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Conclusiones: Los astrocitos desempefnan un papel trascendental en la patogénesis de la
EM, debido a que expresan receptores TLR, asi como proteinas del complejo principal de
histocompatibilidad (MHC) clase | y Il. Ademas, participan en la regulacion de la barrera hemato-
encefalica (BHE) y la modulacion de la actividad de los linfocitos T mediante la produccion de
citocinas. Futuros estudios deberan enfocarse en el papel de los astrocitos con el objetivo de
encontrar nuevos blancos terapéuticos para el tratamiento de la EM.

© 2017 Sociedad Espanola de Neurologia. Publicado por Elsevier Espafna, S.L.U. Este es un
articulo Open Access bajo la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

Introduction

Multiple sclerosis (MS) is a demyelinating autoimmune disease
of the central nervous system (CNS)'—3 presenting great clinical
heterogeneity.* It has been associated with numerous genetic and
environmental risk factors.® The disease is characterised by the
appearance of lesions or plaques® formed by CNS cells and immune
system cells, which migrate across the blood-brain barrier (BBB) and
induce CNS inflammation.” T cells and macrophages are the main
mediators of CNS inflammation; these cells invade the CNS and mod-
ulate the activity of glial cells and neurons through different cell
mechanisms, leading to demyelination and cell death in patients
with MS.8

Astrocytes are the most abundant type of glial cells in the
CNS? and play a dual role in MS pathogenesis'®: firstly, they con-
tribute to disease progression, acting as CNS immune cells and
secreting chemokines that promote immune cell migration from
the peripheral blood to the CNS'%; and secondly, they promote
the migration, proliferation, and differentiation of oligodendrocyte
precursor cells,'" favouring remyelination. The available evidence
suggests that the role of astrocytes should be reevaluated, as these
cells not only provide support and contribute to maintaining home-
ostasis, but also play a major role in the pathogenesis of CNS
autoimmune diseases, particularly MS.

In the light of these considerations, the purpose of this study
is to review, summarise, and discuss the available evidence on the
role of astrocytes in MS pathogenesis. This review addresses the
following points: 1) the role of astrocytes as CNS immune cells in
the MS inflammatory process; 2) the role of astrocytes as antigen-
presenting cells (APC); 3) the role of astrocytes in BBB integrity and
some mechanisms altering BBB permeability, which enables immune
cell migration into the CNS; and 4) the role of astrocytes in T cell
regulation.

Astrocytes as immune cells in multiple
sclerosis

As is the case with microglia, astrocytes express pattern
recognition receptors (PRR), which bind to pathogen-
associated molecular patterns (PAMP).'> PRRs recognise
PAMPs derived from different pathogenic microorganisms,
such as bacteria'™ and viruses,”™ " as well as damage-
associated molecular patterns (DAMP), which are considered
to be host-derived and are released after cell damage or
death.'” Astrocytes express toll-like receptors TLR3 and
TLR4."? TLR3 recognises double-stranded RNA released by

damaged or virus-infected cells, inducing a proinflamma-
tory response in the immune system'® through TRIF-, NF-kB-,
RIP1-, and TRAF6-dependent signalling.’” However, Bsibsi
et al.?° showed that TLR3-mediated astrocyte activation
in the CNS induces overproduction of anti-inflammatory
cytokines interleukin (IL)-9, IL-10, and IL-11, and decreases
the expression of the p40 subunit of IL-12 and IL-13. Fur-
thermore, TLR3 expression by astrocytes may be enhanced
by interferon (IFN)-y, IFN-B, or IL-1B.2" This suggests that
TLR3 expression in patients with MS modulates inflamma-
tion through the expression of anti-inflammatory cytokines,
which limit the activity of immune cells.

TLR4 is upregulated in brain lesions of animals with
experimental autoimmune encephalomyelitis (EAE), an
experimental model of MS, as well as in blood cells from
patients with relapsing-remitting MS (RRMS) and secondary
progressive MS (SPMS).?2 Crowley et al.?® report that TLR4
and TLR3 activation with an inflammatory stimulus in
patients with MS enhances NF-kB expression, increasing
TNF-a levels. This finding supports the hypothesis that astro-
cytes play a dual role in MS: on the one hand, TLR3 activation
in astrocytes releases anti-inflammatory cytokines that limit
neuroinflammation, and on the other hand, TLR3 and TLR4
stimulation may promote a proinflammatory process sec-
ondary to increased TNF-a production.

Astrocytes as antigen-presenting cells in
multiple sclerosis

Astrocytes are non-traditional APCs,? since they only serve
an immune function if CNS damage is present.?®> Astrocytes
constitutively express major histocompatibility complex
(MHC) class | molecules.?® However, MHC class Il expression
in astrocytes is controversial: while some studies suggest
that MHC class Il molecules are constitutively expressed
in astrocytes,?” others report minimal expression?® or sug-
gest that expression is cytokine-dependent.”’ There is
also controversy around the expression of co-stimulatory
molecules: some studies suggest that astrocytes can express
co-stimulatory molecules of the B7 family,**3' whereas oth-
ers have found no evidence of B7 molecule expression.3233
In any case, it seems clear that such infectious processes
as viral infections induce MHC class | and Il expression in
astrocytes,*»* and that expression of both classes of MHC


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

402

J.J. Guerrero-Garcia

molecules changes according to the predominant cytokine
profile in the CNS.%7:36-38

Biopsy studies of post mortem brain tissue from patients
with MS have detected MHC class I*° and 11" molecules
in astrocytes (Fig. 1). T cells present in MS lesions induce
MHC class | overexpression through IFN-y production,
which is regulated by NF-«B activity.?® IFN-y production also
increases MHC class Il expression?’:3¢4 through increased
activity of protein kinase C and IFN-gamma enhanced factor
X; the latter interacts with the X box of the DRA promoter.*
Furthermore, IFN-vy increases the mobility of MHC class Il
compartments, which is intermediate filament- dependent,
allowing faster delivery of MHC molecules to the surface
of astrocytes.’® This suggests that astrocytes may consti-
tutively express MHC class Il molecules, which remain in
intracellular compartments until astrocytes are stimulated
by IFN-vy.

However, MHC expression in astrocytes may be inhibited
by different molecules. One of the first molecules to be anal-
ysed was IFN-B, which blocks IFN-y- induced MHC class Il
expression®“ without modifying MHC class | expression.*®
This immunomodulatory effect is used as an action mecha-
nism in IFN-B treatment for MS,*’~*° which was approved by
the United States Food and Drug Administration in 1993.%° It
delays relapses, decreases neurological deterioration, and
slows disease progression.>®

Other cytokines associated with modulation of MHC class
Il expression in astrocytes are IL-4,% IL-1,%” and TGF-B.%
TGF-B, the most extensively studied cytokine, is known to
decrease MHC class Il expression in astrocytes®">2 and other
types of cells.>*>4 Dong et al.>® showed that TGF-B inhibits
the expression of the MHC class Il transactivator (CIITA),
which is needed for the induction of EAE,>® and the activity
of the CIITA type IV promoter through the Smad3 transcrip-
tion factor.”

Some studies suggest that MHC expression is regulated
by molecules directly involved in nerve transmission. Sim-
ilarly, it is reported that glutamate,®” norepinephrine,
and gangliosides®®® may inhibit MHC expression in astro-
cytes. Furthermore, serotonin may modify the response
of immune system cells."%> Serotonin receptor ago-
nists are known to inhibit the expression of IFN-y-
induced MHC class Il molecules and B7 co-stimulatory
molecules in astrocytes.®® Seddighzadeh et al.** found an
interaction between a protective haplotype in serotonin
receptor HTR2A alleles and HLA-DRB1 alleles constitu-
tively expressed in synovial fibroblasts from patients with
rheumatoid arthritis, a widely studied autoimmune disease.
Since astrocytes regulate synapse formation,®® changes
in neurotransmitter release may alter MHC expression
in astrocytes and their involvement in T cell antigen
presentation.

Furthermore, oestrogen has been found to have a neu-
roprotective effect, as it induces an anti-inflammatory
response in astrocytes, decreasing the severity of EAE
and MS®¢7 through different mechanisms. One of these is
the modulation of astrocytes’ activity as APCs. Adamski
et al.®® showed that oestrogen decreases MHC class Il expres-
sion in astrocytes through a mechanism independent of
CIITA expression, attenuating histone acetylation in the
MHC class Il promoter (Fig. 2). Oestrogen has also been

found to decrease the expression of cluster of differentia-
tion (CD) 40 and CD86 in microglia®®; in professional APCs
(dendritic cells, macrophages, and B cells), it increases
expression of programmed cell death protein 1.7° This sug-
gests that oestrogen may also modulate the expression of
co-stimulatory molecules in astrocytes (Fig. 2).

Astrocytes modulate blood-brain barrier
permeability in multiple sclerosis

Astrocytes present close contact with the basal lamina of
the BBB, since their processes line blood vessel walls.”! At
this level, astrocytes are interconnected by gap junctions
formed by connexin 43 and connexin 30.'° Brand-Schieber
et al.”> observed decreased expression of connexin 43 in
astrocytes from mice with EAE, which suggests loss of
connectivity between astrocytes and increased BBB per-
meability. Furthermore, astrocytes express aquaporin-4,”!
which has been shown to be overexpressed in active MS
lesions’® (Fig. 1). In a more recent study of rats with
post-traumatic brain injury conducted by Soltani et al.,’*
oestrogen was found to decrease aquaporin-4 expression
(Fig. 2), which may suggest a protective effect on the BBB
in EAE and MS.

Furthermore, astrocytes can modulate BBB permeability
through cytokine production. The combination of cytokines
produced by astrocytes depends on their interactions
with other cells and the stimuli received from other
cytokines. Production of IL-1, IL-6, and TNF-« by astrocytes
increases BBB permeability, whereas production of TGF-B
has the opposite effect.”> Furthermore, the BBB transports
cytokines bidirectionally (blood to brain, brain to blood),”®
which means that systemic overproduction of proinflamma-
tory cytokines promotes inflammation associated with the
underlying CNS disease.

Immune cells in the peripheral blood have limited access
to the CNS. To enter the CNS, cells must migrate via dia-
pedesis through the BBB to the perivascular space, and
then to the brain parenchyma?’; astrocytes are the first CNS
cells to be activated by T cells, due to their direct contact
with the BBB.”” IL-17 production by Th17 cells and subse-
quent Act1-mediated IL-17 signalling induce the production
of chemokines that increase immune cell recruitment and
diapedesis through the BBB.””-”® Thus, interaction between
Th17 cells and astrocytes may trigger inflammation in MS
due to astrocyte activation and production of soluble factors
(chemokines and cytokines), which increase BBB permeabil-

ity.

The role of astrocytes in the expression of the
Th1/Th2/Th17 profile

Th1 and Th17 cells are the CD4+T cell lineages responsi-
ble for inflammation in MS, whereas Th2 and Treg cells limit
inflammatory activity.”” Several studies have addressed the
role of astrocytes on the modulation of the Th1/Th2/Th17
profile in the CNS. Astrocytes have been found to pro-



The role of astrocytes in multiple sclerosis pathogenesis

403

T IL-17

1 Glutamate

Glutamate

o
)

4) /

IFN-y
o O

T MHC class | and Il

T Antigen presentation

B7 family molecules?

Figure 1

T Excitotoxicity

1 AQP4 ®)
| Connexin 43

oo

;

Chemokines

(@)
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T helper 17 cell.

duce cytokines from the IL-12 family, such as IL-12,808
IL-23 (both p40%%®" and p19 subunits®'), and IL-27 (both
p28 and EBI3 subunits).’? In MS, production of these
cytokines seems to determine the predominant profile over
the course of the disease; this is addressed later in the
review.

On the one hand, IL-12 and IL-23 production favours
the presence of Th1 and Th17 cells, respectively.?® As
both cytokines share the p40 subunit, previous studies
have shown that IL-23 is essential in MS pathogenesis,
since presence of IL-23-induced Th17%* in the absence
of Th1 is sufficient to induce EAE in animals.®>8 There-
fore, there is a correlation between presence of IL-23

and severity of disease induced by IL-17,%* which induced
excitotoxicity and neuronal death due to glutamate accu-
mulation in the synaptic region®>®” (Fig. 1). On the other
hand, when IL-12 production is promoted, Th1 cells are
the predominant population®; therefore, IFN-y production
inhibits differentiation into Th17 lineage cells.®® This sug-
gests that IL-23 production by astrocytes promotes CNS
inflammation through Th17-dependent mechanisms, and
that IL-12 production partially promotes inflammation via
Th1. However, increased IL-12 production suggests that the
predominant population is Th1, which together with subse-
quent IFN-y production regulates the activity of the Th17
population.
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Regarding IL-17- mediated glutamate excitotoxicity, sev-
eral studies have shown that oestrogen increases the
expression of the glutamate aspartate transporter®°—°' and
glutamate transporter-1 in astrocytes.®®?°~°? This suggests
that oestrogen plays a neuroprotective role in astrocytes by
increasing glutamate reuptake in the synaptic region,® %
which may decrease neuronal death secondary to excessive
glutamate activity (Fig. 2).

IL-27 is extensively produced by astrocytes and microglia
in patients with MS, and its receptor is expressed by both T
cells and astrocytes.®? IL-27 mainly has anti-inflammatory

effects and has been found to limit the development of
EAE in animals as it regulates Th1 and Th2 cell response
through a decrease in IL-2 levels, which limits the prolifer-
ation of these populations.®® Furthermore, IL-27 decreases
Th17 cell differentiation®®°* and, together with IL-6, may
induce IL-10 production in Th1, Th2, and Th17 cells.®®
This suggests that astrocytes modulate the inflammatory
response in MS through various mechanisms, including IL-27
secretion by astrocytes and microglia, inducing a self-
limiting process due to IL-10 production by different T cell
populations.
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Conclusions

Astrocytes play a major role in MS pathogenesis since
they are actively involved in CNS inflammation and also
limit inflammation through several mechanisms, including:
1) expression of TLRs, which enable astrocytes to act as
immune cells; 2) expression of MHC class | and 1l molecules,
as well as co-stimulatory molecules, which allows astrocytes
to serve as professional APCs; 3) regulation of BBB perme-
ability; and 4) production of IL-12, IL-23, and IL-27, which
regulate the expression of Th1 and Th17 inflammatory pro-
files in the CNS. Furthermore, there is evidence suggesting
that oestrogen has a neuroprotective effect on the mech-
anisms involving astrocytes. Future studies should address
the role of astrocytes and modulation of their activity in CNS
inflammatory processes with a view to finding new therapeu-
tic targets for MS.
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