptase, a mast
cell-specific protease, was detected in the cerebrospinal fluid of MS patients, as well as
changes in blood histamine levels (45, 47, 91–93). Notably, peripheral histamine may
increase BBB permeability (19, 89). Microarray analysis of MS lesions shows that
transcripts encoding tryptase, histamine R1, and FcεRI are increased in chronic disease (94–
96). In vitro, myelin can directly stimulate mast cell degranulation, and mast cell proteases
can degrade myelin proteins as well as activate pro-MMP-2 and Pro-MMP-9 and degrade
the MMP inhibitor TIMP-1 (thus potentially supporting BBB breakdown) (21, 23, 24, 97,
98).

The most direct evidence for the role of mast cells in demyelination comes from studies
utilizing mast cell-deficient mice in EAE models with different disease courses (Fig. 1)
(MOG35–55 induced in C57Bl/6 mice or PLP139–151 induced in SJL mice), in which mast
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cell-deficient mice exhibited significantly reduced disease severity (25, 27, 99). Similar
results were obtained when key functions of mast cells were inhibited during EAE, by
treating the mice with a degranulation inhibitor (proxicromil), a serotonin receptor
antagonist (cyproheptadine), or a depletor of vasoactive amines in mast cell granules
(reserpine) (30, 32, 100).

Mast cells have been shown to interact with different cells of the innate and adaptive
immune systems. Mast cells can reduce Treg suppressive function by expressing OX40L or
by secretion of histamine and can promote the differentiation of Th17 cells (34, 36, 97).
Mast cells can also affect B-cell survival, proliferation, and differentiation into CD138+

plasma cells (39, 101), yet it is still unclear what role the mast cells play in adaptive
interactions in demyelination. In the CNS, mast cells are closely associated with astrocytes
and the BBB, and indeed, when EAE was induced in mast cell-deficient mice, there was a
reduced permeability of the BBB and cell infiltration (25, 99). Mast cells appear to play a
role in rendering the CNS more susceptible to infiltration of immune cells, thus promoting
inflammation and demyelination.

Invariant NKT cells
NKT cells are a subset of T cells shown to have a crucial role in promoting immunity to
tumors, bacteria, and viruses, and in suppressing cell-mediated autoimmunity. NKT cells
have a T-cell receptor of limited diversity that recognizes lipid antigen presented by the non-
classical MHC class I molecule CD1d. The term NKT was originally given to this cell based
on their expression of antigens associated with the NK lineage, but this classification of
NKT cells is problematic, as it does not define a T-cell lineage with unique phenotypical or
functional attributes. Mouse and human NKT cells harbor two distinct functionally subsets,
CD4+CD8− and CD4− CD8−, the first associated with Th0 type responses and the latter
regarded as having a Th1 like phenotype. In humans a third subset, CD4− CD8+, was also
identified. Activated NKT cells are considered as potent cytokine producers [including TNF,
IFNγ, IL-10, IL-13, and granulocyte macrophage colony-stimulating factor (GM-CSF)] and
may also have cytotoxic activity, though the latter is not considered part of one of their main
effector functions (reviewed in 102).

Many lipids are released into the inflammatory milieu during demyelinating pathologies and
can be presented by CD1d by DCs and macrophages (103, 104). NKT cells are known to
alter the strength and character of immune responses through crosstalk with DCs,
neutrophils, lymphocytes, and mononuclear phagocytes, thus NKT cells were suggested to
have a clear role in diseases like MS (102). For example, IL-10-producing NKT cells were
shown to be essential for induction of regulatory T cells (105), and NKT stimulation with α-
galactosylceramide (α-GalCer) elicited a Th2-like cytokine response (106).

In multiple mice stains, including C57BL/6, SJ/L, NOD, and NOD NKT-TCR-restricted
transgenic mice, NKT cells have a regulatory effect on EAE progression, also in a CD1d-
independent manner (104, 106–108). In MS patients NKT cells are reduced, have an
abnormal cytokine production, and have altered responses to α-GalCer stimulation, a
phenotype which is partially reversed following IFNβ-treatment (109–112). These data
support an association between MS and NKT cell defects and the notion of a regulatory role
for NKT cells during demyelination.

γδ T cells
γδ T cells are a unique subset of lymphocytes that can be regarded as belonging to both the
innate and adaptive immune systems. They have a limited γδ TCR repertoire and recognize
non-MHC restricted antigens as well as TLR ligands and cytokines (as costimulators) (45,
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47, 47, 113). The exact nature of γδ TCR ligands is not entirely clear, yet they seem to
include non-protein microbial pathogens, endogenous heat shock proteins, and MHC I-like
or MHC-I polypeptides related sequences such as Rae1. γδ T cells are present in abundance
in skin and mucosal tissues, particularly intestinal epithelium, where they constitute up to
50% of the T cells, with only a minute presence (1–5%) in peripheral blood (48, 52, 53). γδ
T cells have demonstrated cytotoxic potential, either directly [e.g. FAS-FASL interaction
(85) or indirectly by activating cytotoxic CD8+ cells (89)]. They can secrete cytokines
(IL17) and chemokines (45, 47, 91) and are suggested to efficiently process and display
antigens and provide costimulatory signals sufficient for strong induction of naive αβ T-cell
proliferation and differentiation (89).

The role of γδ T cells in demyelinating pathologies is not clear. In MS patients, several
groups have reported the presence γδ T cells in MS plaques (with an enrichment to a TCR-
restricted repertoire) (94, 96) and an increase in γδ T cells in the CSF (97, 98), which
correlates with their increased number in peripheral blood (99) and high MRI activity(100).
γδ T cells isolated from the CNS can be expanded but only from patients with recent-onset
disease and not chronic MS patients (97), while expansion of CD16+ cytotoxic γδ T cells in
MS patients was primarily observed during the progressive phase of disease (101), thus
suggesting that these cells may have differential roles during various phases of the disease.
Furthermore, γδ T cells isolated from the CNS of MS patients but not from patients with
other neurological diseases respond to HSPs (HSP65 and HSP70), produce IL-2, proliferate,
and demonstrate specific cytotoxic capabilities, such as lysis of oligodendrocytes (99).
Although the antigen specificity and regulation of these cells is not well understood, it is
clear that γδ T cells are involved in the autoimmune inflammation in the CNS in MS.

To better understand the role of the γδ T cells in MS and demyelination, groups have tried
to induce EAE in γδ T-cell ‘deficient’ mice (either by depleting the cells with an anti-γδ
TCR antibody or by using transgenic mouse models). However the role of γδ T cells in
EAE remains controversial, and opposing results were obtained using different strains and
depletion methods, ranging from aggravating the clinical progression of EAE, having no
effect on disease course, to showing a protective effect (47, 113). In conclusion, γδ T cells
are increases in MS patients with ‘active’ or progressive disease and might contribute to
disease pathology by exerting direct cytotoxic effects on oligodendrocytes, though
additional studies are required to better understand their role in demyelination.

Microglia, macrophages, and monocytes
Microglial cells are the resident macrophage population of the CNS, which regulates local
innate and adaptive immune responses in the CNS tissue. Microglial cells constitute up to
20% of the total glial population in the CNS and are distributed throughout the brain, spinal
cord, and optical tissues and are estimated to be roughly equivalent in number to neurons
(reviewed in 52, 53). In the healthy CNS, microglial cells are constantly actively surveying
their surroundings (114, 115) (‘resting’ microglia) and acquire a reactive profile to cope
with altered homeostasis (be it the result of infection, trauma, ischemia, neurodegenerative
diseases, or altered neuronal activity). Microglial activation is rapid and profound and
consists of a broad arsenal that includes the release of potentially cytotoxic molecules such
as pro-inflammatory cytokines, reactive oxygen intermediates, proteinases (e.g. MMPs), and
complement proteins. In addition, microglial cells recruit a variety of leukocytes (by
chemokines secretion) as well as performing phagocytosis of debris, apoptotic cells and
pathogens, and consequent antigen presentation to T cells. On the other hand, microglia cells
also play a nourishing and anti-inflammatory role by secreting growth factors and anti-
inflammatory cytokines (52, 53). In line with the phenotypic diversity of active microglia, it
appears that microglia in the healthy CNS do not constitute a single, uniform cell population
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but exhibit heterogeneous phenotypes in different regions of the CNS (53). For example, it
was recently reported that white and gray matter microglia differ in the expression of the
immunoregulatory receptor Tim-3, which affects their interaction with adaptive cells (116).
In line with the notion that microglia are considered a self-sustaining population, at least in
the adult organism, once the inflammatory response has faded, microglial cells return to
their resting (surveying) state through a poorly understood de-activation process and excess
cells undergo apoptosis while monocytes vanish from the CNS; thus the number of
microglia cells return to normal to maintain homeostasis (52, 84, 86, 88).

CNS-invading inflammatory monocytes/macrophages cells from the periphery share several
features with resident microglia, and both populations intermingle in CNS lesions, sharing
both morphological and biochemical properties. The expression level of CD45 has been
used to discriminate between resident microglia and infiltrating monocytes. Thus, microglial
cells were considered as CD11b+CD45low/dim, and infiltrating cells were considered
CD11b+CD45high. However, those definitions may not hold during chronic inflammation,
and they lack sufficient specify (53, 117, 118). Novel markers have recently been suggested
to distinguish between microglial cells and inflammatory migrating monocytes. The
monocytes are suggested to be characterized as CD11b+Cx3CR1+ Ly6Chigh and CCR2+

cells (observed during acute stimulation); there is weak or no expression of these markers on
microglial cells (53, 117, 118). Nonetheless, these markers may also react with other
immune cells under certain conditions [e.g. NK cells (119–121)]. Other markers for
microglia have been suggested, such as the glucose transporter 5 (GLUT5) and P2Y12, yet
none of those molecules has been well established (53, 122, 123).

Microglia and inflammatory infiltrating monocytes (collectively referred to as mononuclear
phagocytes) play a diverse role in demyelinating pathologies. In MS, activated phagocytes
can be found in white matter lesions (early and late) and in gray matter subpial lesions
(thought to be a critical determinant of disability in patients) (3, 124–127); similar
observations were reported for NMO (128, 129).

In EAE studies, a marked reduction in disease severity was observed when activated
microglia/monocytes were killed either by ganciclovir [GCV, a substrate of herpes simplex
virus thymidine kinase (HSV-TK)] administration to EAE induced in CD11b-HSV-TK mice
(130), or using clodronate liposomes (131).

In MS and EAE, microglia/monocyte cells were shown to be involved in demyelination and
phagocytosis of the degraded myelin and neuronal debris (132, 133). They also have a role
in antigen presentation to T cells, and play an important role in epitope spreading observed
in Theiler’s virus infection and EAE progression in SJ/L mice (though they are not as
efficient as DCs) (66, 134). In vitro data also suggest that microglial cells can have toxic
effects on oligodendrocytes. Inflammatory monocytes (identified as CCR2+ and/or
Ly-6Chigh) have been shown to promote EAE progression, in line with previous work from
our laboratory demonstrating that the CCR2-deficient mice are resistant to EAE (1, 88, 135–
138).

Microglia and macrophages can also support remyelination, promote neural survival, and
suppress the adaptive immune response in the CNS (1, 53). Microglia and macrophages
have been shown to have a beneficial role in toxin-induced demyelinating animal models
(cuprizone and lysophosphatidylcholine), as remyelination was impaired after depletion of
macrophages with clodronate liposomes (139, 140). Yet the relevance of these findings to
human demyelinating diseases is still unclear. Microglia can also secrete growth factors such
as NGF and BDNF, thus supporting neural survival; consistent with this, BDNF were found
to be expressed by microglia/macrophages in MS lesions (52, 141). Microglia/macrophages
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can also decrease the adaptive immune response in the CNS by secreting IL-10, TGFβ, and
nitric oxide or by expressing inhibitory molecules such as PD-L1 (B7-h1) (142, 143) and
inducing Tim-3 signaling (116).

In demyelinating pathologies, microglial and monocytes cells may perform both neuro-
destructive and neuro-protective functions. Switching their function from neuro-destructive
to neuro-protective may be beneficial in preventing chronic demyelination and axonal loss
and thus preventing disease progression (3).

Astrocytes
Astrocytes are the most abundant cell in the CNS. They account for nearly half of the brain’s
cells in humans and approximately one-third in mice. Historically, astrocytes were viewed
as a relatively homogeneous cell population, defined as glial fibrillary acidic protein-
expressing (GFAP+) cells with either a fibroblast-like morphology (type I, mainly found in
the white matter) or protoplasmic-shape (type II, found mainly in the gray matter), which
play a role in the support and even regulation of neural tissue. Recent advances in astrocyte
biology suggest, however, that those notions are outdated and that astrocytes are a diverse
population of cells with functions related to both brain homeostasis and immunity (144).

Astrocytes are derived from the ectoderm during development. However, some astrocytes
can be also be differentiated in the adult brain from NG2 glia cells, at least in the context of
EAE, identifying them as a non-classic innate cells (of myeloid linage). Astrocyte diversity
makes it harder to properly define these cells, and traditional markers such as GFAP+ have
been proven to be neither inclusive nor exclusive (other CNS-resident cells such as NG2 and
pericytes cells have also been shown to be GFAP+); more recent markers such as GLAST
and S100B face similar challenges (144–146). Due to extensive transcriptional studies, a
novel pan-astrocyte marker was indentified, aldehyde dehydrogenase 1 family, member L1
(Aldh1L1)(147). Taken together, the different expression patterns of the astrocytic markers
exemplify the diversity of the astrocytes and may suggest the existence of different
astrocytes sub-types. However, before discussing the role of astrocytes in CNS immunity,
two cautionary notes should be made: (i) much of our understating of astrocytes in innate
immunity is based on in vivo studies using outdated definitions of astrocytes (147, 148), and
(ii) in vitro data is largely based on primary culture systems that are usually contaminated
with other CNS cells such as NG2, oligodendrocytes, epithelial cells, and more importantly
microglia cells (up to 10%, and even higher by standard protocols) (148, 149). Thus,
although those issues are now being addressed by our laboratory and others (such as the use
of a mixture of negative and positive selection to achieve higher culture purity) (147, 148),
previous reports must be interpreted with caution and may even account for some of the
discrepancies found in the literature regarding immune functions of the astrocytes.

Astrocyte activation has been associated with human demyelinating disorders such as MS
(150), NMO (151, 152), and experimental models [including EAE (13, 17, 153, 154),
TMEV (12, 155), and cuprizone-induced demyelination (156)]. One of the clearest
demonstration of the importance of astrocytes in neuroinflammation comes from
experiments with mice expressing the HSV-TK gene under the GFAP promoter, in which
administration of GVC induces cell death in activated astrocytes. GFAP HSV-TK transgenic
mice that were subjected to brain (157) or spinal cord (158) trauma or EAE induction (130,
159, 160), demonstrated a more severe clinical phenotype, a breakdown of the BBB,
elevated numbers of infiltrating immune cells (T-cells and monocytes), altered chemokine
profiles (160), and increased demyelination (150, 161). We have found that in a progressive
mouse model of MS, astrocytes play an important role via the TLR2/PARP1 pathway, and
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in fullerene-based anti-oxidant therapy (ABS-75), they markedly diminished disease
progression (13, 17).

Astrocytes, as part of the innate immune system, express a large array of PPRs including
TLRs, NLRs, and complement receptors (150, 161). Interestingly, only TLR3 is
constitutively expressed by both mouse and human astrocytes, presumably making them
more sensitive to viral infection (150). Astrocytes play an important role in demyelination
(Table 1). Astrocytes secrete chemokines that attract both peripheral immune cells to the
inflamed CNS (e.g. T cells, monocytes, and DCs), as well as resident CNS cells (microglia,
NG2) to the lesions sites. For example, the chemokine CCL-2 (MCP-1) is upregulated by
astrocytes in MS lesions and EAE, playing a fundamental role in the recruitment of inflamed
monocytes to the CNS [consistent with this, we have shown that mice lacking the receptor
for CCL2 are resistant to EAE (138)]. Chemokines produced by the astrocytes not only
mobilize cells but also have the ability to shape neuroinflammation. For example, CXCL12
(SDF-1) is induced by MBP in vitro and is expressed by astrocytes in MS lesions (162).
CXCL12 induces the production of CCL2 and CXCL8 (molecules that have been implicated
in B-cell migration into the CNS) in human endothelial cells (163), supports astrocyte
proliferation and activation (NF-κB activation, and TNF and IL-1 induction) (164, 165),
regulates the survival and migration of NG2 cells (166–168), and when cleaved by MMP2
(also expressed by astrocytes in MS lesions and EAE models), is converted to a neurotoxic
peptide (169). Astrocytes have also been reported to secrete various cytokines, growth
factors, and other soluble proteins that shape the immune response (see below).

A major function of innate cells is to act as antigen-presenting cells. Though astrocytes
express MHC class II under pathological conditions (170) and are capable of presenting
myelin associated antigens (171), their ability to express costimulatory molecules (e.g.
CD40, CD80, and CD86), either in vitro or in vivo, is still unclear, thus challenging their
ability to act as APCs (reviewed in 172). A key component in antigen presentation is the
cell’s ability to phagocytose and process antigen. It is not clear, however, the extent to
which astrocytes can perform phagocytosis or process and present antigens. Astrocytes have
been found to express many of the genes associated with phagocytosis (147), and
hypertrophic astrocytes were identified in acute MS lesions as cells capable of
internalization of myelin debris through clathrin-coated pits (173). Astrocytes have been
shown in vitro to engulf apoptotic encephalitogenic T lymphocytes (though less efficiently
than microglial cells) (174) and to take up myelin peptides and present them to T cells.
These observations have not been repeated with full proteins such as MOG or OVA (171,
175). Furthermore, it is not clear whether astrocytes can act as APCs in vivo under
physiological conditions.

In line with their role as innate immune cells, astrocytes play an important part in the innate
immunity’s first line of defense at the physical barrier of the CNS, the BBB. Astrocytes not
only participate during the formation of the BBB (20) but also are an integral part of the
BBB. They stop the entry of immune cells to the CNS directly or indirectly by affecting the
endothelial cells, mast cells and extra cellular matrix (ECM) of the BBB. Astrocytes directly
affect cell entry to the CNS, via the BBB, by regulating the expression of adhesion
molecules (176, 177), in particular intercellular adhesion molecule-1 (ICAM-1) and vascular
cell adhesion molecule-1 (VCAM-1) that bind to the lymphocyte function-associated
antigen-1 (LFA1) and very late antigen-4 (VLA4) receptors. They can also block the
passage of cells thorough the BBB by inducing apoptosis in the infiltrating cells. Astrocytes
constitutively express high levels of FAS ligand (FAS-L, CD95L) on the their end-feet, and
astrocyte CD95L-induced T-cell apoptosis has been described both in vitro and in vivo (e.g.
EAE model) (178–180). Notably, astrocytes have also been shown to induce T-cell
apoptosis in rat and murine encephalitogenic T cells by other means, such as secretion of
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nitric oxide (181), osteonectin, and astrocyte-derived immune suppressor factor (AdIF)
(182). Astrocytes may also control the passage of cells thorough the BBB by attenuating the
characteristics of other components of the BBB, including the endothelial cells, mast cells,
and the ECM. IL-6, TNFα, IL1-β, and TGF-β are released by astrocytes during
inflammation, and these factors act on endothelial cells and tight junctions to regulate
permeability of the BBB (20, 183). Mast cells and astrocytes have been shown to interact in
vitro (see below); yet, it is unclear how that interaction affects the BBB.

Changes in the composition of the ECM have been suggested to affect the progression of
neurologic diseases. Astrocytes may affect the ECM in the BBB by either secreting MMPs,
such as MMP2 and MMP9, that have been found to be induced by astrocytes both in vitro
and in MS lesions(184–186), thus increasing the BBB permeability, or by secreting the
MMPs inhibitor TIMP-1 (that was found to be regulated in MS models, and to be at normal
or reduced levels in the serum and CSF of MS patients), hence tightening the BBB. MMPs
secreted from the astrocyte (and from other cells such as microglia) may play other roles in
the inflamed CNS, such as supporting remyelination (MMP9 and MMP12 or TIMP-1)(187)
or attenuating chemotaxis (e.g. CCL2 cleavage by MMPs can reduce its activity or turn the
cleaved peptide into an antagonist).

Astrocytes also play a role in another highly important physical barrier in the brain, the
‘glial scar’. The glial scar is a physical barrier found around demyelinated lesions in MS and
EAE, and it is primarily composed of interwoven astrocytic processes held together by tight
junctions (159, 188–190). The glial scar is thought to inhibit remyelination [though some
have challenged this notion (191)], as it acts as physical barrier preventing OPCs/NG2 cells
from migrating into the lesion (192). Furthermore, astrocytes express factors that inhibit the
maturation of the OPCs into oligodendrocytes, such as fibroblast growth factor-2 (FGF-2)
(188, 193, 194), and even prevent axonal growth (195) by different ways such as the
expressing of Neurocan proteoglycan, that was shown to inhibit axon growth in vitro(196)
and has been associated with MS lesions and animal models (197, 198).

Astrocytes modulate the activity of adaptive and innate immune cells in the
CNS
T cells

Astrocytic cross talk with T cells is extensive and may affect both the number and the
phenotype of the T cells in the CNS (Fig. 3). Astrocytes attract CD4+ T cells to the CNS
(and demyelinating lesions) by secreting chemokines, and regulating their entry thorough
the BBB. However, in vivo data are inconclusive regarding the role of astrocytes in T-cell
recruitment during EAE, as no changes in T-cell infiltration to the CNS was detected when
activated astrocytes were paralyzed (HSV-TK GFAP mice model) (159, 160). In Act-1-
deficient astrocytes, however, when EAE progression is also reduced, a reduced infiltration
of both CD4+ and CD8+ T cells coupled with a reduction in chemokine production was
detected (153). CD24 expression in astrocytes has also been shown to regulate EAE severity
and to contribute to the presence of Th17 cells in the CNS during EAE (199). Astrocytes
may present antigen to the CD4+ T cells and secrete cytokines such as TGFβ, IL-1, IL-6,
IL-10, IL-12, IL-15, IL-23, and IL-27 (200) that have the potential of committing T cells to
an pro-inflammatory phenotype (Th1, Th17) or to a regulatory phenotype (Treg, Tr1). In
vitro experiments show that astrocytes can promote the differentiation of T cells into fully
functional regulatory T cells that are capable of ameliorating EAE (201). Furthermore,
astrocytes were shown to have elevated galectin-9 (Gal-9) expression in MS patients
compared to healthy controls (116). T-cell immunoglobulin-3 (Tim-3) has been identified as
a marker of differentiated Th1 and CD8+ T cytotoxic type 1 cells. The interaction of Tim-3
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with its ligand, Gal-9, induces T-cell dysfunction or apoptosis, and in-vivo blockade of this
interaction results in exacerbated autoimmunity and abrogation of tolerance in experimental
models (202). Thus Gal-9 expression on astrocytes may act to inhibit T-cell-mediated
demyelination. On the other hand, astrocytes may secrete factors that promote induction of
Th1 cells (171, 203), and in the presence of supporting cells (lymph nodes cells) also induce
Th17 cells (204). The role of astrocytes in CD4+ T-cell lineage commitment in the CNS is
still unknown. Furthermore, astrocyte-driven IL-15 production, which have been observed in
MS lesions, was demonstrated to have an important role in the encephalitogenic activity of
CD8+ T cells (205).

T-cell associated cytokines, such as IFNγ (Th1), IL-17 (Th-17), IL-9 (Th-9), and IL-10 and
TGFβ (regulatory T cells), have all been shown to modulate different aspects of astrocyte
activation including chemokine and cytokine production, regulation of MHC class II and
costimulatory molecule expression, and secretion of MMPs and other soluble factors (150,
206, 207).

B cells
B-cell–activating factor belonging to the TNF family (BAFF) expression is important for B-
cell survival, expansion, and activation. BAFF is produced by astrocytes and up-regulated in
MS lesions, and in EAE-affected mice (208–210), suggesting that astrocyte-dependent
BAFF expression may drive B-cell-dependent autoimmunity.

B cells may affect the astrocyte physiology by in an antibody-driven fashion, the clearest
example being NMO, in which B cells produce antibodies against AQP4, the main water
channel protein in the CNS, expressed on astrocyte end-feet at the BBB. Binding of NMO-
IgG to AQP4 can trigger complement activation and affect astrocyte physiology resulting in
increased BBB permeability, inflammatory cell infiltration, and impaired glutamate uptake
by astrocytes, leading to neurotoxicity (211, 212).

Microglia/macrophages
Astrocytes can modulate microglia and macrophage function in demyelinating disorders by
a number of signals. They may affect monocyte migration thorough the BBB and modulate
chemotaxic signals that recruit monocytes and microglia cells to the lesion sites. For
example, astrocytes are a major source of CCL2 (MCP1) and CXCL10 (IP10) in MS and
EAE, which regulate the migration of monocytes (CCL2-CCR2) into the brain, and the
microglia (CXCL10-CXCR3) towards the lesion sites. However, when reactive astrocytes
are depleted in mice induced with EAE, there is an increase in the numbers of Iba1+ cells
(microglia/macrophages) and CD11b+CD45high (mainly macrophages), but not in
CD11b+CD45dim cells (presumably microglia cells) in the CNS, suggesting a more
prominent role for astrocytes in regulating the recruitment of peripheral monocytes (159,
160). In vitro data indicate that in co-cultures of microglia and astrocytes or using astrocyte-
conditioned medium, astrocytes may regulate microglial secretion of IL-12 (213), induce
hemeoxygenase-1 (HO-1) expression in microglia cells, thus favoring a more anti-
inflammatory phenotype (214). By secreting GM-CSF, M-CSF, or TGF, the astrocytes may
regulate MHC class II expression on microglial cells (172) and even regulate microglial
phagocytosis (215).

DCs
Astrocytes produce DC-attracting chemokines in vitro and in MS lesions (216). Yet, when
EAE was induced in the HSV-TK mice, and activated astrocytes were depleted, more
CD11c+CD45high cells (DCs) were detected in the CNS (160), suggesting that astrocytes can
also regulate DC numbers is the CNS by other mechanisms.
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NK cells
Little is known about the interaction between astrocytes and NK cells. Astrocytes secrete
CXCL10, which attracts Cx3Cr1+ NK cells to the CNS (Cx3Cr1-‘deficient’ NK cells were
found to be excluded from the CNS) (217). Activated human NK cells kill astrocytes in
vitro, and murine NK cells exacerbate the loss of GFAP and AQP4 expression in an ex vivo
model of neuromyelitis optica (76, 218).

Mast cells
Mast cells and astrocytes share a perivascular localization (219). Astrocytes support the
viability of mast cells in vitro (43, 44, 219) and express receptors for histamine, a major
constituent of mast cell granules. In addition, astrocytes produce cytokines or chemokines
(e.g. IL-33) that cause mast cell degranulation and also express CD40L which activates mast
cells (35, 37–39, 220, 221).

γδ T cells
Human astrocytes expand γδ T cells in vitro as a result of their high expression of HSPs, in
contrast to other glia cells, including microglia cells, suggesting a possible interaction
between the two cells types (19, 39, 87, 222). Yet, their role in demyelination disorders is
unclear.

Astrocytes are emerging as an important innate immune cell in demyelinating diseases.
Astrocytes act as gatekeepers to the CNS (in the BBB) and as the ‘town herald’ recruiting
immune cells to lesion sites in the CNS. They may act directly or indirectly by affecting
other cells, to induce cell damage, demyelination, and to inhibit remyelination. Astrocytes,
in contrast, may acquire the opposing phenotype promoting cell survival, reducing
inflammation, reestablishing CNS seclusion, and supporting remyelination. In some cases,
such as NMO, they may be the direct target of the immune assault. In acute EAE, it appears
that astrocytes have a regulatory role, yet it still unknown what role they play in chronic
pathologies and during the course of MS and whether in these situations astrocytes could be
manipulated to serve a therapeutic function.

Summary
Cells of the innate immune system may act in either a beneficial or detrimental fashion both
in human and experimental disorders. On one hand, they may control autoimmunity by
skewing the T-cell phenotype to a regulatory one, secreting neurotrophic growth factors and
supporting remyelination. On the other hand, the innate immune system may play an
immuno-pathogenic role by promoting the differentiation of Th1 and Th17 cells, which
drive acute inflammatory events and can directly induce demyelination, kill neurons, and
oligodendrocytes and prevent remyelination. Furthermore, the progressive phase of MS
appears to driven by the innate immune system, which may directly contribute to the
neurodegenerative changes that occur in progressive MS. Until now, there are no therapies
that specifically target innate immune cells in MS. As the role of innate immunity in MS
becomes better defined, it may be possible to better treat MS by targeting the innate immune
system.
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Fig. 1. Mouse models of demyelinating diseases
The demyelinating diseases multiple sclerosis (MS), neuromyelitis optica (NMO), and acute
disseminated encephalomyelitis (ADEM), are represented as circles, with the corresponding
mouse models. MS is further subdivided into a histogram representing the different stages of
MS, a decade after initial diagnosis: primary progressive (PP), relapsing remitting (RR), and
secondary progressive (SP). Data adapted from (5, 10, 223). aBiozzi mice develop a
different EAE pattern depending on the peptide used for disease induction. bC57Bl/6 MOG-
induced EAE is a monophasic disease that can be regarded as a single attack (ADEM) or
represent the first attack in RRMS.
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Fig. 2. Role of innate cells in modulating CNS demyelinating disease
An innate cell in the CNS may recruit peripheral cells and affect the integrity of the BBB. It
can activate CD4+ T cells and induce a pro-demyelinating effector phenotype (Th1, Th17, or
Th9) or a regulatory T-cell phenotype (Foxp3+ Treg, and Tr1); or terminate the CD4+

response by inducing apoptosis. The innate cell can also activate and modulate other
adaptive cells such as CD8+ cytotoxic T cells, B cells, or other innate cells (either peripheral
or central). The innate cell can directly affect the demyelinating and remyelinating processes
by breaking down myelin, clearing (phagocytosis) myelin, debris, and dead cells, and by
affecting oligodendrocyte and neuronal viability. The innate cell can also affect NG2/OPC
(oligodendrocyte precursor cell) maturation into oligodendrocytes, and their migration to the
lesion site, as well as modulating axonal growth.
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Fig. 3. Astrocyte modulation of T cells
Astrocytes recruit T cells into the CNS by chemokine production, by expression of adhesion
molecules (e.g. ICAM-1, VCAM-1), and by regulating passage through the BBB [by
cytokine and MMP production or MMP inhibition (TIMP-1)]. Astrocytes induce T-cell
activation via antigen presentation, cytokine production [TGF, IL-6, IL-23, IL-10, and
osteopontin (OPN)], and use other signaling molecules to modulate the T-cell response [e.g.
CD24, galectin-9 (Gal-9) and PD-L1]. Astrocytes may also prevent or terminate the T-cell
response by inducing T-cell apoptosis, expression of FAS-L, or by other mediators such as
nitric oxide, astrocyte-derived immune suppressor factor (AdIF), and osteonectin.
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Table 1

The role of astrocytes in demyelinating diseases.

Function Mechanism

Recruitment of immune cells to CNS lesion
sites

• Chemokine production

• Modulation of adhesion molecule expression (eg. VCAM-1)

• Modulation of BBB integrity

Modulation of the immune response Cytokines, chemokines, MHC, co-stimulatory molecules, secreted proteins (eg. MMPs), NO,
and ligand receptor interactions (eg. Gal9-Tim3)

Termination of the immune response Induction of apoptosis

Affect neuronal and oligodendrocyte
function

• Viability (cytotoxicity or survival)

• Regulation of axonal growth

• Myelin breakdown and uptake (phagocytosis)

Modulation of the NG2/OPC role in
remyelination

• Attraction of NG2/OPC to lesion sites

• Regulation of NG2/OPC migration (eg. glia scar)

• Modulation of NG2/OPC survival, proliferation and differentiation into
oligodendrocytes
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