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Abstract: Autoimmune diseases of the central nervous system (CNS) involve inflammatory
components and result in neurodegenerative processes. Microglia, the resident macrophages of
the CNS, are the first responders after insults to the CNS and comprise a major link between
the inflammation and neurodegeneration. Here, we will focus on the roles of microglia in two
autoimmune diseases: the prevalent condition of multiple sclerosis (MS) and the much rarer
Rasmussen’s encephalitis (RE). Although there is an abundance of evidence that microglia actively
contribute to neuronal damage in pathological states such as MS and RE, there is also evidence
of important reparative functions. As current research supports a more complex and diverse
array of functions and phenotypes that microglia can assume, it is an especially interesting time to
examine what is known about both the damaging and restorative roles that microglia can play in
the inflammatory CNS setting. We will also discuss the pharmacological approaches to modulating
microglia towards a more neuroprotective state.
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1. Introduction

Microglia, the innate immune cells of the central nervous system (CNS), lie at the intersection of
the immune response and the neurodegenerative process—two primary aspects of CNS autoimmune
disorders. Autoimmunity is a result of loss of self-tolerance of the immune system, which consequently
leads to an immune response against endogenous antigens that are vital to proper organ function.
It is generally thought that autoimmune disorders arise in genetically predisposed individuals who
encounter an environmental “trigger” [1]. In the context of autoimmune diseases of the CNS, microglia
play a central role as the resident “macrophage-like” cells of the brain and spinal cord, rapidly
activating upon detection of any pathological insult.

This review will highlight the multiple roles that microglia assume as they contribute to the
neurodegenerative process in CNS autoimmune conditions. We will examine this topic in the
specific context of multiple sclerosis (MS) as well as discuss possible roles in relation to Rasmussen’s
encephalitis (RE). Furthermore, we will explore what is known regarding the neuroprotective functions
of microglia and the potential for these cells to be pharmacologically manipulated in order to ameliorate
the neurodegenerative process in CNS autoimmune disease states.

2. The Numerous Functions and Phenotypes of Microglia

Microglia are the resident innate immune cells of the CNS and are responsible for normal
maintenance of CNS tissue as well as the local response to injury or infection, thus playing critical roles
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in both the healthy and pathological brain and spinal cord. Under homeostatic conditions, microglia
vigilantly monitor their microenvironments for detection of injury or infection. This phenotype of
microglia, termed “resting” microglia, display a ramified morphology and though they remain in a
fixed position within their environment, they are actually quite dynamic cells. “Resting” microglia
constantly and rapidly reorganize their processes in order to efficiently scan the microenvironment for
insult, whilst their cell body remains stationary so as to not disturb local neuronal circuits [2,3]. Due to
this continuous active surveillance, it has been suggested that “resting” microglia may not actually be
the most appropriate term [4]. Evidence for other important roles of microglia in the healthy adult
brain aside from immune surveillance, such as modulating neuronal activity and removing cell debris
and dysfunctional synapses, is also greatly expanding and is reviewed extensively elsewhere [5-7].

The roles of microglia as “surveillors” and their responses to pathological situations are their
most characterized functions. They are often referred to as the resident macrophages of the CNS.
Upon disturbance of tissue homeostasis, the functional phenotype of microglia changes from “resting”
to “activated”. Once activated, microglia undergo a dramatic morphological change, withdrawing
their processes and assuming an ameboid shape (Figure 1) [3,8]. Along with this change in morphology
come drastic changes in gene expression, number, and function. These changes are extremely
heterogeneous, as activated microglia can assume numerous phenotypes. These phenotypes have
been broadly categorized into M1 (classically activated, pro-inflammatory) and M2 (alternatively
activated, anti-inflammatory). The subsets were originally defined in studies of macrophages
in vitro [9]. M1 macrophages/microglia were characterized to release pro-inflammatory cytokines,
such as interleukin-1 (IL-13) and tumor necrosis factor « (TNF-«), and reactive oxygen/nitrogen
species (ROS/RNS) [10,11]. This phenotype was seen upon activation with interferon-y or microbial
products such as lipopolysaccharide (LPS) [12]. Though the pro-inflammatory mediators released
by M1 microglia are beneficial in combatting infection or tumor growth, they can also be the cause
of secondary neuronal damage. Therefore, though protective in the cases mentioned above, these
pro-inflammatory microglia have generally been considered more harmful to healthy cells. On the
other hand, M2 macrophages/microglia were originally described as being activated by IL-4, but
were then found to exist on a small spectrum as different stimuli activated the cells to induce slightly
different anti-inflammatory phenotypes [12]. These various M2-like cells have been referred to as
M2a, M2b, and M2c macrophages/microglia. M2a cells are induced by IL-4 and IL-13 and result in
a downregulation of pro-inflammatory mediators along with upregulation of scavenger receptors,
factors that provide signals for tissue repair, such as insulin-like growth factor 1 (IGF-1), and arginase
1 (ARG1) which has been considered a typical M2 marker. M2b activation is thought to occur through
toll-like receptor 4 (TLR-4) and IL-1R via stimulation with agents such as LPS or IL-13. These M2 cells
produce high levels of IL-10, an anti-inflammatory cytokine, but also release TNF-c, IL-1§3, and IL-6
which are all pro-inflammatory. Lastly, M2c cells are stimulated by IL-10 and transforming growth
factor  (TGF-3) and downregulate pro-inflammatory cytokines (Figure 2) [12].

Recently, however, it has become clearer that this M1/M2 dichotomy is largely oversimplified [13,14].
A 2016 study utilized single-cell RNA sequencing of individual brain macrophages after traumatic brain
injury to clearly illustrate simultaneous expression of classical M1 and M2 markers within individual
macrophages in the CNS [15]. These findings, along with others, indicate that these previously
described polarized subsets are not so clear-cut. Individual cells may be able to adopt complex
phenotypes that exhibit both inflammatory and restorative functions. Additionally, the evidence which
points to more distinct phenotypes is mostly from isolated in vitro environments, but the in vivo setting
is infinitely more complicated. Examining a wider array of markers and genetic changes in both in vitro
and in vivo settings is now more crucial to gaining a better understanding of the numerous microglial
phenotypes possible when activated with different stimuli or treated with different pharmacological
agents [13,14].
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Figure 1. Electron micrograph of microglia. Activated microglia can contribute to neurodegeneration
or neuroprotection (courtesy of Dr. lordanis Gravanis).
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Figure 2. Expression and release of factors by activated microglia can promote neurodegeneration
or neuroprotection in situations of central nervous system (CNS) autoimmunity. Generally,
pro-inflammatory cytokines and reactive oxygen/nitrogen species contribute to neuronal injury and
CC chemokine ligand 2 (CCL2) can recruit immune cells that can be the cause of further neuronal
injury. Additionally, upregulation of MHC II promotes efficient antigen presentation and can lead
to autoreactive T cell activation. On the other hand, expression of scavenger receptors and the
fractalkine receptor (CX3CR1) by microglia promotes phagocytic activity allowing for clearance of
dead cells or myelin debris, as seen in multiple sclerosis (MS). Neurotrophic factors, anti-inflammatory
cytokines, and insulin growth factor 1 (IGF-1) attenuate pro-inflammatory responses and promote
tissue repair. * Though tumor necrosis factor o (TNF-) has generally been considered more neurotoxic,
low levels of this pro-inflammatory cytokine have recently been found to be neuroprotective in
cases of excitotoxicity, which occurs in both MS and Rasmussen’s Encephalitis (RE). Both TNF-« and
interleukin (IL)-1f have also been seen to be crucial for effective remyelination. ROS/RNS: reactive
oxygen/nitrogen species. Red indicates factors that promote neurodegeneration; blue indicates factors
that promote neuroprotection; yellow indicates factors shown to play both neurodegenerative and
neuroprotective roles.
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Microglia can also act as antigen presenting cells that communicate with the adaptive immune
system within the CNS. Upon activation, microglia upregulate expression of major histocompatibility
complex (MHC) molecules and co-stimulatory molecules such as B7 and CDA40, allowing them to
efficiently present antigens to T cells. Neurotrophins and anti-inflammatory cytokines have been found
to inhibit the expression of these surface molecules, indicating that there are regulatory signals to
keep the inflammatory, antigen-presenting functions of microglia in check [16]. In the context of CNS
autoimmune disorders, on which this review is focused, the expression of MHC and co-stimulatory
molecules and the resultant efficient antigen presentation by microglia can promote activation of T
cells that recognize CNS antigens and thus, contribute to tissue damage.

Microglia are phagocytic cells and, like macrophages, they are able to eliminate dead cells, bacteria,
and other debris. This function has been shown to be extremely important during development and
in the healthy adult CNS, as well as more obviously in pathological situations such as infections
or neurodegenerative conditions. For instance, in the case of Alzheimer’s disease, microglia can
phagocytose toxic amyloid 3 proteins and in the case of MS, they are able to clear myelin debris and
degenerating axons [17,18].

3. Microglia Contribute to Neurodegeneration in CNS Autoimmune Disorders

Although microglia “subtypes” are not as distinct as previously described and investigators
now must keep in mind the dynamic existence and complex nature of activated microglia, there are
undoubtedly phenotypes that can contribute to neurodegeneration or support a more neuroprotective
function. These various neurotoxic or regenerative microglia are dependent upon the initial stimulus
that results in activation as well as subsequent events.

Microglia-mediated neurotoxicity has been well described in vitro. Stimuli such as LPS, amyloid 3,
and neuronal injury induce microglia to release pro-inflammatory, neurotoxic factors such as ROS [19].
ROS are generated by nicotinamide adenine dinucleotide phosphate (NADPH) oxidase upon microglial
activation with these pro-inflammatory triggers and can be the source of further neuronal damage [20].
Excessive levels of ROS have long been thought to contribute to the pathology of neurodegenerative
conditions such as Alzheimer’s disease and Parkinson’s disease [21]. Microglia activated by the
aforementioned stimuli also release pro-inflammatory cytokines that further promote inflammatory
responses such as IL-13 and TNF-«. TNF-«, though not shown to be directly neurotoxic, has been
found to facilitate neurodegeneration via autocrine signaling that stimulates the release of glutamate
by microglia, which can promote excitoneurotoxicity [22]. Also, IL-13 has been shown to play a major
role in contributing to neuronal loss in excitotoxic conditions [23].

More recently, imaging of microglia in vivo by positron emission tomography (PET) has opened
new doors in learning how activated microglia participate in neurodegenerative diseases. Activated
microglia can be detected via PET by a selective translocator protein (TSPO) radioligand ''C-PK11195.
TSPO is normally expressed at low levels in the healthy CNS, but is upregulated by microglia (and
astrocytes) upon activation [24]. As the microglia proliferate faster than other CNS cells after injury,
the detection of the radioligand indicates the extent of microglial activation [25]. This technique is
especially exciting because it can be utilized to track activated microglia throughout disease progression
in both rodent models as well as humans. Several imaging studies using ''C-PK11195 have been
performed in patients with Parkinson’s disease, Huntington’s disease, dementias, and, most relevant
to this review, MS. Furthermore, second- and third-generation radioligands, aside from 1C_PK11195,
are currently being developed and studied in both animal models and in the clinical setting (Table 1).
This technique has helped draw the connection between microglial activation and neurodegeneration.
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Table 1. Summary of translocator protein-positron emission tomography (TSPO-PET) studies in CNS
autoimmune disorders. RE: Rasmussen’s encephalitis; MS: Multiple Sclerosis.

CNS Autoimmune

Source Disorder Radioligand Notable Findings
Banati, et al., RE 11C_PK11195 Widespread radioligand uptake throughout entire affected
1999 [26] : hemisphere in patient with higher clinically severe disease.

Maximal radioligand binding in plaque areas; increased binding
MS 1C-PK11195 also detected in normal-appearing white matter (NAWM) and
gray matter in post-mortem MS tissue.

Banati, et al.,
2000 [25]

Versijpt, et al., MS 11C.PK11195 Radioligand uptake in NAWM correlated with brain atrophy;
2005 [27] brain atrophy correlated with disease duration and severity.

Ratchford, et al., MS 11C_PK11195 Radioligand binding was decreased in white matter and gray
2012 [28] matter after one year of treatment with glatiramer acetate.

Increased radioligand binding in the cortex, deep gray matter,
and NAWM correlated with neurological disability and impaired
MS 11C-PBR28 cognition; radioligand uptake was greater in secondary
progressive multiple sclerosis (SPMS) patients compared to
relapsing-remitting multiple sclerosis (RRMS) patients.

Herranz, et al.,
2016 [29]

Here, we will review the current knowledge regarding the role microglia play in the
neurodegenerative process of the most common CNS autoimmune disorder, MS, as well as the
much rarer condition RE.

3.1. Multiple Sclerosis

MS is the most common CNS autoimmune disease, affecting approximately 2.5 million people
worldwide [30]. It is a chronic, inflammatory, neurodegenerative condition characterized by multifocal
lesions in the brain and spinal cord. These lesions consist of inflammation, demyelination, blood-brain
barrier disruption, and axonal degeneration and result in clinical symptoms such as pain, spasticity,
vision problems, cognitive issues, and paralysis. The disease affects females more frequently than
males, and diagnosis usually occurs between the ages of 20 and 40, making it one of the leading causes
of non-traumatic disability among young adults [24,30,31].

In approximately 85% of cases, MS presents as a relapsing-remitting disease course (RRMS)
consisting of abrupt symptomatic episodes followed by periods of variable recovery. However, over time,
majority of these patients develop progressive neurological disability during a secondary progressive
phase (SPMS) [31-35]. On the other hand, a small percentage (~15%) of patients are diagnosed
with primary progressive MS (PPMS) where relapse and recovery phases are rare or nonexistent,
and neurological disability steadily accumulates from the time of onset [31,33,35]. The permanent
neurological damage evident in PPMS and SPMS is thought to reflect neurodegenerative processes.
However, the underlying mechanisms of degeneration in this disease remain poorly understood.

Some studies claim that axonal degeneration is a result of inflammation [36] and/or chronic
demyelination [37,38]. Furthermore, it has been suggested that the degenerative process is amplified by
brain ageing and accumulating disease burden over time [39]. However, on the other hand, MS has more
recently been regarded as a primarily degenerative condition that then results in neuroinflammation [35,40].
Despite this controversy of whether neurodegeneration occurs from the “outside-in” with inflammatory
destruction of axons, or the “inside-out” with primary cytodegeneration evoking an autoimmune
response, it is undeniable that microglia play a role during this process.

Whether RRMS, SPMS, or PPMS, microglial activation is a hallmark of the disease. Though the
very first cellular events of MS still remain elusive, it is reasonable to hypothesize that microglial
activation does play a role in the initial pathological process, as these cells are sensitive to even minor
insults. It has been suggested that microglia nodules observed in normal-appearing white matter
(NAWM) could be one of the earliest events in MS lesion development [41,42]. The microglia present
in these “preactive” lesions have been found to express NADPH oxidase, indicative that the microglia
in these clusters are likely involved in the production of harmful ROS that, as previously mentioned,
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can contribute to neuronal damage [42]. Importantly, one study draws the connection between evident
neuronal damage and microglial activation and found that the clusters of microglia are associated
with damaged axons as indicated by intra-axonal amyloid precursor protein (APP) accumulation and
changes in neurofilament phosphorylation [43]. Other work examining a large sample of multiple
sclerosis autopsies found a highly significant association between general inflammation as well as
the presence of microglia/macrophages and axonal injury, especially in the progressive stage of the
disease. Supporting their conclusion that inflammation and neurodegeneration are linked, they also
found that in the very late stages of the disease, inflammation declines and axonal injury becomes
similar to age-matched controls, indicating that one does not seem to proceed without the other [44].

Imaging studies in patients with MS, using the TSPO radioligand ! C-PK11195, have also shown
that microglial activation occurs early in the disease process and it has been linked to disability and
brain atrophy [27]. A recent study using a second-generation TSPO PET tracer, '!C-PBR28, found that
radioligand uptake was greater across the brain in SPMS patients as opposed to those with RRMS.
Furthermore, increased microglial activation, as indicated by ''C-PBR28 binding, in the cortex, deep
gray matter, and NAWM correlated with increased neurological disability (Table 1) [29].

Microglia (and macrophages) have also been revealed to be damaging cell types by the most popular
animal model for MS: experimental autoimmune encephalomyelitis (EAE). This immune-mediated model
of demyelination mimics several aspects of the human disease after rodents are immunized with myelin
peptides. Several studies have shown that inhibiting microglial activation delays onset or attenuates the
severity of EAE. Popovic et al. illustrated that minocycline, a tetracycline with antimicrobial properties,
dramatically suppressed disease activity by inhibiting microglial activation in a chronic EAE model in
which rats are injected with myelin oligodendrocyte glycoprotein (MOG) [45]. Similar results were
obtained by Heppner et al., who generated an inducible model of microglial inhibition by treating
transgenic CD11b-HSVTK mice with ganciclovir. Here, they also saw that “paralyzing’ microglia and
inhibiting their activity suppressed MOG-EAE symptoms as well as delayed disease onset. Aside from
the reduction in CNS inflammation, this attenuation was accompanied by significantly less axonal
damage [46]. Further supporting the neurotoxic capabilities of microglia, in a relapsing-remitting
EAE model that utilizes proteolipid-protein (PLP) immunization, chronic microglial activation in
the cortices was associated with cortical callosal neuronal dysfunction characterized by the loss of
expression of synaptic proteins and alterations in axonal transport [47]. TSPO-PET has also been
performed in rodents with EAE. One study found that radioligand binding reached maximal values in
both the white and gray matter during the peak of clinical disease, but only returned to normal in the
white matter, not the gray matter, after recovery [25].

There is also a lot of support for the idea that the stimulus that activates microglia plays a role in
their activated phenotype, and in the way they affect the degeneration process. It has been proposed
that microglia that are activated by factors released from degenerating neurons secrete neurotoxic
molecules which promote further neurodegeneration, forming a positive feedback loop (as described
earlier in the case of neuronal injury inducing ROS production by microglia) [13,48]. Therefore, if in fact
the “inside-out” hypothesis is true, initial axonal degeneration could promote a microglial phenotype
that then goes on to damage the neurons from the outside in as well.

The recruitment of blood-derived monocytes/macrophages into the CNS is also a hallmark of
MS and, along with microglia, monocytes/macrophages have been considered a detrimental cell type
in this autoimmune setting, promoting demyelination and axonal damage. Normally, monocytes are
restricted from entering the CNS, but in pathological conditions they are able to cross the blood-brain
barrier and migrate to areas of injury [49]. Animal models of demyelination have illustrated heavy
recruitment of peripheral monocytes to lesion areas that is dependent upon chemokine receptor type 2
(CCR2). In a toxin-induced model of demyelination, it was shown that peripheral monocytes lacking
CCR2 were unable to infiltrate the CNS, but this did not impact the demyelination or remyelination
process [50]. On the other hand, in a model of autoimmune-mediated demyelination (EAE), it was
seen that monocyte infiltration correlated with disease progression to the point of paralysis and when
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Ccr2*/* mice were transplanted with CCR2-deficient peripheral blood and bone marrow, they failed to
develop the same degree of functional deficits [51].

Microglia express the ligand for CCR2, monocyte chemoattractant peptide-1 (MCP-1/CCL2), and
expression of this chemokine has been found to be increased in animal models of demyelination as
well as in MS lesions [52,53]. One study observed that CCL2 production by microglia and astrocytes is
responsible for directing leukocytes to sites of axonal injury. When entorhinodentate axotomy was
performed in CCR2-deficient mice, neither macrophages nor T cells were recruited to the injury site [54].
CCL2 can also function to generally activate microglia, with no bias towards pro- or anti-inflammatory
dominance [55]. This has detrimental implications in MS/EAE as recruitment of leukocytes and
macrophages as well as further microglial activation can induce neuronal damage. In fact, CCL2
levels have correlated with severity of relapses in PLP-EAE [56] and CCL2-blocking antibodies protect
against EAE [57].

3.2. Rasmussen’s Encephalitis

Rasmussen’s encephalitis (RE) is a rare, progressive, CNS autoimmune disorder that usually
occurs in childhood or young adulthood. However, unlike MS where genetic susceptibility is a likely
factor in its development, RE is considered a sporadic disease with no genetic basis and an etiology
that remains elusive. Clinically, RE manifests as intractable epilepsy and progressive deterioration of
neurologic functions in one affected brain hemisphere [58]. This condition is characterized by severe
cortical inflammation and neuronal loss in the affected hemisphere, thus we will discuss evidence of
a role for microglia in the inflammatory and neurodegenerative processes of RE.

RE pathogenesis was initially linked to autoantibodies against the ionotropic glutamate receptor
subunit 3 (GluR3) [59]. This finding drove further investigations into antibody-mediated autoimmune
mechanisms in RE. However, there has been conflicting evidence, as not all RE patients were found to
be positive for anti-GluR3 antibodies in their sera [60] and non-RE epileptic patients also sometimes
harbored these antibodies [61,62]. Moreover, when rabbits were immunized with GluR3, some
developed inflammation in both brain hemispheres as opposed to the uni-hemispheric inflammation
seen in RE patients, and some did not develop epileptic seizures at all which is a prominent
characteristic of this condition in humans [59].

More recently, cytotoxic CD8+ T lymphocytes gained attention as a major pathogenic cell type in
RE as large numbers of T cells have been observed in the brains of RE patients. A study by Bien et al.
performed immunohistochemical evaluation of 11 RE brain specimens and found that CD8+ T cells are
at least partially responsible for neuronal cell death. Here, they not only observed that activated CD8+
T cells were present close to MHC class I-positive neurons, but the T cells also contained granzyme
B, indicating their mechanism of cytotoxic attack [63]. A more recent 2016 study examined 23 brain,
blood, and cerebrospinal fluid (CSF) samples from RE patients and found that peripheral CD8+ T
cell expansion correlated with disease severity [64]. This finding supports the suggestion that, in RE,
CD8+ T lymphocytes expand in the periphery and mount an antigen-specific attack within the CNS.
However, what triggers this expansion is still unknown.

Examining the role of microglia in this degenerative autoimmune disorder is interesting because
their precise pathogenic role is not completely understood, yet reactive microgliosis is a well-founded
hallmark of RE. Banati et al. utilized TSPO-PET imaging and found widespread microglial activation
in the affected hemisphere of RE patients [26]. A more recent study utilized ionized calcium
binding adaptor molecule 1 (Ibal), a calcium-binding protein upregulated upon activation, and
immunohistochemistry, and found extensive microglial activation in RE specimens as well as an array
of microglial morphologies, indicating complex and diverse reactivity [65]. However, in this same
study, there was no significant correlation between CD8+ T cell infiltration and microglial reactivity,
leading the investigators to speculate that independent mechanisms are triggering these different
inflammatory processes [65].
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In terms of how these, possibly distinct, inflammatory processes contribute to neurodegeneration,
a comprehensive study that examined the pathology of 45 hemispherectomies drew a connection
finding that axonal injury in the white matter was associated with the presence of inflammatory cell
infiltrates [66]. This study by Pardo et al. also suggested a possible progression of events within RE as
early morphological findings included T lymphocyte infiltration in the CNS as well as activation of
astrocytes and microglia. However, at these early time points of the disease there is little evidence of
neuronal damage, indicating that the inflammatory cells, including microglia, are likely responsible
for causing the injury [66].

More is known about the role microglia play in situations that involve excitotoxicity, such as
epilepsy. It could be speculated that microglia assume similar roles in RE as in epilepsy, as epileptic
seizures are a characteristic of this condition. For instance, Vezzani et al. used kainate to induce
electroencephalographic seizures in rats and found that this excitotoxic insult stimulated microglia to
produce IL-13, a pro-inflammatory cytokine found to enhance the induced seizures and contribute to
neuronal loss [23]. The role for IL-13 was supported in a later study by Ravizza et al. which showed
that inhibition of caspase-1 reduced the release of IL-1f3, resulting in a delay in seizure onset and
reduction in seizure duration [67]. In fact, there is recent support for a pathogenic role of this cytokine,
released from microglia, in RE as well. Ramaswamy et al. showed that IL-1f3 immunoreactivity was
found in brain tissue from RE patients and colocalized with MHC 1I, indicating it was present in
microglial cells [68]. A different study found that levels of TNF-«, another pro-inflammatory cytokine
released from microglia, in the CSF were elevated at all stages of RE progression [69].

Currently, the most effective treatment for RE is hemispherectomy [58]. However, there are several
agents believed to be possible candidates for effective RE treatment, including inhibitors of microglia
such as minocycline and drugs targeting excitotoxicity like cyclooxygenase-2 (COX-2) inhibitors [58].
Recently, a TNF-a blocking antibody was evaluated in RE patients and found to decrease seizure
frequency as well as neurocognitive decline [70], indicating that hindering pro-inflammatory responses
including those of microglia might be a valid approach. However, further investigation into causes
and pathogenesis of RE are necessary to guide research into possible future treatment strategies.

4. The Neuroprotective Potential of Microglia

Neuroinflammation is becoming more commonly referred to as a “double-edged sword” in
several scenarios. Microglia, a central participant in CNS inflammation, are described above as
a major contributor to the neurodegenerative process. However, there are circumstances in which
the inflammatory functions of microglia are beneficial for recovery and can promote neuroprotection.
Additionally, microglia can assume neuroprotective phenotypes where they release anti-inflammatory
mediators and growth factors.

There are cases when pro-inflammatory factors released from microglia aid in neuronal survival.
A recent study examined the role of microglia during excitotoxicity, as commonly seen in epilepsy,
Rasmussen’s encephalitis, and other neurodegenerative conditions, in hippocampal slice cultures.
Here, it was shown that release of the pro-inflammatory cytokine TNF-« from microglia was required
to protect neurons from excitotoxicity, as both the absence of microglia and the presence of a
TNF-a-neutralizing antibody significantly increased neuronal death [71]. Furthermore, they found that
ATP mediated this release by binding to the P2X purinoceptor 7 (P2X7 receptor), a purinergic receptor
present on microglia [71]. TNF-« is also thought to play a reparative role in demyelinating conditions
such as MS. A seminal study by Arnett et al. showed that mice lacking TNF-« underwent delayed
remyelination compared to wild-type mice after demyelination induced by oral exposure to cuprizone,
a copper-chelating agent toxic to oligodendrocytes. This impairment in the remyelinating process was
correlated with decreases in oligodendrocyte precursor cell (OPC) proliferation and decreased numbers
of mature oligodendrocytes capable of myelination [72]. Similar results were obtained in a study with
IL-1B-deficient mice. Here, it was reported that when IL-18/~ mice were fed cuprizone, remyelination
upon cuprizone withdrawal was dramatically reduced compared to wild-type mice [73]. This decrease



Int. J. Mol. Sci. 2017, 18, 504 9 of 15

in repair was shown to be due to failure of OPC differentiation into myelinating oligodendrocytes.
Additionally, this study observed a lack of IGF-1 within demyelinated lesions of IL-13-deficient
mice, showing a link between IL-1§3, the production of IGF-1 by microglia/macrophages, and the
differentiation of OPCs into myelination-capable oligodendrocytes [73].

On the other hand, as discussed previously, microglia are able to release anti-inflammatory
cytokines, such as TGF-f3 and IL-10, that are able to suppress pro-inflammatory responses. Both IL-10
and TGF-f have inhibitory effects on harmful RNS that can cause damage to neurons [74]. In an EAE
study it was noted that IL-10-deficient mice developed more severe disease compared to wild-type
mice illustrating the importance of this anti-inflammatory cytokine in limiting CNS inflammation [75].
Additionally, IL-10 can provide neurotrophic support to injured neurons. For instance, it has been seen
to induce NGF production by astrocytes [74,76]. TGF-f3 also mediates neuroprotective mechanisms
in EAE and in excitotoxic conditions, as is seen in both MS and RE. Boche et al. demonstrated that
TGF-1 promotes neuronal survival in kainate-induced excitotoxicity and documented increases
in TGF-f1 when cerebral tolerance was induced via LPS injection prior to kainic acid injection.
This protective effect of the LPS pre-treatment was ablated when a TGF-f31-blocking antibody was
also administered [77]. The evidence that highlights neuroprotective functions of pro-inflammatory
and anti-inflammatory factors released from microglia further supports the complexity of microglial
activation and the numerous phenotypes they can assume under stimulation with different signals.

Microglia can also produce neurotrophic factors such as brain-derived neurotrophic factor (BDNF),
glial cell line-derived neurotrophic factor (GDNF), and nerve growth factor (NGF) [78]. These are
considered neuroprotective as they support functional maintenance of neurons and have been shown
to play a role in neuronal recovery post-insult. Neurotrophins, such as NGF, have been found to inhibit
the expression of MHC II on microglia directly via the p75 neurotrophin receptor [79]. This decreases
microglia’s potential for antigen presentation, which, in the context of a disease like MS, can limit their
role in facilitating the inflammatory cascade. Furthermore, anti-inflammatory cytokines, such as IL-10
have been seen to induce NGF synthesis [76].

The phagocytic function of microglia is also considered a neuroprotective mechanism, especially
in demyelinating, neurodegenerative conditions like MS. The presence of myelin debris inhibits
remyelination [80] and thus, debris removal is critical in order to facilitate the remyelination
process and, ultimately, protect axons. Importantly, a recent study by Lampron et al. showed
that phagocytosis of myelin debris by microglia is impaired in mice lacking the fractalkine receptor
(CX3CR1), a chemokine receptor expressed by microglia, in the cuprizone model of demyelination.
The authors used electron microscopy to visualize the absence of endosomes, indicating lack of myelin
phagocytosis, in CX3CR1~/~ microglia. The failure to remove myelin debris subsequently resulted in
inefficient remyelination in the corpus callosum after withdrawal of cuprizone [50]. Furthermore, this
study linked the impaired phagocytic ability of microglia in CX3CR1~/~ mice to triggering receptor
expressed on myeloid cells-2 (TREM2) signaling.

TREM?2 is expressed on the surface of microglia and plays an important role in their migration
and phagocytic activity [81]. Takahashi et al. showed that knocking down TREM2 in microglia impairs
clearance of apoptotic neurons and increases gene expression of pro-inflammatory mediators that can
contribute to neuronal damage [81]. Examining the role of TREM2 in EAE, Piccio, et al. demonstrated
increased expression in the spinal cord due to microglia/macrophage infiltration during both the
induction phase and the chronic phase of EAE. Additionally, this study noted that administration of
a TREM2-blocking antibody prior to EAE induction resulted in a more severe and chronic disease
course [82]. Another study by Takahashi et al. transplanted myeloid precursors overexpressing TREM2
into EAE animals at the peak of the disease and this resulted in improved myelin debris removal as well
as increased expression of anti-inflammatory cytokines and decreased expression of pro-inflammatory
cytokines in the spinal cord [83]. Thus, there is mounting evidence that TREM2 stimulation leads to
induction of a more neuroprotective, anti-inflammatory environment permissive of remyelination.
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Pharmacological Approaches to Inducing a Neuroprotective Microglial Response

Modulating microglia with pharmacological agents to promote neuroprotection is an area that
is being heavily focused on in current investigations. As mentioned above, if microglia assume
a more anti-inflammatory phenotype, this could induce a more neuroprotective environment in
an inflammatory CNS setting, such as in MS. For example, the tetrapeptide, tuftsin (TKPR), has
been seen to attenuate EAE by acting specifically on microglia and promoting an anti-inflammatory
phenotype [84,85]. We have shown that tuftsin signals, through its receptor neuropilin-1, present
on microglia to induce canonical TGF-§ signaling, resulting in the release of the anti-inflammatory
cytokines TGF-3 and IL-10, both of which have been seen to promote neuroprotection [86].

Unfortunately, tuftsin is not currently an US Food and Drug Administration (FDA)-approved
agent, but several MS drugs that are currently on the market have also been seen to modulate microglial
activity to inhibit neurotoxic activity. Glatiramer acetate, approved over 20 years ago for the treatment
of RRMS, decreases the secretion of TNF-« and increases secretion of IL-10 as well as phagocytosis
by microglia in vitro [87]. It was also found in a TSPO-PET study that one-year treatment of RRMS
patients with glatiramer acetate resulted in reduced radioligand binding in the cortical gray matter
and cerebral white matter, indicating a possible reduction in neuroinflammation [28]. Fingolimod
phosphate (FTY720), a sphingosine 1-phosphate receptor (51PR) agonist approved for the treatment or
RRMS in 2010, was also found to inhibit the production of the pro-inflammatory cytokines TNF-c,
IL-1p3, and IL-6 by primary microglia and increase the production of neurotrophic factors such as
BDNF and GDNF [88].

In the previously mentioned study by Masuch et al. supporting the role for microglial TNF-«
release as a neuroprotective mechanism during excitotoxicity, they also took a pharmacological
approach to promote this function using valproic acid. Valproic acid is an FDA-approved drug
used to treat epileptic seizures, but has recently gained attention as a possible neuroprotective agent.
Here, it was found that the neuroprotective effects of valproic acid were dependent upon the presence
of microglia and that it in fact promoted expression of P2X7, the receptor that mediates TNF- release
upon excitotoxic insult [71].

5. Conclusions

It is an exciting time for research involving microglia, as knowledge on the phenotypes and
functions of this glial cell type in both healthy and disease states is rapidly expanding. Here, we
have discussed what is currently known about the roles microglia can play in MS and RE, two CNS
autoimmune conditions that are also neurodegenerative states. Though microglia can contribute to
further neuronal destruction, they can also be a major player in repair and prevention of damage.
Further research into the neuroprotective capabilities of microglia and how pharmacological agents
can be used to induce these protective phenotypes has the potential to hugely impact treatments for
not only MS and RE, but other neurodegenerative and inflammatory CNS conditions as well.

Acknowledgments: We thank members of the Tsirka lab, and particularly Dr. Nissen, for all their support and
helpful discussions. This work was partially supported by T32GM007518.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hewagama, A.; Richardson, B. The genetics and epigenetics of autoimmune diseases. J. Autoimmun. 2009,
33, 3-11. [CrossRef] [PubMed]

2. Nimmerjahn, A.; Kirchhoff, F; Helmchen, F. Resting microglial cells are highly dynamic surveillants of brain
parenchyma in vivo. Science 2005, 308, 1314-1318. [CrossRef] [PubMed]

3. Davalos, D.; Grutzendler, J.; Yang, G.; Kim, J.V.; Zuo, Y.; Jung, S.; Littman, D.R.; Dustin, M.L.; Gan, W.-B.
ATP mediates rapid microglial response to local brain injury in vivo. Nat. Neurosci. 2005, 8, 752-758.
[CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.jaut.2009.03.007
http://www.ncbi.nlm.nih.gov/pubmed/19349147
http://dx.doi.org/10.1126/science.1110647
http://www.ncbi.nlm.nih.gov/pubmed/15831717
http://dx.doi.org/10.1038/nn1472
http://www.ncbi.nlm.nih.gov/pubmed/15895084

Int. ]. Mol. Sci. 2017, 18, 504 110f15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Hanisch, U.K.; Kettenmann, H. Microglia: Active sensor and versatile effector cells in the normal and
pathologic brain. Nat. Neurosci. 2007, 10, 1387-1394. [CrossRef] [PubMed]

Wolf, S.A.; Boddeke, HW.; Kettenmann, H. Microglia in physiology and disease. Annu. Rev. Physiol. 2016.
[CrossRef] [PubMed]

Gomez-Nicola, D.; Perry, V.H. Microglial dynamics and role in the healthy and diseased brain: A paradigm
of functional plasticity. Neuroscientist 2015, 21, 169-184. [CrossRef] [PubMed]

Kim, S.U.; de Vellis, J. Microglia in health and disease. ]. Neurosci. Res. 2005, 81, 302-313. [CrossRef] [PubMed]
Kreutzberg, G.W. Microglia: A sensor for pathological events in the CNS. Trends Neurosci. 1996, 19, 312-318.
[CrossRef]

Gordon, S. Alternative activation of macrophages. Nat. Rev. Immunol. 2003, 3, 23-35. [CrossRef] [PubMed]
Ding, A.H.; Nathan, C.F; Stuehr, D.J. Release of reactive nitrogen intermediates and reactive oxygen
intermediates from mouse peritoneal macrophages. Comparison of activating cytokines and evidence for
independent production. . Immunol. 1988, 141, 2407-2412. [PubMed]

Colton, C.A.; Gilbert, D.L. Production of superoxide anions by a CNS macrophage, the microglia. FEBS Lett.
1987, 223, 284-288. [CrossRef]

Martinez, F.O.; Sica, A.; Mantovani, A.; Locati, M. Macrophage activation and polarization. Front. Biosci.
2008, 13, 453—461. [CrossRef] [PubMed]

Perry, V.H.; Nicoll, ].A.R.; Holmes, C. Microglia in neurodegenerative disease. Nat. Rev. Neurol. 2010, 6,
193-201. [CrossRef] [PubMed]

Ransohoff, R.M. A polarizing question: Do M1 and M2 microglia exist? Nat. Neurosci. 2016, 19, 987-991.
[CrossRef] [PubMed]

Kim, C.C.; Nakamura, M.C.; Hsieh, C.L. Brain trauma elicits non-canonical macrophage activation states.
J. Neuroinflamm. 2016, 13, 117. [CrossRef] [PubMed]

Wei, R.; Jonakait, G.M. Neurotrophins and the anti-inflammatory agents interleukin-4 (IL-4), IL-10, and IL-11
and transforming growth factor-B1 (TGF-B1) down-regulate T cell costimulatory molecules B7 and CD40 on
cultured rat microglia. J. Neuroimmunol. 1999, 95, 8-18. [CrossRef]

Hosmane, S.; Tegenge, M.A.; Rajbhandari, L.; Uapinyoying, P.; Kumar, N.G.; Thakor, N.; Venkatesan, A.
Toll/interleukin-1 receptor domain-containing adapter inducing interferon-f mediates microglial
phagocytosis of degenerating axons. J. Neurosci. 2012, 32, 7745-7757. [CrossRef] [PubMed]

Nielsen, H.H.; Ladeby, R.; Fenger, C.; Toft-Hansen, H.; Babcock, A.A.; Owens, T.; Finsen, B. Enhanced
microglial clearance of myelin debris in T cell-infiltrated central nervous system. J. Neuropathol. Exp. Neurol.
2009, 68, 845-856. [CrossRef] [PubMed]

Block, M.L.; Zecca, L.; Hong, J.S. Microglia-mediated neurotoxicity: Uncovering the molecular mechanisms.
Nat. Rev. Neurosci. 2007, 8, 57-69. [CrossRef] [PubMed]

Qin, L.; Liu, Y,; Wang, T.; Wei, S.J.; Block, M.L.; Wilson, B.; Liu, B.; Hong, ].5S. NADPH oxidase mediates
lipopolysaccharide-induced neurotoxicity and proinflammatory gene expression in activated microglia.
J. Biol. Chem. 2004, 279, 1415-1421. [CrossRef] [PubMed]

Kim, G.H.; Kim, J.E,; Rhie, S.J.; Yoon, S. The role of oxidative stress in neurodegenerative diseases.
Exp. Neurobiol. 2015, 24, 325-340. [CrossRef] [PubMed]

Takeuchi, H.; Jin, S.; Wang, J.; Zhang, G.; Kawanokuchi, J.; Kuno, R.; Sonobe, Y.; Mizuno, T.; Suzumura, A.
Tumor necrosis factor-o induces neurotoxicity via glutamate release from hemichannels of activated microglia
in an autocrine manner. J. Biol. Chem. 2006, 281, 21362-31268. [CrossRef] [PubMed]

Vezzani, A.; Conti, M.; de Luigi, A.; Ravizza, T.; Moneta, D.; Marchesi, F; Grazia De Simoni, M. Interleukin-1b
immunoreactivity and microglia are enhanced in the rat hippocampus by focal kainate application:
Functional evidence for enhancement of electrographic seizures. J. Neurosci. 1999, 19, 5054-5065. [PubMed]
Politis, M.; Su, P; Piccini, P. Imaging of microglia in patients with neurodegenerative disorders.
Front. Pharmacol. 2012, 3, 96. [CrossRef] [PubMed]

Banati, R.B.; Newcombe, J.; Gunn, R.N.; Cagnin, A.; Turkheimer, F.; Heppner, F,; Price, G.; Wegner, E;
Giovannoni, G.; Miller, D.H.; et al. The peripheral benzodiazepine binding site in the brain in multiple
sclerosis. Brain 2000, 123, 2321-2337. [CrossRef] [PubMed]

Banati, R.B.; Goerres, G.W.; Myers, R.; Gunn, R.N.; Turkheimer, FE.; Kreutzberg, G.W.; Brooks, D.J.; Jones, T.;
Duncan, ].S. [11C](R)-PK11195 positron emission tomography imaging of activated microglia in vivo in
Rasmussen’s encephalitis. Neurology 1999, 53, 2199-2203. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nn1997
http://www.ncbi.nlm.nih.gov/pubmed/17965659
http://dx.doi.org/10.1146/annurev-physiol-022516-034406
http://www.ncbi.nlm.nih.gov/pubmed/27959620
http://dx.doi.org/10.1177/1073858414530512
http://www.ncbi.nlm.nih.gov/pubmed/24722525
http://dx.doi.org/10.1002/jnr.20562
http://www.ncbi.nlm.nih.gov/pubmed/15954124
http://dx.doi.org/10.1016/0166-2236(96)10049-7
http://dx.doi.org/10.1038/nri978
http://www.ncbi.nlm.nih.gov/pubmed/12511873
http://www.ncbi.nlm.nih.gov/pubmed/3139757
http://dx.doi.org/10.1016/0014-5793(87)80305-8
http://dx.doi.org/10.2741/2692
http://www.ncbi.nlm.nih.gov/pubmed/17981560
http://dx.doi.org/10.1038/nrneurol.2010.17
http://www.ncbi.nlm.nih.gov/pubmed/20234358
http://dx.doi.org/10.1038/nn.4338
http://www.ncbi.nlm.nih.gov/pubmed/27459405
http://dx.doi.org/10.1186/s12974-016-0581-z
http://www.ncbi.nlm.nih.gov/pubmed/27220367
http://dx.doi.org/10.1016/S0165-5728(98)00248-3
http://dx.doi.org/10.1523/JNEUROSCI.0203-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22649252
http://dx.doi.org/10.1097/NEN.0b013e3181ae0236
http://www.ncbi.nlm.nih.gov/pubmed/19606068
http://dx.doi.org/10.1038/nrn2038
http://www.ncbi.nlm.nih.gov/pubmed/17180163
http://dx.doi.org/10.1074/jbc.M307657200
http://www.ncbi.nlm.nih.gov/pubmed/14578353
http://dx.doi.org/10.5607/en.2015.24.4.325
http://www.ncbi.nlm.nih.gov/pubmed/26713080
http://dx.doi.org/10.1074/jbc.M600504200
http://www.ncbi.nlm.nih.gov/pubmed/16720574
http://www.ncbi.nlm.nih.gov/pubmed/10366638
http://dx.doi.org/10.3389/fphar.2012.00096
http://www.ncbi.nlm.nih.gov/pubmed/22661951
http://dx.doi.org/10.1093/brain/123.11.2321
http://www.ncbi.nlm.nih.gov/pubmed/11050032
http://dx.doi.org/10.1212/WNL.53.9.2199
http://www.ncbi.nlm.nih.gov/pubmed/10599809

Int. ]. Mol. Sci. 2017, 18, 504 12 0f 15

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Versijpt, J.; Debruyne, J.C.; van Laere, K.J.; Keppens, J.; Strijckmans, K.; Achten, E.; Slegers, G.; Dierckx, R.A;
Korf, J.; de Reuck, J.L. Microglial imaging with positron emission tomography and atrophy measurements
with magnetic resonance imaging in multiple sclerosis: A correlative study. Mult. Scler. 2005, 11, 127-134.
[CrossRef] [PubMed]

Ratchford, J.N.; Endres, C.J.; Hammoud, D.A.; Pomper, M.G.; Shiee, N.; McGready, J.; Pham, D.L.;
Calabresi, P.A. Decreased microglial activation in MS patients treated with glatiramer acetate. J. Neurol. 2012,
259, 1199-1205. [CrossRef] [PubMed]

Herranz, E.; Gianni, C.; Louapre, C.; Treaba, C.A.; Govindarajan, S.T.; Ouellette, R.; Loggia, M.L.; Sloane, ].A;
Madigan, N.; Izquierdo-Garcia, D.; et al. Neuroinflammatory component of gray matter pathology in
multiple sclerosis. Ann. Neurol. 2016, 80, 776-790. [CrossRef] [PubMed]

Goldmann, T.; Prinz, M. Role of microglia in CNS autoimmunity. Clin. Dev. Immunol. 2013, 2013, 208093.
[CrossRef] [PubMed]

Ransohoff, R.M.; Hafler, D.A.; Lucchinetti, C.F. Multiple sclerosis—A quiet revolution. Nat. Rev. Neurol.
2015, 11, 134-142. [CrossRef] [PubMed]

Hemmer, B.; Archelos, ]J.J.; Hartung, H.P. New concepts in the immunopathogenesis of multiple sclerosis.
Nat. Rev. Neurosci. 2002, 3, 291-301. [CrossRef] [PubMed]

Trapp, B.D.; Nave, K.A. Multiple sclerosis: An immune or neurodegenerative disorder? Annu. Rev. Neurosci.
2008, 31, 247-269. [CrossRef] [PubMed]

Ransohoff, R.M.; Brown, M.A. Innate immunity in the central nervous system. J. Clin. Investig. 2012, 122,
1164-1171. [CrossRef] [PubMed]

Pérez-Cerdad, F.; Sanchez-Gémez, M.V.; Matute, C. The link of inflammation and neurodegeneration in
progressive multiple sclerosis. Mult. Scler. Demyelinating Disord. 2016. [CrossRef]

Trapp, B.D.; Peterson, J.; Ransahoff, R.M.; Rudick, R.; Mork, S.; Bo, L. Axonal transection in the lesions of
multiple sclerosis. N. Engl. ]. Med. 1998, 338, 278-285. [CrossRef] [PubMed]

Bjartmar, C.; Kidd, G.; Mork, S.; Rudick, R.; Trapp, B.D. Neurological disability correlates with spinal cord
axonal loss and reduced N-acetyl aspartate in chronic multiple sclerosis patients. Ann. Neurol. 2000, 48,
893-901. [CrossRef]

Dutta, R.; McDonough, J.; Yin, X,; Peterson, J.; Chang, A.; Torres, T.; Gudz, T.; Macklin, W.B.; Lewis, D.A.;
Fox, R].; et al. Mitochondrial dysfunction as a cause of axonal degeneration in multiple sclerosis patients.
Ann. Neurol. 2006, 59, 478-489. [CrossRef] [PubMed]

Mahad, D.H.; Trapp, B.D.; Lassmann, H. Pathological mechanisms in progressive multiple sclerosis.
Lancet Neurol. 2015, 14, 183-193. [CrossRef]

Stys, PK.; Zamponi, G.W.; van Minnen, J.; Geurts, J.].G. Will the real multiple sclerosis please stand up?
Nat. Rev. Neurol. 2012, 13, 507-514. [CrossRef] [PubMed]

De Groot, C.; Bergers, E.; Kamphorst, W.; Ravid, R.; Polman, C.H.; Barkhof, F.; van der Valk, P. Post-mortem
sampling of MS brain lesions—Increased yield of active demyelinating and (p)reactive lesions. Brain 2001,
124,1635-1645. [CrossRef] [PubMed]

Van Horssen, J.; Singh, S.; van der Pol, S.; Kipp, M.; Lim, J.L.; Peferoen, L.; Gerritsen, W.; Kooi, E.-].;
Witte, M.E.; Geurts, ].].G.; et al. Clusters of activated microglia in normal-appearing white matter show signs
of innate immune activation. J. Neuroinflamm. 2012, 9. [CrossRef] [PubMed]

Singh, S.; Metz, I.; Amor, S.; van der Valk, P.; Stadelmann, C.; Bruck, W. Microglial nodules in early
multiple sclerosis white matter are associated with degenerating axons. Acta Neuropathol. 2013, 125, 595-608.
[CrossRef] [PubMed]

Frischer, ].M.; Bramow, S.; dal-Bianco, A.; Lucchinetti, C.F.; Rauschka, H.; Schmidbauer, M.; Laursen, H.;
Sorensen, P.S.; Lassmann, H. The relation between inflammation and neurodegeneration in multiple sclerosis
brains. Brain 2009, 132 Pt 5, 1175-1189. [CrossRef] [PubMed]

Popovic, N.; Schubart, A.; Goetz, B.D.; Zhang, S.C.; Linington, C.; Duncan, I.D. Inhibition of autoimmune
encephalomyelitis by a tetracycline. Ann. Neurol. 2002, 51, 215-223. [CrossRef] [PubMed]

Heppner, EL.; Greter, M.; Marino, D.; Falsig, J.; Raivich, G.; Hovelmeyer, N.; Waisman, A.; Riilicke, T.;
Prinz, M.; Priller, ].; et al. Experimental autoimmune encephalomyelitis repressed by microglial paralysis.
Nat. Med. 2005, 11, 146-152. [CrossRef] [PubMed]


http://dx.doi.org/10.1191/1352458505ms1140oa
http://www.ncbi.nlm.nih.gov/pubmed/15794383
http://dx.doi.org/10.1007/s00415-011-6337-x
http://www.ncbi.nlm.nih.gov/pubmed/22160466
http://dx.doi.org/10.1002/ana.24791
http://www.ncbi.nlm.nih.gov/pubmed/27686563
http://dx.doi.org/10.1155/2013/208093
http://www.ncbi.nlm.nih.gov/pubmed/23840238
http://dx.doi.org/10.1038/nrneurol.2015.14
http://www.ncbi.nlm.nih.gov/pubmed/25686758
http://dx.doi.org/10.1038/nrn784
http://www.ncbi.nlm.nih.gov/pubmed/11967559
http://dx.doi.org/10.1146/annurev.neuro.30.051606.094313
http://www.ncbi.nlm.nih.gov/pubmed/18558855
http://dx.doi.org/10.1172/JCI58644
http://www.ncbi.nlm.nih.gov/pubmed/22466658
http://dx.doi.org/10.1186/s40893-016-0012-0
http://dx.doi.org/10.1056/NEJM199801293380502
http://www.ncbi.nlm.nih.gov/pubmed/9445407
http://dx.doi.org/10.1002/1531-8249(200012)48:6&lt;893::AID-ANA10&gt;3.0.CO;2-B
http://dx.doi.org/10.1002/ana.20736
http://www.ncbi.nlm.nih.gov/pubmed/16392116
http://dx.doi.org/10.1016/S1474-4422(14)70256-X
http://dx.doi.org/10.1038/nrn3275
http://www.ncbi.nlm.nih.gov/pubmed/22714021
http://dx.doi.org/10.1093/brain/124.8.1635
http://www.ncbi.nlm.nih.gov/pubmed/11459754
http://dx.doi.org/10.1186/1742-2094-9-156
http://www.ncbi.nlm.nih.gov/pubmed/22747960
http://dx.doi.org/10.1007/s00401-013-1082-0
http://www.ncbi.nlm.nih.gov/pubmed/23354834
http://dx.doi.org/10.1093/brain/awp070
http://www.ncbi.nlm.nih.gov/pubmed/19339255
http://dx.doi.org/10.1002/ana.10092
http://www.ncbi.nlm.nih.gov/pubmed/11835378
http://dx.doi.org/10.1038/nm1177
http://www.ncbi.nlm.nih.gov/pubmed/15665833

Int. ]. Mol. Sci. 2017, 18, 504 13 0f 15

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Rasmussen, S.; Wang, Y.; Kivisakk, P.; Bronson, R.T.; Meyer, M.; Imitola, J.; Khoury, S.J. Persistent activation of
microglia is associated with neuronal dysfunction of callosal projecting pathways and multiple sclerosis-like
lesions in relapsing—Remitting experimental autoimmune encephalomyelitis. Brain 2007, 130 Pt 11,
2816-2829. [CrossRef] [PubMed]

Block, M.L.; Hong, J.S. Microglia and inflammation-mediated neurodegeneration: Multiple triggers with a
common mechanism. Prog. Neurobiol. 2005, 76, 77-98. [CrossRef] [PubMed]

Lampron, A.; Pimentel-Coelho, PM.; Rivest, S. Migration of bone marrow-derived cells into the central
nervous system in models of neurodegeneration. J. Comp. Neurol. 2013, 521, 3863-3876. [CrossRef] [PubMed]
Lampron, A.; Larochelle, A.; Laflamme, N.; Prefontaine, P.; Plante, M.M.; Sanchez, M.G.; Yong, VW.;
Stys, PK.; Tremblay, M.E.; Rivest, S. Inefficient clearance of myelin debris by microglia impairs remyelinating
processes. J. Exp. Med. 2015, 212, 481-495. [CrossRef] [PubMed]

Ajami, B.; Bennett, J.L.; Krieger, C.; McNagny, K.M.; Rossi, EM. Infiltrating monocytes trigger EAE
progression, but do not contribute to the resident microglia pool. Nat. Neurosci. 2011, 14, 1142-1149.
[CrossRef] [PubMed]

Berman, ] W.; Guida, M.P.; Warren, J.; Amat, J.; Brosnan, C.F. Localization of monocyte chemoattractant
peptide-1 expression in the central nervous system in experimental autoimmune encephalomyelitis and
trauma in the rat. J. Immunol. 1996, 156, 3017-3023. [PubMed]

Simpson, J.E.; Newcombe, J.; Cuzner, M.L.; Woodroofe, M.N. Expression of monocyte chemoattractant
protein-1 and other B-chemokines by resident glia and inflammatory cells in multiple sclerosis lesions.
J. Neuroimmunol. 1998, 84, 238-249. [CrossRef]

Babcock, A.A.; Kuziel, W.A; Rivest, S.; Owens, T. Chemokine expression by glial cells directs leukocytes to
sites of axonal injury in the CNS. J. Neurosci. 2003, 23, 7922-7930. [PubMed]

Selenica, M.L.; Alvarez, J.A.; Nash, K.R.; Lee, D.C.; Cao, C.; Lin, X,; Reid, P; Mouton, PR.; Morgan, D.;
Gordon, M.N. Diverse activation of microglia by chemokine (C—C motif) ligand 2 overexpression in brain.
J. Neuroinflamm. 2013, 10, 86. [CrossRef] [PubMed]

Kennedy, K.J.; Strieter, R M.; Kunkel, S.L.; Lukacs, N.W.; Karpus, W.J. Acute and relapsing experimental
autoimmune encephalomyelitis are regulated by differential expression of the CC chemokines macrophage
inflammatory protein-la and monocyte chemotactic protein-1. J. Neuroimmunol. 1998, 92, 98-108. [CrossRef]
Youssef, S.; Wildbaum, G.; Karin, N. Prevention of experimental autoimmune encephalomyelitis by MIP-1a
and MCP-1 Naked DNA vaccines. J. Autoimmun. 1999, 13, 21-29. [CrossRef] [PubMed]

Varadkar, S.; Bien, C.G.; Kruse, C.A.; Jensen, EE.; Bauer, J.; Pardo, C.A.; Vincent, A.; Mathern, G.W.; Cross, ].H.
Rasmussen’s encephalitis: Clinical features, pathobiology, and treatment advances. Lancet Neurol. 2014, 13,
195-205. [CrossRef]

Rogers, S.W.; Andrews, I.; Gahring, L.C.; Whisenand, T.; Cauley, K.; Crain, B.; Hughes, T.E.; Heinemann, S.F.;
McNamara, J.O. Autoantibodies to glutamate receptor glur3 in rasmussen’s encephalitis. Science 1999, 265,
648-651. [CrossRef]

Watson, R.; Jiang, Y.; Houlihand, L.; Clover, L.; McKnight, K.; Cross, ].H.; Hart, L K.; Roubertie, A.; Valmier, J.;
Hart, Y.; et al. Absence of antibodies to glutamate receptor type 3 (GluR3) in Rasmussen encephalitis.
Neurology 2004, 63, 43-50. [CrossRef] [PubMed]

Wiendl, H.; Bien, C.G.; Bernasconi, P,; Fleckenstein, B.; Elger, C.E.; Dichgans, J.; Mantegazza, R.; Melms, A.
GluR3 antibodies: Prevalence in focal epilepsy but no specificty for Rasmussen's encephalitis. Neurology
2001, 57, 1511-1514. [CrossRef] [PubMed]

Mantegazza, R.; Bernasconi, P; Baggi, F.; Spreafico, R.; Ragona, F.; Antozzi, C.; Bernardi, G.; Granata, T.
Antibodies against GluR3 peptides are not specific for Rasmussen’s encephalitis but are also present in
epilepsy patients with severe, early onset disease and intractable seizures. ]. Neuroimmunol. 2002, 131,
179-185. [CrossRef]

Bien, C.G.; Bauer, J.; Deckwerth, T.L.; Wiendl, H.; Deckert, M.; Wiestler, O.D.; Schramm, J.; Elger, C.E.;
Lassmann, H. Destruction of neurons by cytotoxic T cells: A new pathogenic mechanism in Rasmussen's
encephalitis. Ann. Neurol. 2002, 51, 311-318. [CrossRef] [PubMed]

Schneider-Hohendorf, T.; Mohan, H.; Bien, C.G.; Breuer, J.; Becker, A.; Gorlich, D.; Kuhlmann, T.; Widman, G.;
Herich, S.; Elpers, C.; et al. CD8(+) T cell pathogenicity in Rasmussen encephalitis elucidated by large-scale
T cell receptor sequencing. Nat. Commun. 2016, 7, 11153. [CrossRef] [PubMed]


http://dx.doi.org/10.1093/brain/awm219
http://www.ncbi.nlm.nih.gov/pubmed/17890734
http://dx.doi.org/10.1016/j.pneurobio.2005.06.004
http://www.ncbi.nlm.nih.gov/pubmed/16081203
http://dx.doi.org/10.1002/cne.23463
http://www.ncbi.nlm.nih.gov/pubmed/23682015
http://dx.doi.org/10.1084/jem.20141656
http://www.ncbi.nlm.nih.gov/pubmed/25779633
http://dx.doi.org/10.1038/nn.2887
http://www.ncbi.nlm.nih.gov/pubmed/21804537
http://www.ncbi.nlm.nih.gov/pubmed/8609424
http://dx.doi.org/10.1016/S0165-5728(97)00208-7
http://www.ncbi.nlm.nih.gov/pubmed/12944523
http://dx.doi.org/10.1186/1742-2094-10-86
http://www.ncbi.nlm.nih.gov/pubmed/23866683
http://dx.doi.org/10.1016/S0165-5728(98)00187-8
http://dx.doi.org/10.1006/jaut.1999.0306
http://www.ncbi.nlm.nih.gov/pubmed/10441164
http://dx.doi.org/10.1016/S1474-4422(13)70260-6
http://dx.doi.org/10.1126/science.8036512
http://dx.doi.org/10.1212/01.WNL.0000132651.66689.0F
http://www.ncbi.nlm.nih.gov/pubmed/15249609
http://dx.doi.org/10.1212/WNL.57.8.1511
http://www.ncbi.nlm.nih.gov/pubmed/11673604
http://dx.doi.org/10.1016/S0165-5728(02)00261-8
http://dx.doi.org/10.1002/ana.10100
http://www.ncbi.nlm.nih.gov/pubmed/11891826
http://dx.doi.org/10.1038/ncomms11153
http://www.ncbi.nlm.nih.gov/pubmed/27040081

Int. ]. Mol. Sci. 2017, 18, 504 14 0f 15

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Wirenfeldt, M.; Clare, R.; Tung, S.; Bottini, A.; Mathern, G.W.; Vinters, H.V. Increased activation of Ibal+
microglia in pediatric epilepsy patients with Rasmussen’s encephalitis compared with cortical dysplasia and
tuberous sclerosis complex. Neurobiol. Dis. 2009, 34, 432-440. [CrossRef] [PubMed]

Pardo, C.A.; Vining, E.P.G.; Guo, L.; Skolasky, R.L.; Carson, B.S.; Freeman, ]. M. The pathology of rasmussen
syndrome: Stages of cortical involvement and neuropathological studies in 45 hemispherectomies. Epilepsia
2004, 45, 516-526. [CrossRef] [PubMed]

Ravizza, T.; Lucas, S.M.; Balosso, S.; Bernardino, L.; Ku, G.; Noe, E; Malva, J.; Randle, J.C.; Allan, S.;
Vezzani, A. Inactivation of caspase-1 in rodent brain: A novel anticonvulsive strategy. Epilepsia 2006, 47,
1160-1168. [CrossRef] [PubMed]

Ramaswamy, V.; Walsh, ].G.; Sinclair, D.B.; Johnson, E.; Tang-Wai, R.; Wheatley, B.M.; Branton, W.; Maingat, F.;
Snyder, T.; Gross, D.W.; et al. Inflammasome induction in Rasmussen’s encephalitis: Cortical and associated
white matter pathogenesis. |. Neuroinflamm. 2013, 10, 152. [CrossRef] [PubMed]

Takahashi, Y.; Mine, J.; Kubota, Y.; Yamazaki, E.; Fujiwara, T. A substantial number of Rasmussen syndrome
patients have increased IgG, CD4+ T cells, TNF«, and Granzyme B in CSFE. Epilepsia 2009, 50, 1419-1431.
[CrossRef] [PubMed]

Lagarde, S.; Villeneuve, N.; Trebuchon, A.; Kaphan, E.; Lepine, A.; McGonigal, A.; Roubertie, A.;
Barthez, M.A.; Trommsdorff, V.; Lefranc, J.; et al. Anti-tumor necrosis factor « therapy (adalimumab)
in Rasmussen’s encephalitis: An open pilot study. Epilepsia 2016, 57, 956-966. [CrossRef] [PubMed]
Masuch, A ; Shieh, C.H.; van Rooijen, N.; van Calker, D.; Biber, K. Mechanism of microglia neuroprotection:
Involvement of P2X7, TNF«, and valproic acid. Glia 2016, 64, 76-89. [CrossRef] [PubMed]

Arnett, H.A.; Mason, ].; Marino, M.; Suzuki, K.; Matsushima, G.K.; Ting, ].P. TNF« promotes proliferation of
oligodendrocyte progenitors and remyelination. Nat. Neurosci. 2001, 4, 1116-1122. [CrossRef] [PubMed]
Mason, J.L.; Suzuki, K.; Chaplin, D.D.; Matsushima, G.K. Interleukin-1$ promotes repair of the CNS.
J. Neurosci. 2001, 21, 7046-7052. [PubMed]

Minghetti, L.; Polazzi, E.; Nicolini, A.; Levi, G. Opposite regulation of prostaglandin E2 synthesis by
transforming growth factor-B1 and interleukin 10 in activated microglial cultures. J. Neuroimmunol. 1998, 82,
31-39. [CrossRef]

Bettelli, E.; Das, M.P.; Howard, E.D.; Weiner, H.L.; Sobel, R.A.; Kuchroo, V.K. IL-10 Is Critical in the
regulation of autoimmune encephalomyelitis as demonstrated by studies of IL-10- and IL-4-deficient and
transgenic mice. . Immunol. 1998, 161, 3299-3306. [PubMed]

Brodie, C. Differential effects of Thl and Th2 derived cytokines on NGF synthesis by mouse astrocytes.
FEBS Lett. 1996, 394, 117-120. [CrossRef]

Boche, D.; Cunningham, C.; Gauldie, J.; Perry, V.H. Transforming growth factor-3 1-mediated neuroprotection
against excitotoxic injury in vivo. J. Cereb. Blood Flow Metab. 2003, 23, 1174-1182. [CrossRef] [PubMed]
Liang, J.; Takeuchi, H.; Jin, S.; Noda, M.; Li, H.; Doi, Y.; Kawanokuchi, J.; Sonobe, Y.; Mizuno, T.; Suzumura, A.
Glutamate induces neurotrophic factor production from microglia via protein kinase C pathway. Brain Res.
2010, 1322, 8-23. [CrossRef] [PubMed]

Neumann, H.; Misgeld, T.; Matsumuro, K.; Wekerle, H. Neurotrophins inhibit major histocompatibility class
II inducibility of microglia: Involvement of the p75 neurotrophin receptor. Proc. Natl. Acad. Sci. USA 1998,
95,5779-5784. [CrossRef] [PubMed]

Kotter, M.R.; Li, WW.,; Zhao, C.; Franklin, R.J. Myelin impairs CNS remyelination by inhibiting
oligodendrocyte precursor cell differentiation. J. Neurosci. 2006, 26, 328-332. [CrossRef] [PubMed]
Takahashi, K.; Rochford, C.D.; Neumann, H. Clearance of apoptotic neurons without inflammation by
microglial triggering receptor expressed on myeloid cells-2. J. Exp. Med. 2005, 201, 647-657. [CrossRef] [PubMed]
Piccio, L.; Buonsanti, C.; Mariani, M.; Cella, M.; Gilfillan, S.; Cross, A.H.; Colonna, M.; Panina-Bordignon, P.
Blockade of TREM-2 exacerbates experimental autoimmune encephalomyelitis. Eur. |. Immunol. 2007, 37,
1290-1301. [CrossRef]

Takahashi, K.; Prinz, M.; Stagi, M.; Chechneva, O.; Neumann, H. TREM2-transduced myeloid precursors
mediate nervous tissue debris clearance and facilitate recovery in animal model of multiple sclerosis.
PLoS Med. 2007, 4, 675-689. [CrossRef] [PubMed]

Wu, M.; Nissen, J.C.; Chen, E.L; Tsirka, S.E. Tuftsin promotes an anti-inflammatory switch and attenuates
symptoms in experimental autoimmune encephalomyelitis. PLoS ONE 2012, 7, e34933. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.nbd.2009.02.015
http://www.ncbi.nlm.nih.gov/pubmed/19285133
http://dx.doi.org/10.1111/j.0013-9580.2004.33103.x
http://www.ncbi.nlm.nih.gov/pubmed/15101833
http://dx.doi.org/10.1111/j.1528-1167.2006.00590.x
http://www.ncbi.nlm.nih.gov/pubmed/16886979
http://dx.doi.org/10.1186/1742-2094-10-152
http://www.ncbi.nlm.nih.gov/pubmed/24330827
http://dx.doi.org/10.1111/j.1528-1167.2008.01977.x
http://www.ncbi.nlm.nih.gov/pubmed/19175398
http://dx.doi.org/10.1111/epi.13387
http://www.ncbi.nlm.nih.gov/pubmed/27106864
http://dx.doi.org/10.1002/glia.22904
http://www.ncbi.nlm.nih.gov/pubmed/26295445
http://dx.doi.org/10.1038/nn738
http://www.ncbi.nlm.nih.gov/pubmed/11600888
http://www.ncbi.nlm.nih.gov/pubmed/11549714
http://dx.doi.org/10.1016/S0165-5728(97)00185-9
http://www.ncbi.nlm.nih.gov/pubmed/9759845
http://dx.doi.org/10.1016/0014-5793(96)00911-8
http://dx.doi.org/10.1097/01.WCB.0000090080.64176.44
http://www.ncbi.nlm.nih.gov/pubmed/14526228
http://dx.doi.org/10.1016/j.brainres.2010.01.083
http://www.ncbi.nlm.nih.gov/pubmed/20138844
http://dx.doi.org/10.1073/pnas.95.10.5779
http://www.ncbi.nlm.nih.gov/pubmed/9576961
http://dx.doi.org/10.1523/JNEUROSCI.2615-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16399703
http://dx.doi.org/10.1084/jem.20041611
http://www.ncbi.nlm.nih.gov/pubmed/15728241
http://dx.doi.org/10.1002/eji.200636837
http://dx.doi.org/10.1371/journal.pmed.0040124
http://www.ncbi.nlm.nih.gov/pubmed/17425404
http://dx.doi.org/10.1371/journal.pone.0034933
http://www.ncbi.nlm.nih.gov/pubmed/22529957

Int. ]. Mol. Sci. 2017, 18, 504 150f 15

85.

86.

87.

88.

Nissen, J.C.; Tsirka, S.E. Tuftsin-driven experimental autoimmune encephalomyelitis recovery requires
neuropilin-1. Glia 2016, 64, 923-936. [CrossRef] [PubMed]

Nissen, J.C.; Selwood, D.L.; Tsirka, S.E. Tuftsin signals through its receptor neuropilin-1 via the transforming
growth factor 3 pathway. J. Neurochem. 2013, 127, 394-402. [CrossRef] [PubMed]

Pul, R.; Moharregh-Khiabani, D.; Skuljec, J.; Skripuletz, T.; Garde, N.; Voss, E.V.; Stangel, M. Glatiramer acetate
modulates TNF o and IL-10 secretion in microglia and promotes their phagocytic activity. J. Neuroimmune Pharmacol.
2011, 6, 381-388. [CrossRef] [PubMed]

Noda, H.; Takeuchi, H.; Mizuno, T.; Suzumura, A. Fingolimod phosphate promotes the neuroprotective
effects of microglia. J. Neuroimmunol. 2013, 256, 13-18. [CrossRef] [PubMed]

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/glia.22972
http://www.ncbi.nlm.nih.gov/pubmed/26880314
http://dx.doi.org/10.1111/jnc.12404
http://www.ncbi.nlm.nih.gov/pubmed/24033337
http://dx.doi.org/10.1007/s11481-010-9248-1
http://www.ncbi.nlm.nih.gov/pubmed/21046275
http://dx.doi.org/10.1016/j.jneuroim.2012.12.005
http://www.ncbi.nlm.nih.gov/pubmed/23290828
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Numerous Functions and Phenotypes of Microglia 
	Microglia Contribute to Neurodegeneration in CNS Autoimmune Disorders 
	Multiple Sclerosis 
	Rasmussen’s Encephalitis 

	The Neuroprotective Potential of Microglia 
	Conclusions 

