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Abstract: Glia maturation factor- (GMFB) is considered to be a growth and differentiation fac-
tor for both glia and neurons. GMFB has been found to be upregulated in several neuroinflamma-
tion and neurodegeneration conditions. It may function by mediating apoptosis and by modulating
the expression of superoxide dismutase, granulocyte-macrophage colony-stimulating factor, and
neurotrophin. In this review, we mainly discussed the role of GMFB in several neuroinflamma-
tory and neurodegenerative diseases. On review of the literature, we propose that GMFB may
be a promising therapeutic target for neuroinflammatory and neurodegenerative diseases.
Keywords: glia maturation factor-f, neurodegeneration, neuroinflammation

Introduction

Glia maturation factor (GMF), as a growth and differentiation factor, was first isolated
from bovine brain in 1972." The protein is actually a mixture of two compounds:
glia maturation factor-f (GMFB) and GMF-y. GMFB was further purified from
crude GMF .2

GMEFB is expressed predominantly in the central nervous system (CNS),* while its
expression has also been detected in various other tissues including colon, thymus, and
kidney.** It is a highly evolutionary conserved protein and is expressed in a wide range
of vertebrates;® however, the whole-body knockout (KO) of GMF using homologous
recombination appears to be nonlethal to C57BL/6 mice in some studies.””’

Neurodegenerative diseases, which include Alzheimer’s disease (AD) and
Parkinson’s disease (PD), are a group of disorders characterized by the loss of neurons. '°
During neurodegeneration, astrogliosis is often observed."" On one hand, reactive
astrocytes can demarcate lesions and play a protective role by secreting neurotrophic
factors.'? On the other hand, reactive astrocytes are implicated in the upregulation of
various cytokines, chemokines, as well as reactive oxygen species (ROS) and reactive
nitrogen species (RNS),!! which may lead to oxidative stress.

Neuroinflammation is the inflammatory response in the nervous system. Uncon-
trolled neuroinflammation would lead to the overproduction of neurotoxic factors
including pro-inflammatory cytokines/chemokines and ROS/RNS, which would impair
the normal structure and function of neurons. Chronic microglia activation is a com-
mon feature of all neuroinflammatory responses. Activated microglia, characterized
by the release of various inflammatory mediators and phagocytosis, could have both
protective and deleterious effects on the nervous system."

Neuroinflammation is often identified in many neurodegenerative diseases.
Neurodegenerative diseases are often driven by the innate immune system while neu-
roinflammatory diseases are more commonly driven by the adaptive immune system.'*
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The close relationship between neuroinflammation and
neurodegeneration cannot be overlooked.

In this review, we mainly focus on the structure, func-
tion, and possible signaling pathways of GMFB in several
neurodegenerative diseases, and touch upon the progress of
research on GMFB beyond CNS. As a result, we propose
that GMFB may be a potential therapeutic target for neuro-
degenerative and neuroinflammatory diseases.

Gene structure and function of
GMFB

Human GMFB is located on the long arm of human
chromosome 14." With six introns and seven exons, it is
7 kb in length.'® The gene encodes an acidic protein with an
isoelectric point of pH 4.9.2 The purified GMFB protein has
been identified to have 142 amino acid residues and it has a
molecular weight of ~17 kDa.?

Lacking a signal peptide sequence, GMFB is primar-
ily an intracellular protein which is implicated in various
signaling pathways.!” Considering that some proteins can
also be secreted even in the absence of a signal sequence,'®
GMFB may also be a secretory protein. In fact, GMFB can
be secreted under certain conditions.'*?* Also, it has been
reported that GMFB is expressed on the cell surface of some
cells including astrocytes and thymus epithelial cell line.?"*
An in vitro study has demonstrated that the introduction of
GMFB to the culture media can elicit some signaling and
metabolic alterations in glioblastoma cells.” These evidence
indicate that GMFB may act as a signaling molecule both
intracellularly and extracellularly and can influence the
signaling transduction as well as cell communication via
autocrine or paracrine fashion.

GMFB is predominantly expressed in the CNS although
the relative expression quantity in different parts of the CNS
remains controversial.»>¢2* This may result from the differ-
ence of experimental specimens and methods. The expression
of GMFB has also been reported in various other tissues
including thymus, testis, ovary, colon, and renal proximal
tubule.>*¢ The major cells that express GMFB in the nervous
system are glial cells, including astrocytes, Bergmann glia
in the cerebellum, Schwann cells in the peripheral nervous
system (PNS), as well as Miiller cells in the retina.®*>?* How-
ever, its expression in some neurons has also been detected.*
Likewise, GMFB is highly expressed in some cell lines which
have a glia or neuron origin, such as glioma, schwannoma,
and neuroblastoma cell lines.’

GMFB expression pattern is development dependent.
In rat brain, its mRNA was detectable as early as embry-
onic day 10 and there is no significant change throughout

the rats’ life.> However, the protein was first detected at
embryonic day 14 (E14), and its expression level increases
steadily and reached its peak at 1 week after birth. Also, the
expression of the protein did not change significantly in the
rats’ adult life.> As mentioned earlier, GMFB can be secreted
although it has no signal sequence. An immunoassay has
been carried out and confirmed that the serum concentra-
tion of GMFB is relatively stable throughout the life of both
humans and rats with an unknown secretion mechanism.’
Furthermore, its expression can also be upregulated during
some pathological conditions.!¢?"28

Additionally, as a member of the actin-depolymerizing
factor/cofilin family, GMFB can interact with Arp2/3
complex. Therefore, it is implicated in the regulation of
actin debranching, lamellipodial dynamics, and consequently
the migration of cells.?*° Although the whole-body KO
of GMF appeared to be nonlethal to C57BL/6 mice, the
absence of GMFB may lead to compromised motor learn-
ing and performance comparing with their wild-type (WT)
counterparts.® These evidence indicate that GMFB plays an
important, although not indispensable, role in the develop-
ment of CNS.

GMFB-related signaling pathway:

friend or foe?

In an in vitro assay, GMFB can be phosphorylated by protein
kinase A (PKA), protein kinase C, casein kinase II, and p90
ribosomal S6 kinase."” PKA-phosphorylated GMFB is an
enhancer of p38 mitogen-activated protein kinase (MAPK)
and an inhibitor of extracellular signal-regulated kinase 1 and
2 (ERK1/ERK2).3"3* The overexpression of GMFB using
an adenovirus vector carrying GMFB cDNA in rat primary
astrocytes led to a slight increase in the activity of ERK
MAPK.* This distinct outcome may be explained by the fact
that GMFB may affect the activity of ERK MAPK through
multiple pathways. It is also shown that the overexpression of
GMFB using an adenovirus vector carrying GMFB cDNA in
mouse primary astrocytes led to the upregulation of nuclear
factor-kB (NF-kB) and a significant increase of granulocyte-
macrophage colony-stimulating factor (GM-CSF) secretion
(the concentration of GM-CSF in the culture media reached
a level of 78, 150, and 320 pg/mL at 12, 24, and 48 hours
after GMFB transfection; in comparison, the concentration of
GM-CSF remained at a low level [5—8 pg/mL] in the mock or
control lacZ infection groups at all incubation times). These
effects can be blocked by p38 MAPK inhibitor and NF-xB
inhibitor.** These evidence indicate that GMFB can induce
the expression and secretion of GM-CSF through the p38
MAPK pathway (Figure 1A).
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Figure | Possible signaling pathways of GMFB.

Notes: (A) Expression of GMFB in the astrocytes may lead to the activation of p38 MAPK, and subsequently the activation of NF-kB, and finally the expression of GM-
CSF. Increased secretion of GM-CSF by the astrocytes may stimulate the microglia and result in the overexpression of some pro-inflammatory cytokines/chemokines.
(B) Expression of GMFB in the astrocytes may lead to the activation of p38 MAPK, and subsequently the activation of NF-kB, and finally the expression of Cu-Zn SOD.
Increased expression of Cu-Zn SOD may lead to the overproduction of H,0,; H,O, can in turn promote the activation of both p38 MAPK and NF-kB, thus forming a vicious
cycle of oxidative stress. (C) Expression of GMFB in the astrocytes may lead to the activation of p38 and ERK MAPKs, and subsequently the activation of transcription factors,
and finally stimulate the expression of some neurotrophins. (D) GMFB overexpression may activate GSK-3f and caspase-3 and promote apoptosis.

Abbreviations: BDNF, brain-derived neurotrophic factor; CREB, cAMP responsive element binding protein; Cu-Zn SOD, copper—zinc superoxide dismutase; ERK,

extracellular signal-regulated kinase; GM-CSF, granulocyte-macrophage colony-stimulating factor; GMFB, glia maturation factor-f3; GSK-3f, glycogen synthase kinase-3f3;
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NGF, nerve growth factor; TNF, tumor necrosis factor.

In the CNS, GM-CSF is a pro-inflammatory cytokine and
a potent mitogen for microglia.* Consequently, the increase
in GM-CSF level may lead to the activation and proliferation
of microglia. It has been reported that the expression and
secretion of various pro-inflammatory cytokines/chemokines,
including tumor necrosis factor (TNF)-o and interleukin
(IL)-1B, are upregulated in activated microglia. These pro-
inflammatory factors are cytotoxic to both neurons and oli-
godendrocytes.* On the other hand, the presence of GM-CSF
receptors on rat oligodendrocytes and the mitogenic effect of
GM-CSF on oligodendrocytes indicate that GM-CSF might
promote remyelination of neurons after demyelination caused
by trauma or multiple sclerosis (MS).*® Taken together, the
expression of GMFB and the subsequent secretion of GM-
CSF may exacerbate neuroinflammation or promote glia
regeneration in different conditions.

Another clue to GMFB signaling is oxidative stress. Lim
et al have reported that overexpression of GMFB using an
adenovirus vector carrying GMFB c¢cDNA in C6 rat glioma
cells led to the activation of NF-xB as well as an increase
in copper—zinc superoxide dismutase (Cu-Zn SOD) expres-
sion. This effect can be blocked by p38 inhibitor and NF-xkB
nuclear translocation blocker.*’

Cu-Zn SOD is a cytosolic enzyme which can convert
superoxide radical (O,) to oxygen and hydrogen peroxide
(H,0,).** H,0, can be further reduced to water and oxygen
by catalase or glutathione peroxidase (GPX).** As part of the
cellular antioxidant system, Cu-Zn SOD is initially protective

since it can scavenge ROS in the presence of catalase and/
or GPX. Nevertheless, an in vitro study carried out on renal
proximal tubular cell line mProx24 and NIH 3T3 showed that
the overexpression of GMFB using liposome transfection led
to the downregulation of both catalase and GPX although
Cu-Zn SOD was upregulated.* This was corroborated by
experiments carried out on primary astrocytes derived from
GMFB-KO mice: both catalase and GPX were significantly
upregulated while the activity of Cu-Zn SOD decreased
significantly compared with WT controls.” Based on these
results, it seems that GMFB overexpression is responsible
for the upregulation of Cu-Zn SOD, as well as the down-
regulation of catalase and GPX. Considering that biological
membranes are permeable to H,O, but not to superoxide,
accumulated H,O, could diffuse into the extracellular fluid,
thus impairing other cells.*” Additionally, H,O, can in turn
promote the activation of both p38 MAPK and NF-kB,* thus
forming a vicious cycle under some pathological conditions.
In summary, the GMFB-dependent upregulation of Cu-Zn
SOD may account for the increased oxidative stress dur-
ing some neuroinflammatory and neurodegenerative
diseases (Figure 1B).

When it comes to oxidative stress, the role of RNS cannot
be overlooked. Nitric oxide (NO) has been reported to be
implicated in several neurodegenerative and neuroinflamma-
tory diseases including MS and PD.*" During pathological
conditions, NO is mainly synthesized by inducible nitric oxide
synthase (iNOS) and secreted by reactive astrocytes as well
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as microglia.*! It was found that iNOS was downregulated
in GMFB-KO mice compared with WT mice; the iNOS
mRNA level of GMFB-KO brain was ~1/18 of that of its WT
counterparts at the peak of experimental autoimmune/allergic
encephalomyelitis (EAE) onset.** A significant decrease in
NO production was also observed in primary GMFB-KO
neuron-glia cells after 20 uM MPTP treatment (the NO levels
were 11.31£0.19 and 46.21£5.88 umol/L in GMFB-KO
and WT cells, respectively; no significant difference in NO
production has been observed at the basal level between the
KO and WT groups).** These evidence indicate that GMFB
is closely related to the production of NO during some patho-
logical conditions. The precise mechanism of how GMFB
induces the overexpression of iNOS, and subsequently the
overproduction of NO, remains largely elusive. It has been
shown that the upregulation of iNOS in endotoxin-stimulated
glial cells was ERK and p38 dependent.*! Moreover, p38
MAPK may induce the transcription of iNOS possibly by
activating NF-xB.* Recently, cross talk between the p38
MAPK pathway and Janus kinase-signal transducer and
activator of transcription (JAK-STAT) pathway has also
been reported.** The relationship between GMFB, MAPK,
JAK-STAT, and NF-xB needs further investigation.

Another clue to GMFB signaling lies in neurotrophins
(NTs), including nerve growth factor (NGF) and brain-
derived neurotrophic factor (BDNF). An in vivo study has
reported a 10-fold increase in BDNF and a 1.7-fold increase
in NGF mRNA expression in the cerebellum of WT mice
following exercise, while no increase in BDNF and NGF
expression was observed in the cerebellum of GMFB-KO
mice (homologous recombination).” This finding was cor-
roborated by in vitro studies carried out on C6 glioma cells
and primary astrocytes in which overexpression of GMFB
led to the upregulation of both BDNF and NGF.347#® (For
example, overexpression of GMFB [transient transfection]
in rat C6 glioma cells led to an 8 to 10-fold increase in both
NGF and BDNF mRNA expression.*’) Moreover, Zaheer
et al reported the activation of p38 MAPK, and to a less
extent, ERK MAPK, as well as the activation of transcription
factors cAMP responsive element binding protein (CREB)
and NF-kB after adenovirus vector induced GMFB overex-
pression in primary astrocytes derived from embryonic rat
brains. Moreover, it has been demonstrated that the upregu-
lation of NGF is NF-xB dependent, while the upregulation
of BDNF is CREB dependent® (Figure 1C).

As members of the NT family, it has been reported that
both BDNF and NGF have neuroprotective function while
BDNF also has a neurotrophic effect.*” The neuroprotective

effect of NGF may be partly due to its ability to upregu-
late catalase, which may counteract the detrimental effect
of the upregulation of Cu-Zn SOD caused by GMFB
overexpression.* Nevertheless, as mentioned earlier, catalase
was significantly downregulated in GMFB overexpressing
models. There must be other ways in which GMFB can act
either directly or indirectly on catalase.

Last but not least, GMFB is associated with apoptosis.
The activation of glycogen synthase kinase-3B (GSK-3j3)
and caspase-3 in GMFB-overexpressed neuroblastoma
cells (transient transfection with adenoviral vector) has
been observed, while the upregulation of caspase-3 can be
blocked by GSK-3f inhibitors.* This indicates that GMFB
may play a role in neurodegenerative diseases by mediating
apoptosis (Figure 1D).

In addition, experiments carried out on PC-12 pheochro-
mocytoma demonstrated that the activation of p38 and c-jun
N-terminal kinase (JNK) MAPK as well as the inhibition of
ERK MAPK contribute to apoptosis after NGF retraction.”!
Concerning the interaction between GMFB and MAPK,
GMFB may also regulate apoptosis via MAPK pathways.
Although the precise mechanism remains to be elucidated,
present research studies have paved the way for it.

GMFB in the nervous system
GMFB in the retina

As a special part of the CNS, the retina is considered to share
many common features with the brain.> Several types of glial
cells in the brain including microglia and astrocytes are also
found to reside in the retina.” Another type of macroglia, the
Miiller cells, which spans the entire thickness of the neural
retina and ensheathes all retinal neurons, is characteristic
of the retina.>*

Both GMFB mRNA and protein could be detected in rat
retina as early as rat E14, while mRNA reached its highest
level at postnatal day 14. The expression of GMFB is pri-
marily localized to the Miiller cells in the rat retina.” The
expression pattern of GMFB in the retina highlighted its role
in the development and differentiation of Miiller cells in the
retina. Moreover, it has been reported that GMFB causes
the upregulation of BDNF in the Miiller cells, thus indicating
that it may have a neuroprotective function in the retina.”
However, the role of GMFB in retinal neurodegeneration is
hardly investigated.

Age-related macular degeneration (AMD), characterized
by drusens in the macula lutea and the progressive loss of cen-
tral vision, can be considered as a neurodegenerative disease.>
Several molecular factors such as the overproduction of
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pro-inflammatory cytokines/chemokines and the activation
of the complement system, along with some cellular factors
including chronic astrogliosis, Miiller cell gliosis and the
activation of microglia, and oxidative stress are thought to
contribute to the development of AMD 335657

Recent work showed that compared with adjacent non-
lesioned areas, IL-33 immunoreactivity was higher in Miiller
cells of AMD lesioned areas in the human retina.’’ 1L-33
level in the vitreous from AMD patients was also higher than
age-matched controls. It is believed that the release of IL-33
is increased under stressed retinas, and bioactive IL-33 can
in turn elicit the upregulation of various pro-inflammatory
cytokines/chemokines in the Miiller cells.”” In the CNS, it
has been reported that GMFB can enhance the expression
of IL-33 in mouse astrocytes, and IL-33 can in turn augment
the release of TNF-a as well as other pro-inflammatory
cytokines/chemokines from astrocytes. Moreover, 1L-33
together with other pro-inflammatory mediators might in turn
induce the expression of GMFB in the CNS."® GMFB and
IL-33 constitute a vicious cycle. Considering that astrocytes
and Miiller cells are both macroglial cells in the retina, Miiller
cells can be perceived as radial astroglia.’>** We propose
that IL-33 might be a promising link between GMFB and
neuroinflammatory and neurodegenerative diseases in the
retina. It seems reasonable to postulate that GMFB may be
implicated in the pathogenesis of neuroinflammation and
neurodegeneration in the retina in a similar fashion to that
in the brain. Notwithstanding, these hypotheses need to be
corroborated by further investigation.

GMFB in PNS

In PNS, the glial cells which myelinate the axons are Schwann
cells. Actually, there are two types of Schwann cells: the
myelin-forming Schwann cell, which is similar to oligoden-
drocytes in the CNS, and non-myelin-forming Schwann cell,
which resembles the astrocytes in the CNS.2

The expression of GMFB has been detected in cultured
rat Schwann cells.? GMFB immunoreactivity is upregulated
in the Schwann cells after axotomy of rat sciatic nerve.
However, GMFB was not detected in Schwann cells in an
intact nerve and it seems that the expression of GMFB was
suppressed by the regeneration of axons.*® These evidence
suggest that the expression of GMFB may be induced by
the loss of cell contact between Schwann cells and axons
in the PNS.

Axotomy would lead to the degeneration of axons,
and this degeneration can occur in nerve segments distal
to the severed site. This is called Wallerian degeneration

(WD). Axotomy-induced WD can be considered as a
neurodegenerative disorder while Wallerian-like degenera-
tion was also observed in other neurodegenerative diseases
including amyotrophic lateral sclerosis. It is believed that WD
is an essential procedure before axon regeneration.*

Considering that JINK MAPK is involved in the signal
transduction of axotomy-induced WD,*® GMFB may prob-
ably play a role in WD via the MAPK pathways.

GMFB in CNS

AD

AD is one of the major causes of dementia that mainly
affects the elderly. As a typical neurodegenerative disease,
AD is pathologically characterized by amyloid plaques
(APs), which are mainly formed by aggregated amyloid-
beta peptide (AP), and neurofibrillary tangles (NFTs),
which are composed of hyperphosphorylated tau.®' Evidence
collected from human brain samples has shown a significant
upregulation of GMFB in AD-affected brain, especially in
the hippocampus and entorhinal cortex.!**%* The expres-
sion of GMFB was co-localized with APs and NFTs in the
AD-affected brain. Furthermore, GMFB expression was
detected in both the vicinity and interior of APs.!6:196263
Co-localization of GMFB-immunoreactive astrocytes with
glial fibrillary acidic protein-labeled reactive astrocytes as
well as ionized calcium binding adaptor molecule 1-labeled
activated microglia has also been reported.'” In AD mouse
models induced either by triple transgene or AP infusion,
a significant increase in GMFB expression as well as pro-
inflammatory cytokines/chemokines such as TNF-c, IL-1,
interferon-v, and interferon-y-inducible 10 kDa protein has
been observed.**% However, compared with WT mice, the
expression of pro-inflammatory cytokines/chemokines such
as IL-1B and TNF-o was much lower in the hippocampal
extracts of GMFB-KO mice (homologous recombination)
after AP injection. Likewise, ameliorated neuronal loss and
suppressed astrocyte/microglia activation were reported
in GMFB-KO mice. Behavioral experiments also demon-
strated better cognitive performance in GMFB-KO mice
after AP treatment.®® Collectively, these evidence support
the hypothesis that GMFB is involved in the pathogenesis
of AD, though the exact mechanism remains elusive. It has
been reported that overexpression of GMFB using an adeno-
virus vector carrying GMFB ¢cDNA in neuroblastoma cells
led to significant activation of GSK-3[3.% Intriguingly, the
activation of GSK-3[ can not only upregulate the expres-
sion of caspase-3 but also lead to the hyperphosphorylation
of Tau as well.*® This suggests that GMFB may probably
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mediate the neuronal loss and the formation of NFTs in AD.
Considering that GM-CSF was detected in reactive astrocytes
in AD lesions, both serum and cerebrospinal fluid levels of
GM-CSF were much higher in AD patients compared with
healthy people.’>3¢ Meanwhile, overexpression of GMFB in
astrocytes leads to increased secretion of GM-CSF, and sub-
sequently the activation of microglia.®® It seems reasonable
to propose that astrocytes may be responsible for the initia-
tion of GMFB-GM-CSF—cytokines/chemokines cascade in
AD (Figure 1). Additionally, since oxidative stress plays
an important role in the pathogenesis and development of
AD, GMFB-KO astrocytes showed decreased Cu-Zn SOD
expression.” GMFB may probably mediate oxidative stress
in AD via upregulation of the Cu-Zn SOD pathway.

MS

MS is an autoimmune-mediated chronic inflammatory demy-
elinating disease which affects the CNS. It can be further
divided into several subtypes including relapse-remitting MS,
secondary progressive MS, and primary progressive MS.47
MS is characterized by multiple demyelinating plaques,
while chronic inflammation, progressive neurodegeneration,
as well as the impairment of blood-brain barrier are also its
pathologic features.®® Hitherto, although the etiology and
the pathogenesis of MS remain largely unknown, several
hypotheses have been proposed. Some believe that the
disease starts from the infiltration of autoimmune reactive
T-cells from the peripheral immune system (the outside-in
hypothesis), while others insist that the primary cause is the
disturbance within the CNS, and inflammation is second-
ary to it (the inside—out hypothesis).® What is clear is that
autoimmune reactive CD4+ T-cells and activated microglia
play a pivotal role in the immune response of MS.® Oxida-
tive stress and inflammation are also important factors that
contribute to demyelination and neurodegeneration.* Over
the past few decades, several animal models were used to
mimic the pathologic changes of MS, among which EAE of
mouse/rat is the most widely used.”

A significant increase in the expression of GMFB has
been reported in the CNS of EAE-affected mice compared
with healthy controls.” After infiltration of myelin oligoden-
drocyte glycoprotein, GMFB-K O mice (homologous recom-
bination) showed a significant decreased incidence (20% in
the GMFB-KO group vs 100% in the WT control group) and
alleviated symptoms (maximal clinical score of 0.6510.35 in
the GMFB-KO group vs 3.510.4 in the WT control group)
compared with the WT counterparts. Also, mRNA expres-
sion levels of some pro-inflammatory cytokines/chemokines

such as TNF-o and GM-CSF are reported to be lower in
GMFB-KO mice after injection (TNF-oc and GM-CSF mRNA
expression in the spinal cord of GMFB-KO mice were ~1/26
and 1/21 of that of the WT counterparts).” However, reintro-
duction of GMFB to KO mice by either adenovirus infection
or intraperitoneal injection led to the restoration of symptoms
and increased pro-inflammatory mediators during onset of
EAE.>7 Intriguingly, intravenous injection of anti-GMFB
antibody led to significantly ameliorated symptoms and a
clear-cut decrease in pro-inflammatory cytokine/chemokine
production.” These results suggest that GMFB may be closely
involved in the pathogenesis and development of EAE and
mainly plays a detrimental role.

Some previous research studies may be helpful to
understand its possible mechanism. It has been reported
that overexpression of GMFB using an adenovirus vector
in primary astrocytes isolated from embryonic rat brain
led to significantly increased secretion of GM-CSF. The
GM-CSF level in the culture media was determined with
enzyme-linked immunosorbent assay: GM-CSF level was
380.0+£20.6 pg/mL in the GMFB-transfected group while
the mock control, virus control, and LacZ control groups
remained at 15.0£1.2, 10.0£0.3, and 8.0£0.1 pg/mL, respec-
tively. Interestingly, GMFB-transfected astrocyte conditioned
medium with increased GM-CSF level induced the expres-
sion of class IT major histocompatibility complex IT and IL-13
in microglia.®® Moreover, adding GMFB into the culture
media (0.02-0.4 pg/mL) led to an increased secretion of IL-1
by primary mouse glial cells, and IL-1 is known to play an
important role in activating T-cells.” Taken together, these
evidence suggest that GMFB may probably play an immune
modulatory role in EAE. Recently, it has been reported that
the activation of STATSs in EAE mice is GMFB dependent,*
and the JAK/STAT pathway is essential for the upregulation
of iNOS after TNF-y stimulation.* Considering that GMFB
can also mediate the expression of Cu-Zn SOD, it seems
reasonable to assume that GMFB may be responsible for the
overproduction of ROS and RNS and exacerbate oxidative
stress during EAE. Additionally, GMFB may also be respon-
sible for the overexpression of pro-inflammatory cytokines/
chemokines during EAE via the GM-CSF pathway.

In summary, it is quite clear that GMFB is implicated in the
pathogenesis of MS, as well as its animal model, EAE, although
limitations cannot be overlooked in that animal models cannot
well represent all the features of MS.” As a result, potential
therapies such as GMFB-antibody infusion need to be tested
by clinical trials. Further investigation is warranted to elucidate
the exact mechanism of GMFB’s involvement in MS/EAE.
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PD

PD is a progressive neurodegenerative disease clinically
featured by the impairment of motor functions as well as
other nonmotor symptoms such as depression and cognitive
disorders.” The two major pathological changes of PD are
the progressive loss of dopaminergic neurons in the substantia
nigra pars compacta (SNc) and the formation of Lewy bodies,
whose major component is misfolded o-synuclein.”” Up till
now, the exact mechanism of the pathogenesis of PD remains
largely elusive, although several risk factors including age,
genetic background, and environmental factors such as
paraquat may contribute to an increased incidence of PD.”
Oxidative stress and chronic inflammation are also essential
elements that lead to the demise of dopaminergic neurons.’
Currently, no effective cure has been developed for PD.

After 1-methyl-4-phenylpyridinium (MPP*) treatment,
expression levels of malondialdehyde (MDA, an indicator of
lipid peroxidation), NO, and ROS were significantly lower
in primary mesencephalic glia/neuron cultures derived from
GMFB-KO mice compared with WT controls (24 hours
after 5, 10, and 20 uM MPP* treatment, MDA level was
1.7440.12, 2.3940.09, and 2.98+0.03 pmol/mg protein in the
GMFB-KO group, while it was 4.09+0.37, 5.95+0.23, and
8.2940.94 umol/mg protein in the WT control; level of total
NO was 6.5440.17, 8.17£0.85, and 11.3120.19 pmol/L in the
GMFB-KO group, while it was 15.82+0.53, 30.92+1.06, and
46.21+5.88 wmol/L in the WT control), while glutathione
(an endogenous antioxidant) level was higher in GMFB-KO
cells.”® These evidence revealed an alleviated oxidative stress
in GMFB-KO cells after MPP* stimulation. Also, diminished
pro-inflammatory cytokines/chemokines (TNF-¢. and IL-1(3)
secretion subsequent to the decreased activation of NF-xB in
GMFB-KO cells was observed, indicating the alleviated inflam-
matory response.” Taken together, it seems that GMFB-KO
neurons/glia are more tolerant of MPP* toxicity. A proteome
analysis of human SNc has reported that GMFB expression
was significantly higher in PD samples compared to healthy
controls.”® However, expression of GMFB was downregulated
in the striatum of maneb—paraquat-induced PD model com-
pared with control groups.” This may result from the difference
between animal models and real PD patients. Further research
studies are warranted to explain such discrepancy.

In general, GMFB may contribute to the pathogenesis of
PD by enhancing oxidative stress and inflammatory response
just like its role in AD and MS. Aside from astrocytes and
microglia, GMFB can also mediate pathologic responses of
mast cells, another type of immunocyte involved in PD.”
Since limited research studies have been carried out to study

the role of GMFB in PD, and further investigations are war-
ranted to elucidate the participation of GMFB in PD.

CNS injury

As a growth and differentiation factor, GMFB is also actively
implicated in brain injury. It has been reported that GMFB
immunoreactivity increased in mouse astrocytes after cryo-
genic brain injury while an increase in the serum concentra-
tion of GMFB was also observed (serum GMFB peaked early
at 1 day after cryogenic injury [0.98+0.12 pg/mL], while
the sham-operated group remained at 0.30£0.10 pg/mL).%
Additionally, GMFB has been found to be actively secreted
in the wound cavity after aspiration lesion, instead of simply
being released passively from fractured cells.? Furthermore,
the application of GMFB to the wound cavity significantly
promoted dendritic outgrowth as well as the hypertrophy of
selective neurons.?! These evidence have cast light on the
possible role of GMFB in the regeneration of neurons.

It has been reported that the overexpression of GMFB
using an adenovirus vector in primary astrocytes derived
from embryonic rat brains led to increased BDNF and
NGF secretion.”® Nevertheless, GMFB is responsible for
the upregulation of GM-CSF and some pro-inflammatory
cytokines/chemokines.® These evidence have underlined a
multidimensional role of GMFB after brain injury. It may
promote the regeneration of neurons and at the meantime
exacerbate inflammation responses that are detrimental to
wound recovery.

Conclusion and perspectives

In summary, current data have shown that GMFB may play
both protective and detrimental roles in the pathogenesis
and progression of various neuroinflammatory and neurode-
generative diseases such as AD, PD, and MS. GMFB could
function through multiple pathways, and the relationship
between GMFB and Cu-Zn SOD, GM-CSF, NTs as well as
apoptosis has been discussed in this review. Considering the
successful case in which intravenous injection of anti-GMFB
antibody significantly mitigated the onset of EAE in mice,™
it is inspiring to propose that GMFB may be a promising
therapeutic target for neuroinflammatory and neurodegen-
erative diseases.

Notably, some concerns on GMFB need to be voiced.
As discussed previously, GMFB is expressed on the cell
surface of astrocytes and can be secreted under certain con-
ditions.?' Also, many in vitro studies have treated culture
cells by adding GMFB into the media.?*”*% Functioning
as an extracellular signaling ligand, GMFB must have its
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receptors, but little is known about its candidate receptor.
Besides, the exact signaling pathway of GMFB and how
GMFB expression is triggered during neuroinflammation and
neurodegeneration remain to be elucidated. Further investi-
gation will help us understand the nature of GMFB and its
relationship with neuroinflammation and neurodegeneration,
thus casting some light on the novel therapeutic strategy of
neuroinflammatory and neurodegenerative diseases.
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