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Abstract: Macrophages can be characterized as a very multifunctional cell type with a spectrum
of phenotypes and functions being observed spatially and temporally in various disease states.
Ample studies have now demonstrated a possible causal link between macrophage activation and the
development of autoimmune disorders. How these cells may be contributing to the adaptive immune
response and potentially perpetuating the progression of neurodegenerative diseases and neural
injuries is not fully understood. Within this review, we hope to illustrate the role that macrophages
and microglia play as initiators of adaptive immune response in various CNS diseases by offering
evidence of: (1) the types of immune responses and the processes of antigen presentation in each
disease, (2) receptors involved in macrophage/microglial phagocytosis of disease-related cell debris
or molecules, and, finally, (3) the implications of macrophages/microglia on the pathogenesis of
the diseases.
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1. Introduction

Within the central nervous system (CNS), there are several cell types that have the
ability to act as antigen-presenting cells (APCs) by first phagocytosing materials and then
presenting them to lymphocytes. Some of these non-professional APCs include endothelial
cells [1-4], pericytes [5-7], and astrocytes [8,9]. However, in this manuscript, we will
focus on microglia and infiltrated macrophages, the professional phagocytes that can
be found within the CNS under physiological conditions. Within the different disease
models discussed in this review, both inflammation and a subsequent immune response
are highly characterized, thus offering an interesting insight into the many alternative
functions macrophages and microglia can play during these CNS pathologies. One of
these roles may include presenting self-antigens to lymphocytes and initiating adaptive
immune response (Figure 1). Autoantibodies, or antibodies that react with self-antigens,
are typically associated with autoimmune disorders. However, they have been observed
in various neurodegenerative disorders and CNS trauma and have rapidly become an
area of interest as potential diagnostic markers and therapeutic targets [10,11]. Here, we
will discuss the roles that macrophages and microglia play in various CNS diseases by
presenting information regarding their phagocytic and antigen-presenting capabilities
in different disease types and what implications this may have on the pathogenesis of
each disease.

Int. . Mol. Sci. 2023, 24, 5925. https:/ /doi.org/10.3390/ijms24065925

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms24065925
https://doi.org/10.3390/ijms24065925
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0009-0002-9248-6644
https://orcid.org/0000-0001-8631-1966
https://doi.org/10.3390/ijms24065925
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms24065925?type=check_update&version=1

Int. ]. Mol. Sci. 2023, 24, 5925

2 of 30

Macrophage/
Microglia

Immature /'\\ *é MHCI

Antigen CD4* T cell \
O
L) . é\ /

s T cell
receptor
Mature CD4*
T cells H MHCII

Immature
CD8* T cell

Cytokines

Mature CD8* | 1
T cells g .
o

LC

Figure 1. Macrophage and microglia phagocytose materials that subsequently present antigens to
both CD4* and CD8" T cells. It is these CD8" T cells that are then able to activate various cell types
such as macrophages and B cells and generate a potent immune response.

2. Neurotrauma

Trauma to any part of the CNS can cause a plethora of debilitating symptoms as
well as a substantial immune response. Worldwide, 2.5 million individuals are esti-
mated to sustain some form of traumatic brain injury (TBI) each year, with approximately
250,000-500,000 new cases of spinal cord injury (SCI) occurring each year, globally [12-14].
SCIs are a debilitating condition that results in a myriad of symptoms, ranging from dis-
ruption of sensory functions to tetraplegia, and can be caused by various external insults
such as motor vehicle accidents and falls [15]. Traumatic SCI initially occurs with a primary
injury phase initiated by a physical insult that damages the spinal cord [16,17]. After
the initial primary injurious event of SCI, a secondary phase of injury begins 2-48 h af-
terward in which the CNS inflammatory response to the injury causes further damage
through mechanisms such as free radical production, lipid peroxidation, inflammation,
and necrosis [18]. TBIs are characterized as injuries caused to the brain by external forces
such as car accidents or sports related injuries. Symptoms associated with TBI can include
post-traumatic seizures and agitation, balance disorders, major depression, anxiety, and
aggression [19]. TBI causes CNS damage through mechanisms such as neuroinflamma-
tion, oxidative stress, and mitochondrial dysfunction [12,20]. Microglia and peripheral
macrophages are integral cellular mediators of inflammation in both SCI and TBI [21,22].

2.1. Immune Response and Antigen Presentation in Neurotrauma

Although there are numerous self-reactive autoantigens that are present is the various
disease states covered in this review, in Table 1, we present several of the most commonly
studied autoantibody antigens. Currently, several different autoantibodies have been
shown to exist at significantly increased levels in neurotrauma patients. For example,
myelin basic protein (MBP) autoantibodies were found in significantly elevated levels
in both SCI and TBI, with the anti-MBP autoantibody levels being used as a marker for
severity and outcome in TBI patients [23,24]. Though there appear to be elevated levels
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of autoantibodies to GM1 (a ganglioside that is primarily found in neurons) in the sera of
individuals with SCI, available data are conflicting [25]. While one study found a significant
increase in immunoglobulin M (IgM) antibody to GM1 but not IgG antibody to GM1 [26],
another found significantly elevated IgG levels but not IgM to GM1 [27]. In SCI patient
sera, anti-MAG (myelin-associated glycoprotein) antibodies were not found to be elevated
as compared to healthy controls [26,27]. Elevated levels of autoantibodies to glial fibrillary
acidic protein (GFAP), collapsin response mediator protein-2 (CRMP2), and MBP have also
been reported in the plasma or sera of SCI patients [28-31]. As reviewed by Needham
et al., many autoantibodies have been studied in TBI patients, with targets that include
glutamate receptors, phospholipids, and acetylcholine receptors [32]. The autoantibody
targets that are present in the greatest number of TBI patients are autoantibodies against
-tubulin class III (BTcIll), GFAP, and S100B [32]. S100B, an astrocytic protein, was the
highest in serum samples of football players, which correlated with the number of repeated
head hits and their intensity during games [33]. Serum IgG against BTclII, which is found
in neuronal cytoskeletons, was significantly elevated over that of healthy controls from
21-23 days post-injury until up to day 30; however, it was noted that there was high
variability amongst the subjects [34]. Further studies of sera of TBI patients indicated that
patients with chronic TBI had significantly higher levels of autoantibody against GFAP,
suggesting that autoantibody production is increased in more severe cases [35,36]. Given
the limited information currently available, further research is necessary to determine the
potential roles of these autoantibodies’ in neurotrauma pathology and their potential as
therapeutic targets.

Table 1. Overview of CNS diseases and injuries discussed in this review.

. . Macrophages/Microglia Presence of Major
CNS Disease/Injury Presentation to APC Autoantibodies Autoantibody-Antigens * References
Microglia and infiltrating
*%
Spinal Cord Injury macrophages demonstrate v GM1 **, GFAP, [21,25-29,31,37—42]

Traumatic Brain Injury

Multiple Sclerosis

Alzheimer’s Disease

Parkinson'’s Disease

and NM, and are positive for MHC II

phagocytic capability, as well as CRMP2, MBP
display MHC I and II in vitro

Microglia and infiltrating

macrophages demonstrate -tubulin class III,
phagocytic activity, but MHC I and II Vv GFAP, S100B, [32,43-47]
expression appears dependent on MBP

specific factors
Microglia and macrophages

phagocytose myelin via FC receptor, Vv MBP, MOG ** [48-52]
CR3 receptor
Microglia phagocytose Af3 and tau Y, AB, tau, beta [53-65]
and express MHC II subunit of ATP o
Microglia internalize &S aggregates . «S, GM-1 ganglioside, NM [58,66-72]

«S: alpha-synuclein, NM: neuromelanin, MBP: myelin basic protein, MOG: myelin oligodendrocyte glycoprotein,
GFAP: glial fibrillary acidic protein. * The antigens presented here are the mostly commonly detected or studied
and are not a comprehensive list of autoantibody antigens discovered in their respective disease or disorder;
** Conflicting findings regarding these results have been demonstrated and require further investigation.

The molecules of major histocompatibility complex (MHC) class I and II are upreg-
ulated in macrophages and microglia near the SCI lesion area after injury [37-40]. It has
been reported that there is an influx of T lymphocytes into the lesion area after SCI, with
one study showing elevated levels of both CD4" T cell and B cell responses in the sub-acute
phase post-SCI [37,39,73]. T cells from blood samples of SCI patients were found to be
reactive to MBP, with data showing that the reactive T cells are CD4" [23,74,75]. Increased
expression of MHC I and II has been found after TBI; however, whether the increase is
significant or not appears to depend on multiple factors [43-45]. For example, a significant
increase in MHC I and MHC 1II gene expression was observed in the ventral posteromedial
nucleus of the thalamus (VPM) but is only elevated in the primary somatosensory barrel
field (S1BF) [43]. MHC II expression was elevated on microglial/macrophage in the cortex
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of young (3-month-old) and aged (24-month-old) mice, but it was only a significant eleva-
tion in aged mice after TBI [44]. Infiltration of T cells at the TBI lesion area occurs around
24 h post-injury and dissipates by 7 days post-injury [76,77]. Available evidence also sug-
gests that CD8™ T cells are the main immune cells to infiltrate the lesion area [76,78,79]. In
one study, utilizing single-cell RNA and T cell receptor sequencing, a population of CD8" T
lymphocytes were found in the lesion brain tissues of patients with radiation-induced
brain injury [80]. They also determined that microglia-derived chemokines mediated the
infiltration of these CD8* T cells and that this chemotactic interaction played a crucial role
in disease onset and progression of radiation-induced brain injury [80]. Gaining further
understanding of the multifaceted and robust immune response after neurotrauma is criti-
cal in fully recognizing the potentially pathogenic and disease progressing roles many of
these immune cells play. As described above, macrophages and microglia are responsible
for presenting antigens to T lymphocytes after injury, and this may also contribute to
the production of the various autoantibodies in patients after neurotrauma. To further
investigate the function of macrophages and microglia in neurotrauma pathology, we will
discuss the receptors by which these cells uptake cell debris after injury, leading to their
activation and subsequent antigen presentation.

2.2. Receptors Involved in Macrophage/Microglial Phagocytosis of Myelin Debris in Neurotrauma

Various studies have investigated macrophage and microglia phagocytosis of cellu-
lar debris after SCI. Microglia are the first phagocytes to surround axons after SCI until
3 days post-injury, at which point macrophages that have infiltrated from the periphery
become the dominant phagocytes [21]. Macrophages, once having arrived at the lesion
center after SCI, express a number of surface receptors to mediate the uptake of various
forms of cellular debris, including debris formed from myelin sheaths, which we will
focus on in this section. The process of macrophage phagocytosis in general involves the
binding of particles to receptors, which then triggers the internalization of the particles
into an early phagosome, which then matures into a late phagosome [81]. The phago-
some then merges with a lysosome and forms the phagolysosome, during which time
the materials within the phagolysosome are digested [81]. Macrophage phagocytosis of
myelin debris is facilitated by complement receptor 3 (CR3; also known as Mac-1, integrin
aMpB2 or CD11b/CD18), scavenger receptor Al/AIl (SR-AI/II), TREM2, MARCO, and
Fc-receptors [48-50,82-86]. C1q, which complexes with CR3, may play a role in mediating
microglia clearance of axons after SCI [21,41]. Microglia in rats with SCI also show up-
regulation of Mac-2 (galectin-3), which may also be involved in phagocytosis of myelin
debris [42]. Through the use of a C3 inhibitor that attenuates C3d opsonization in vivo,
microglia and potentially macrophage-mediated phagocytosis of hippocampal synapses
are inhibited in mice subjected to TBI [46]. The mRNA expression in brain tissue from TBI
mice show upregulation of Cd45, Mhcll, and Cd68, which are the markers for microglia and
macrophage activation and phagocytosis [47].

2.3. Implications in Pathogenesis of Neurotrauma

In both SCI and TBI, clearance of cellular debris, including myelin debris, is critical
for generating a pro-regenerative environment and is a prerequisite for injury repair; how-
ever, the uptake of myelin debris by macrophages can lead to various deleterious effects
on the injury microenvironment. Macrophages can take on a spectrum of phenotypes
from pro-inflammatory M1-like phenotypes to anti-inflammatory M2-like phenotypes. M1
polarized microglia and macrophages further contribute to injury progression through
secretion of TNF-oc and II-1f3 and production of ROS and NOS [22,87]. Both TNF-oc and
II-1p are important cytokines in activating the innate immune response, mediating the
recruitment as well as activation of immune cells such as macrophages, and have po-
tent proinflammatory capabilities; however, their dysregulation can lead to a plethora of
pathological conditions including the chronic inflammation seen after neurotrauma [88].
TNF-« signaling is initiated by TNF-« binding to its receptors TNF receptor 1 (TNFR1)
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and TNF receptor 2 (TNFR2), with TNFR1 mainly stimulating proliferation as well as
cell survival via nuclear factor-kappa B (NF-«B) signaling and mitogen-activated protein
kinase (MAPK) signaling, as well cell apoptosis via activation of caspase 3 [89]. TNFR2,
which is found in limited cell types such as endothelial cells and immune cells, is primarily
associated with inflammation and cell survival [90]. TNF-« binding to TNFR2 leads to
the recruitment of TNF receptor-associated factor (TRAF) 2, TRAF3, TRAF1, and cellular
inhibitor of apoptosis protein (cIAP) cIAP1/2 proteins within the cell to form a complex
that activates MAPK kinase kinase-3 (MEKK-3), leading to NF-«B generation [90]. TNF-
o binding to TNFR2, similarly to TNFRI, triggers apoptosis signaling kinase-1 (ASK-1),
which eventually results in p38 MAPK activation, and subsequent activation of activator
protein 1 (AP-1) [90,91]. Additionally, TNFR2 activation can lead to its interaction with
endothelial/epithelial tyrosine kinase (Etk), which subsequently activates vascular en-
dothelial growth factor receptor 2 (VEGFR2) [90]. VEGFR?2 activation then leads to the
activation of the (PI3K)/Akt pathway, which regulates processes such as cell adhesion, cell
survival, and proliferation [92]. Il-13 binds to IL-1 receptor accessory protein (IL-1RAcP),
which then recruits myeloid differentiation primary response protein 88 (MyD88), IL-1R
associated kinase 4 (IRAK4), and TRAF6, which causes the activation of NF-kB and MAPK,
resulting in the transcription of several inflammatory genes [93]. M2 polarized microglia
and macrophages have been shown to promote CNS repair and limit secondary inflam-
matory mediated injury by producing anti-inflammatory cytokines [22,87]. In both cases
of SCI and TBI, the population of M2-like microglia and macrophages decreases within
a few days post-injury, while the M1-like activated cells persist for extended periods of
time [22,84,94]. With macrophage phenotypes existing on a spectrum of disease-promoting
to tissue regenerative, studies have shown they often serve a dichotomous role in disease
pathogenesis. Specifically, in SCI, bone marrow-derived macrophages (BMDM¢) infil-
trate to the epicenter of the injured spinal cord where they phagocytose myelin debris to
become myelin-laden macrophages (Mye-M¢), which are closely associated with the pro-
inflammatory signaling cascades predominant in SCI [94-101]. Myelin debris phagocytosis
also leads to decreased phagocytic capacity of macrophages, as well as dampening of their
response to future stimuli [96,102,103]. Furthermore, our group demonstrated that the
expression of neuron-glial antigen 2 (NG2) was increased in Mye-M¢, and NG2* Mye-M¢
displayed enhanced proliferation and decreased phagocytic capacity [103]. The decreased
phagocytic capacity in Mye-M¢ could lead to decreased clearance of necrotic/apoptotic
cells after injury, further promoting neurotoxicity, tissue damage, and secondary injury
progression [94,96,98-101,104]. For a complete review of the beneficial and detrimental
effects of myelin debris phagocytosis by macrophages in SCI as well as macrophage’s con-
tribution to SCI pathology see [82,98]. Given that M1 polarized microglia and macrophages
appear to dominate the cellular milieu of TBI and SCl-affected lesion areas, modulating
the M2 response could be a potential target for therapeutics and may be key to promoting
resolution to inflammation and tissue healing after injury. For further review on myelin
debris phagocytosis by cells of the CNS and consequences of myelin debris uptake see [83].

Administration of IL-13, an anti-inflammatory cytokine, in mice subjected to TBI
enhances microglia phagocytic activity and association of microglia with damaged neu-
rons [105,106]. In rats that were subjected to brain injury, neurons near the cortical lesion
area strongly colocalized with IgG, peaking in intensity 24 h after lesion induction [107].
Further examination of these neurons showed that many of them were undergoing cell
death, implying that the IgG binding can facilitate phagocytosis and clearance via Fc
receptor expressing cells [107]. Further research is warranted to study the behavior of
microglia and macrophages and their phagocytic interactions under TBI conditions. A re-
cent study performed on IgM knock-out (KO) mice showed that after cervical SCI, IgM
KO mice exhibited worse outcomes compared to their wild-type (WT) controls [108]. The
IgM KO mice also had elevated T cell infiltration 2 weeks post-injury and significant loss
of neural tissue at 10 weeks post-injury [108]. The recovery of locomotor function after
SCI was improved in recombination activating gene 2 (RAG2) depletion mice (Rag2 ),
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in which they lacked mature T cells and B cells, as compared to controls, with a reduc-
tion in microglia/macrophages, implying that adaptive immunity plays a deleterious role
post-injury [109]. Interestingly, there is no difference in the extent of injury severity, in-
flammation, tissue damage, neuronal cell death, and neurological impairment between
recombination activating gene 1 (RAG1) depleted mice (Rag1~/~), which also lack mature B
cells and T cells, and WT mice after TBI, suggesting that adaptive immunity mediated by T
and B cells may not play a critical role in initiating and sustaining the neuroinflammatory
response seen after TBI [110]. Conversely, after SCI in a B-cell lacking mouse line, the
locomotor recovery was improved and lesion pathology was reduced as compared to
controls [111]. In the same study, B cells, IgG, and IgM were found in the cerebrospinal
fluid and injured spinal cord of WT mice but were not present in the B cell-lacking mice,
leading to a large accumulation of antibody and activation of complements in the injury
area of the WT mice. Overall, this study demonstrates that humoral immunity may play
a significant role in SCI pathology. Taken together, further studies must be performed to
completely understand the role of antibody-mediated immune response in SCI and TBI
injury progression and how these roles may differ between the two injury types.

In summary, numerous autoantibodies have been identified in both TBI and SCI,
some unique to each injury and others shared between the two. A range of receptors
has been shown to mediate the phagocytosis and clearance of cell debris such as myelin
debris by macrophages/microglia. Following injury, both M1-like disease-promoting and
M2-like neuroprotective microglia and peripheral macrophages are present, but during the
chronic stage, M1-like macrophages/microglia are the predominant phenotype in the injury
area. Striking a balance between the neuroprotective and pro-inflammatory responses in
response to neurotrauma appears to be a promising path of research that could uncover
novel therapeutic options for patients.

3. Multiple Sclerosis

Multiple sclerosis (MS) is a chronic autoimmune disease resulting in the degradation
of the critical myelin sheath of neuronal axons in the CNS [112]. In a recent comprehensive
global epidemiologic study regarding MS, approximately 2.8 million people are estimated
to live with MS worldwide [113,114]. The pathology of MS is characterized by lesions
throughout the white matter of the CNS that exhibit demyelination, inflammation, and
glial reaction [115]. The cellular profile of these lesions is composed of both activated
macrophages, microglia, as well as T and B cells that have migrated from the periphery after
disruption of the blood-brain barrier [116]. Symptoms of MS include, but are not limited
to, acute optic neuritis, palsies, ataxia, sensory deficits, and cognitive impairment [117].

3.1. Immune Responses and Antigen Presentation in MS

Given that MS is a demyelinating disease, autoantibodies specific to myelin and
myelin-proteins have long been targets in the search for reliable biomarkers and are the
major autoantigen candidates in MS [51]. Multiple studies have demonstrated that autoan-
tibodies for MBP, a multifunctional protein that composes a significant portion of CNS
myelin protein, can reliably be detected in the CSF of patients diagnosed with MS, while
only 2% of samples amongst non-MS controls had MBP autoantibodies [118-121]. While
MBP autoantibodies are reliably detectable at elevated levels in the CSF of MS patients,
studies of sera have shown conflicting results. One group detected elevated autoantibodies
to MBP in 25% of MS patients and 10% of controls, while a different group found elevated
autoantibodies in 77% of MS patients and only 5% of controls [51,122,123]. Further research
into the presence, or lack thereof, of MBP autoantibodies in patient sera is required based
on these findings.

Myelin oligodendrocyte glycoprotein (MOG) has long been another target of MS
auto-antibody research since it resides in the outermost surface of the myelin sheath
surrounding neurons [124]. Overall findings from studies concerning the presence of
MOG autoantibodies in MS patients have been conflicting. MOG autoantibodies were
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detected in 50% of brain tissue samples of postmortem MS cases, but none in the control
tissue that did not have other neuroinflammatory conditions [124,125]. When testing
MS patient sera, one study found only approximately 5% of MS patients tested positive
for anti-MOG IgG [126]. Using blood sera from patients with primary progressive or
secondary progressive MS, MOG-IgG autoantibodies were not detectable amongst both
populations [127]. Contradictory findings were shown that detected significant differences
in IgM and IgG to MOG in the sera of patients with MS as compared to controls [128].
In light of these conflicting results and sporadic detection of MOG amongst different MS
groups, research into more refined detection methods of MOG may provide better answers.

Since the major hallmark of MS is demyelination within the CNS, the main focus of
autoantibody research has been on myelin antigens such as MBP and MOG. However, there
has been some success in finding autoantibodies to the lipid components of myelin, but
the current biomarkers and their diagnostic assays do not appear to match those of MBP
or MOG so far in either sensitivity or specificity [51,129,130]. As reviewed by Fraussen
et al., there is active research into autoantibodies in MS to components of neurons and
axons, oligodendrocytes, astrocytes, immune cells, as well as antibodies to viral antigens
and antibodies to ubiquitous antigens such as heat shock proteins [51].

One survey of MS lesions found CD8* T cells and CD20* B cells to predominate across
all disease and lesion stages, while CD4" T cells were sparse [131]. As reviewed by Liu et al.,
Th1 and Th17 lymphocytes appear to be the primary mediators of damage to myelin sheaths
in MS, and B cells that produce autoantibodies to myelin protein have been observed in MS
patients [132]. The cacophony of chemokines and cytokines that are produced during MS
is most likely responsible for the recruitment of Th1l and Th17 CD4" T cells, CD8* T cells,
and B cells that further contribute to CNS damage in MS and experimental autoimmune
encephalomyelitis (EAE), an animal model for MS [131,133-135].

The increase in MHC I and MHC II expression was consistently observed around
MS lesions in brain samples from MS patients. While other cells such as astrocytes and
endothelial cells in the brain express these molecules, microglia and macrophages are the
strongest MHC expressing cells [136-138]. Microglia and macrophages in brain tissue of MS
patients also express the costimulatory molecule family B7, which includes B7-1 (CD80) and
B7-2 (CD86) [139-141]. B7 serves as a costimulatory molecule for CD28/CTLA-4, in concert
with binding to MHC II to activate CD4* T cells [139]. B7 plays a critical role in the initiation
and expansion of MOG-reactive T cells in EAE, and macrophage signaling through B7
molecules may be critical to the activation, as well as regulation, of encephalitogenic T
cells [142,143]. These findings interestingly implicate a significant contribution of CD4* T
cells in the effector phase of EAE and possibly MS.

CD40, an MHC II costimulatory molecule, and its associated ligand CD40 ligand
(CD40L; CD154), which is found on activated T cells, have been theorized to participate
in immune-mediated pathogenesis of MS [144]. Peripheral blood samples, but not CSF,
from patients with secondary progressive MS have constitutive CD40L expression on CD4*
and CD8" T cells, indicating some form of systemic immune response in MS [145]. While
significantly higher than control groups, the median value of CD4" T cells expressing
CD40L was 3.4%, and only 1.7% of CD8* T cells express CD40L [145]. Colocalization of
CD40 expressing microglia and macrophages with CD40L expressing CD4" T cells has been
observed in post-mortem sections of brain tissue from MS patients, implying that MHC
IT and CD40 mediated antigen presentation between microglia/macrophages and CD4*
T cells is taking place [146]. When compared to WT controls, EAE mice in which CD40
expression is specifically depleted in macrophages, exhibited significantly lower disease
severity, a reduction in neuroinflammation, and decreased myelin debris phagocytosis [147].
Upon induction of EAE in CD40~/~ bone marrow chimeric mice that have CD40-deficient
microglia but maintained WT peripheral macrophages, the mice exhibited very mild or
no disease symptoms compared to WT controls [148,149]. Macrophage recruitment in the
CNS at the peak of EAE progression was also lower in the CD40~/~ chimeric mice as
compared to WT mice [148,149]. A lack of neuroinflammation has also been reported in
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these CD40~/~ chimeric mice after EAE induction, as well as in mice treated with anti-
CD40L antibody [144,150]. Taken together, these studies suggest that both microglia and
macrophages contribute to MS disease progression in a complementary fashion and that
no one aspect is solely responsible for demyelination or neuroinflammation.

Another costimulatory molecule, CD137, is potentially involved in mediating the
immune response in MS, but information is lacking regarding the demonstration of cellular
expression of CD137 in situ [144]. CD137 expression is significantly increased in CD8*
T cells in white matter lesions of brain tissue from MS patients, suggesting that CD137
expression on microglia may be crucial to EAE development [151,152]. Further studies are
necessary to determine if microglia are involved in the activation of CD8* T cells found in
MS lesions.

As reviewed by Piacente et al., sirtuin 1 (SIRT1) and sirtuin 2 (SIRT2), which are
NAD*-dependent deacetylases, possibly play a role in regulating neuroinflammation and
microglial activation in MS [153]. Studies of SIRT2 using LPS-induced neuroinflammation
have yielded conflicting results, with one group demonstrating SIRT2~/~ mice experienc-
ing an increase in pro-inflammatory cytokines and morphological changes in microglia,
while another group found that administration of an SIRT2 inhibitor significantly reduced
microglial activation, as well as TNF-oc and IL-6 expression [153-155]. Current research on
SIRT1 is more cohesive, however, with several groups reporting that SIRT1 may promote
the transformation of activated microglia from a pro-inflammatory M1-like phenotype to a
neuroprotective M2-like phenotype in EAE mice [153,156,157]. Additionally, SIRT1 may
play a role in regulating inflammation, as upregulation of SIRT1 in LPS-treated microglial
cell line has been shown to attenuate the expression of IL-1f3 and IL-6 [153,158]. These
findings demonstrate that sirtuins may be a promising target for promoting resolution of
neuroinflammation, particularly in MS.

3.2. Receptors Involved in Macrophage/Microglia Phagocytosis of Myelin Debris in MS

Myelin debris internalization by macrophages and microglia has become a well-
established hallmark for MS, with studies showing that numerous receptors are involved
in facilitating this event [49,159]. We therefore focus on the uptake of myelin debris
in this section. The expression of CD36, a member of the class B scavenger receptor
family, was elevated in murine BMDM¢ and microglia upon uptake of myelin debris
in vitro [160]. CD36 expression was displayed primarily by myelin-containing phagocytes
in MS lesions and spinal cord lesions from mice with EAE [160,161]. Inhibition of CD36
with sulfo-N-succinimidyl oleate (SSO) decreased the ability of macrophages and microglia
to internalize myelin debris [160,162], suggesting that CD36 may be an integral receptor
involved in myelin debris phagocytosis by macrophages and microglia in MS. Scavenger
receptor A, a transmembrane glycoprotein that acts as a pattern recognition receptor, is
constitutively expressed by macrophages and microglia and plays an important role in
innate immune function [163]. It has been shown that mRNA expression of both SR-
Al/Il is upregulated in both infiltrated macrophages and microglia surrounding chronic
active MS lesions of post-mortem human brain tissue [164]. A monoclonal antibody
targeting SR-AI/II inhibited peritoneal macrophage from engulfing sciatic nerve debris
in a dose-dependent manner [48,86]. The currently available research on the role of SR-
AI/II highlights the mechanisms through which macrophages and microglia contribute
to myelin debris clearance in the absence of opsonizing agents such as immunoglobulins
or complements.

Active MS lesions in human brain tissue show significant expression of anti-human trig-
gering receptor (TREM2) on lipid-laden macrophages surrounding the lesion areas [85,165].
Using the model of toxic demyelination induced by cuprizone (CPZ) (an animal model for
MS), Trem2*/*, Trem2*/~, and Trem2~/~ mice were evaluated on their microglial response to
injury due to CPZ administration [85]. Corpus callosum tissue in Trem2~/~ mice showed
significantly increased levels of degraded myelin as compared to the corpus callosum from
Trem2*/* mice, implicating that TREM2 plays a major role in microglia uptake and clearance



Int. J. Mol. Sci. 2023, 24, 5925

9 of 30

of myelin debris [85]. A different study using EAE mice showed that blocking TREM2
activation in vivo with anti-TREM2 monoclonal antibody caused a worsened disease state,
with mice exhibiting increased myelin damage associated with decreased microglial phago-
cytosis of myelin debris [166]. It has been shown in vitro that when apoptotic neurons are
added to primary microglia culture, TREM2 knockdown microglia display significantly
less phagocytosis as compared to WT microglia, again highlighting its significant role in
microglia phagocytosis of myelin debris [167].

Fc receptors (FcR) may also be involved in myelin debris clearance in MS [49,50].
Active MS lesions contained both macrophages and microglia and significantly expressed
FcRI, FcRII, and FcRIII [50]. Normal white matter, on the other hand, only contained
macrophages that exhibited weak expression of these receptors [49,50]. In vitro experiments
utilizing CSF from rabbits with EAE to pre-opsonized myelin with IgG before addition
to primary rat microglia, or macrophages, showed significant increases in phagocytosis
of pre-opsonized myelin by both cell types [49,168,169]. Taken together, these studies
demonstrate that FcR-mediated clearance of myelin debris by macrophages and microglia
plays an important role in the process of demyelination during MS.

CR3, which is expressed on both macrophages and microglia, has been shown to
play a role in myelin debris phagocytosis [48,52]. A reduction in phagocytosis is observed
in heat-inactivated serum, where active complement is absent, implicating that there is
a complement-dependent component to myelin debris phagocytosis [48]. CR3-specific
antibodies also caused reduced myelin debris phagocytosis in peritoneal macrophages,
highlighting CR3’s role in macrophage uptake of myelin debris [170]. Though it is agreed
upon that microglia and macrophages are able to take up myelin debris through CR3
interaction, further investigation must be conducted to fully determine the significance and
implications this has in MS pathogenesis.

Mer tyrosine kinase (MerTK) and low-density lipoprotein receptor-related protein
1 (LRP1) appear to also play a role in myelin debris clearance [49]. Treatment of human
monocyte-derived macrophages and microglia with MerTK antagonists caused a significant
drop in myelin debris phagocytosis for both cell types [49,171]. After 4 weeks of CPZ treat-
ment in Mertk- KO and WT mice, there was a significant reduction of microglia infiltration
in the corpus callosum; however, after 7 weeks there was no significant difference between
WT and KO mice. Myelin debris uptake by Mertk-KO microglia is also significantly in-
hibited compared to WT microglia [172]. Further research regarding MerTK is necessary
to establish the significance of its impact on myelin debris phagocytosis in relation to the
other mechanisms discussed in this section. Additionally, LRP1 is expressed in microglia
and facilitates the uptake of myelin debris, and deletion of this gene exacerbates pathology
in the EAE mice [49,173,174]. However, very little research exists on the role LRP1 plays
overall in the clearance of myelin debris in MS patients and EAE mouse models. Lastly, as it
pertains to microglial response in demyelinating disease, spleen tyrosine kinase (SYK) has
been shown to play a neuroprotective role. EAE mice with ablated SYK exhibited increased
demyelination and more aggravated paralysis than control mice. When fed a CPZ diet,
mice with ablated SYK had fewer microglia present in the corpus callosum and showed
impaired phagocytic ability of damaged myelin basic protein [175].

3.3. Implications in Pathogenesis of MS

MS is characterized by the presence of numerous autoreacting antibodies, including
anti-MBP autoantibodies that contribute to the targeting and breaking down of MBP. Mod-
ulation of these autoantibodies has been shown to occur in two distinct stages: the first
stage in which microglia and peripheral macrophages contribute to demyelination and
neuroinflammation, and the second stage in which inflammation is eventually resolved and
tissue repair in the CNS begins [176]. It has been demonstrated in vivo that during demyeli-
nation, macrophages and microglia take on a proinflammatory M1 phenotype [177,178].
M1 polarized macrophages in EAE expressed higher levels of iNOS, IL-6, IL-12, CCL2, and
CXCL10 than did controls [178]. « B-crystallin (HSPB5, a molecular chaperone expressed
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by oligodendrocytes) treatment upregulated IL-10 expression in human microglia and
macrophages [179]. Both HSPB5 and IFN-y treatment significantly upregulated expression
of proinflammatory cytokines (TNF-«, IL-12, and IL-1$3) and chemokines (CXCL9, CXCL10,
and CXCL11) in macrophages and microglia [179]. Microglia residing in MS lesions of brain
tissue from MS patients demonstrated significant expression of IL-23, a critical component
for recruitment of Th17 cells that would further contribute to neuroinflammation [180,181].
While much focus is typically paid to CD4" T cells in MS pathology, as there is a strong
association of MS susceptibility with MHC class Il alleles, current evidence suggests there
may be antigen-driven activation of CD8" T cells and that they may play a significant role in
MS disease progression [182]. CD8" T cells are the primary T cell in the CNS of MS patients,
and certain subsets of CD8" T cells that can secrete IFN-y and IL-17 have been found in
perivascular spaces in active MS lesions [183]. The abundance of CD8* T cells are positively
correlated with intensity of axonal damage in MS [184,185]. Additionally, although both
autoreactive CD4" T cells and autoreactive CD8" T cells are present in MS patients, those pa-
tients with relapsing-remitting MS showed a higher proportion of these autoreactive CD8*
T cells [186]. For complete reviews of both T cell and specifically CD8* T cell involvement in
MS progression see [185,187]. It is well-documented that M2 macrophages typically express
high levels of anti-inflammatory cytokines such as IL-10 and TGF-$3 and downregulate their
production of pro-inflammatory cytokines, while M2 microglia produce IL-4, IL-10, and
TGE-f [188,189]. In mice brain with lysolecithin-induced focal demyelination, macrophages
and microglia switched from a pro-inflammatory M1 phenotype to an anti-inflammatory
M2 phenotype once remyelination began [177]. Other studies provide evidence that within
MS lesions, myelin-laden macrophages, or Mye-M¢, expressed M2-like markers, or both
M1 and M2 markers [190-192]. It was also noted that in vivo, M2-conditioned media
increased oligodendrocyte differentiation and prevented oligodendrocyte progenitor cell
apoptosis, a step that is crucial in remyelination [177,193,194]. An in vitro study showed
that Mye-M¢ inhibited lymphocyte proliferation through nitric oxide production in an
antigen-independent manner [195]. These studies demonstrate that macrophages may have
intermediate activation status that is dependent on spatial and temporal aspects of MS
progression in the CNS. While current research points to temporally there being a tipping
point at which macrophages and microglia stop provoking neuronal insult and develop
more of an M2-like phenotype and begin to promote healing in MS, there is still much left
to understand about this process.

Pathological patterns characterized by the presence of Mye-M¢, extensive IgG deposi-
tion, and Ig reactivity associated with degenerating myelin have been observed in actively
demyelinating lesion areas that are consistent with T cell and macrophage-mediated in-
flammation [196,197]. Taking into account the numerous autoantibodies believed to be
involved in MS, and the phagocytic activity of microglia and macrophages, it doesn’t seem
implausible to believe there is a link between adaptive immunity and the exacerbation of
MS pathogenesis by microglia and macrophages. Macrophages and microglia could be
contributing to the population of anti-MBP autoantibodies that cause autoreactive tissue
damage in MS patients.

In summary, the development, progression, and resolution of MS pathology depend on
complex interactions between macrophages, microglia, B cells, and T cells. In demyelinating
lesions, both macrophages and microglia are capable of phagocytosing myelin debris. In
the brain samples from MS lesions patients, macrophages and microglia are found in
close proximity to CD4" T cells, which could facilitate presentation of myelin debris as
antigens and assist the production of autoantibodies to myelin components. Although
they are initially pro-inflammatory, both macrophages and microglia eventually take on a
neuroprotective role and promote CNS recovery. Further research is needed to understand
this process. Studies in EAE mice have shown attenuation of disease progression when
macrophages or microglia are incapable of presenting antigens. Interestingly, when only
microglia are incapable of presenting antigen and macrophages are unaffected, macrophage
recruitment in the CNS and disease progression are attenuated. Therefore, microglia may
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play a more significant role in modulating CNS damage than macrophages. Further
investigation into therapeutics that can skew microglia towards an M2 phenotype may
provide additional downstream benefits in MS treatment.

4. Alzheimer’s Disease

Alzheimer’s disease (AD), the most common form of dementia, is a progressive
neurodegenerative disease that causes progressive impairment of both behavioral and cog-
nitive functions in patients [198]. AD is responsible for 60-70% of the more than 55 million
dementia cases worldwide [199]. The two hallmark neuropathological signs associated
with AD are senile plaques and neurofibrillary tangles (NFTs). Senile plaques are pri-
marily composed of aggregated extracellular amyloid-3 (Af) proteins, which can exert
a neurotoxic effect that can stimulate damage to axons and dendrites, as well as cause
synaptic loss [200,201]. NFTs are primarily composed of the hyperphosphorylated form
of microtubule-associated protein tau that aggregates in neurons, ultimately contributing
to neuronal death [201-203]. Microglia have been shown to make a considerable contri-
bution to the Af and tau pathologies seen in AD through various pathways [204]. Early
symptoms of AD typically include impaired memory, but then can progress into severe
cognitive and behavioral impairment with symptoms such as anxiety, paranoia, insomnia,
and irritability [198].

4.1. Immune Responses and Antigen Presentation in AD

Numerous studies have been performed to assess the potential of Af3 autoantibodies
to be used as a diagnostic marker for AD, with mixed results. When unbound Af autoanti-
bodies were assayed in serum from AD patients, they were found in lower levels than those
found in sera from control populations [53-56]. Similarly, the levels of Af3 autoantibodies in
the CSF of AD patients were lower than those of healthy controls [205-208]. In contrast to
these findings, when sera from patients was purified to isolate only IgG bound to A342, AD
patients showed four-fold higher titers when compared to controls [209]. This same study
also found that A IgG titers were negatively correlated with the cognitive status of the
patients [209]. Furthermore, levels of antigen-bound A (3 auto-antibody in CSF were higher
in AD patients, as well as negatively correlated to cognitive status across groups [210].
The presence of autoantibodies against tau protein, a protein mainly involved in main-
taining microtubule stability in neuronal axons, has been detected in healthy adults, AD
diagnosed adults, and in children [211,212]. The elevated levels of phosphorylated and non-
phosphorylated tau protein were detected in the CSF of AD patients compared to healthy
controls [208,213-216]. Autoantibodies against the 3 subunit of adenosine triphosphate
(ATP) synthase have been identified in the serum of AD patients, but unlike autoantibodies
to tau and Af, they were not identified in healthy controls [217,218]. This may be the
basis for the mitochondrial hypothesis of AD, which was formed based on findings that
mitochondrial infrastructures and lower glucose utilization is observed in the brains of
AD patients, implying that mitochondria may play a role in disease progression [218,219].
Through the use of the 5xFAD transgenic mouse model of AD, some studies have shown
elevated levels of anti-ceramide antibodies compared to WT mice; however, this does
not appear to have been studied in humans [56,220]. As reviewed by Wu and Li, there
are numerous other autoantibodies under investigation for their potential as biomarkers
and therapeutic targets for AD [56]. Autoantibodies related to various neurotransmitters
and receptors, glial markers, lipids, cellular enzymes, and vascular materials are all pos-
sible targets based on their implicated involvement in AD pathogenesis. With many of
these targets, it is still unknown if they are pathogenic, or protective, in regard to their
involvement in AD.

It has been fairly well established that microglia in the brain of AD patients express
the MHC II molecule HLA-DR, and MHC II expressing microglia are clustered around
Ap plaques [57-60]. An MHC II costimulatory molecule, CD40, is expressed on microglia
in vitro and in vivo [221-223]. Tau overexpression in rats induced upregulation of TNF-o
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at the mRNA level, while A treatment upregulated both TNF-a and CD40 expression
in human microglia [224,225]. Upregulation of TNF-« in this scenario is of importance
since autocrine signaling of TNF-« is crucial for IFN-y induced-CD40 expression [226,227].
Expression of MHC I molecule has also been observed in microglia from AD patients’ brains
but at relatively low levels [228]. Though it is undetermined if microglia are mounting
processed antigen onto MHC I or MHC II molecules, current findings indicate that they at
least have the potential to do so in AD.

While MHC I and II presentation of antigens by microglia in AD has yet to be shown,
there have been various studies in AD investigating the presence of the CD8* T cells, the
cells to which microglia would potentially present antigen. Multiple groups have shown in
both mouse models and samples from AD patients that CD8" T cells are present in increased
levels in the CSF and blood and that they migrate to the brain from the periphery [229-233].
Surveys of CD4" T cells have led to controversial findings, with numerous groups reporting
decreased CD4* T cell levels in AD patients, while at least one group has reported an
increase in CD4* T cells [233-236]. A case study of AD patient CSF samples revealed that
levels of peripheral Th17 cells were elevated compared to controls, and the proportion of
regulatory T cells (Treg) was positively correlated with the level of pTaul81 and total Tau
in AD patients, implying that these T cells may be associated with neurodegeneration in
AD [237,238]. However, there was not a significant difference between Treg populations
in the CSF of AD patients and controls [237,238]. There were, however, limitations to
this study: with difficulty obtaining CSF from healthy control samples, patients without
cognitive impairment were used as controls [237,238]. It has been noted that there is an
increase in Th1 and Th17 cell response in AD patients’ brains, while Th2 cell presence is
substantially lower in comparison [239]. As reviewed by Sabatino et al., evidence showing
a pathogenic role of B cells in AD is limited [239]. Activated B cells in the AD mouse model
were elevated compared to controls [240]. However, AD patients display lower levels of
peripheral B cells, and studies on B cells in AD mouse models do not agree on whether
they are deleterious or protective [239].

4.2. Receptors Involved in Macrophage/Microglial Phagocytosis of AB and Tau in AD

It has been demonstrated that fibrillar A3 (fA) is capable of activating microglia and,
in turn, stimulating an increase in phagocytic activity [241-243]. There is a multicomponent
fA receptor complex consisting of CD36, a6p1, and CD47 that facilitates the adhesion
of A3 to microglia [242]. BV-2 cells, a microglia cell line, are capable of phagocytosing
fAB and trafficking it into phagosomes after uptake [244]. Incubation of BV-2 cells with
unique agonists to each individual component of the CD36, a631, and CD47 prevented the
initiation of phagocytosis, implying that each receptor in the complex is crucial for microglia
uptake of fA3 [244]. Scavenger receptor SCARA-1 has been shown to significantly increase
phagocytosis of soluble Af by primary microglia, with SCARA-1 null mice showing
increased accumulation of A in brain tissue [61-63]. The role of CD36 has also been
investigated in microglia phagocytosis of Af3 and was found to possibly be effective only
in the process of phagocytosing fA 3 and not soluble A [62].

Numerous groups have also shown that Toll-like receptor (TLR)-2 (TLR2), TLR4,
and co-receptor CD14 play a role in fA(3 binding and microglia activation [245-247]. Mi-
croglia isolated from WT mice phagocytosed significantly more fA than did CD14-KO
microglia, while there is no difference in the uptake of control particles such as polystyrene
microspheres between WT and CD14-KO microglia [247]. Brains of AD patients showed
strong expression of CD14 on microglia, while control subjects showed no parenchymal
expression [247]. The genetic depletion of CD14, TLR2, and TLR4 or function-blocking
antibodies against CD14, TLR2, and TLR4 significantly attenuate the phagocytic capacity
of BV-2 cells for fA, highlighting their importance in microglial phagocytosis of A3 [245].
Furthermore, CD14, TLR2, and TLR4-deficient microglia exhibited reduced activation of
MAP kinase p38 upon exposure to fAf3, inhibiting ROS production and phagocytosis [245].
The GTPase Rac, whose activation by GTP-loading and cytosol to membrane translocation
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is regulated by p38 activity, is believed to play a role in phagocytosis [245]. Treatment of
microglia with p38 inhibitor, SB203580, before exposure to A3 reduced fA(3-stimulated
phagocytosis, providing evidence that GTPase Rac plays a role in microglia phagocytosis
of fAB in AD [245].

TREM2 has been linked to the promotion of A phagocytosis [248-250]. A treatment
for up to 24 h increased microglia phagocytic response; however, cells silenced for TREM2
had phagocytosis restored to the level of control cells [250]. There is a decrease in Af3
phagocytosis in TREM2-KO mice compared to WT mice, and TREM2-KO mice have a
marked decrease in CD36 mRNA levels, implying a link between TREM2 and CD36 in the
phagocytosis of A3 [248].

The G protein-coupled receptor (GPCR) formyl peptide receptor 2 (FPR2), whose
human homolog FPR-like-1 (FPRL-1), is normally expressed constitutively at low levels but
is upregulated when stimulated with TNF-«, is expressed by both microglia and astrocytes
upon activation by Ap [61,251,252]. FPRL-1 has been shown to act as a receptor for A
and colocalized with Af in the cytoplasm of monocytes-derived macrophages [61,253,254].
Another GPCR, chemokine-like receptor 1 (CMKLR1), is colocalized with internalized A (342
in microglia, suggesting CMKLR1 may play a role in A3 processing and clearance [61,255].
It has been shown that SYK protein is responsible for intracellular regulation of microglia
activity in 5xFAD mice. Microglia in mice with loss of SYK expression exhibited impaired
activation, proliferation, and phagocytosis of A [175]. Lastly, microglia are also capable of
internalizing soluble and insoluble tau protein isolated from AD patient brain tissue in vivo
and in vitro [64,65]. Primary microglia isolated from CX3CR1 KO mice have significantly
lower levels of tau uptake when compared to cells from WT mice. Stereotaxic injection
of tau into WT and CX3CR1 KO mice demonstrated attenuation of tau internalization in
the KO mice, similar to the in vitro experiments, implying that CX3CR1 plays a role in the
phagocytosis and clearance of extracellular tau in AD [256,257].

4.3. Implications in Pathogenesis of AD

In the early stages of AD, microglia are central to the recognition and clearance of Af3
plaques in the brain, being shown to slow down disease progression in mouse models of
AD [66,258-260]. However, A3 also activates microglia, which contributes to A3 plaque
formation. Microglial uptake of Af3 in 5XFAD mice ultimately leads them to undergo cell
death, releasing accumulated A back into the environment and further contributing to A
plaque growth [261,262]. Studies have demonstrated a feedback loop in which apoptosis-
associated spec-like protein containing a CARD (ASC) forms composites with A3, which
activates the NOD-like receptor protein (NLRP3) inflammasome [262,263]. Upon activation
of NLRP3, A uptake and clearance is reduced, and the microglia undergo pyroptotic cell
death [262,263]. Upon death, microglia release ASC back into the environment to further
perpetuate the cycle [262,263]. Further study is warranted to properly determine if mi-
croglia have an overall net positive or negative contribution to A3 plaque formation in AD.

Microglia produce a wide array of inflammatory cytokines and chemokines that
are elevated in AD. Microglia appear to be skewed towards an M1 pro-inflammatory
phenotype upon activation by A3, promoting the production of NO, ROS, TNF-«, and
up-regulating genes for pro-inflammatory cytokines and chemokines such as IL1A, IL1B,
IL6, IL8, CCL2 [264-268]. TNF-«, as well as C1q and C3, have been linked to microglia-
mediated neuronal loss in AD mouse models [268-270]. Overexpression of the receptor for
advanced glycation end products (RAGE) has been linked to increased IL-13 and TNF-o
production upon stimulation in AD mouse models [271,272]. Knockdown of RAGE via
siRNA transfection significantly reduced Af levels when compared to controls, possibly
through changes in the regulation of (3- and y-secretase activity [271,273]. These findings
lend more credence to the theory that microglia in early-stage AD fit the M2-neuroprotective
phenotype, but with increases in A3 plaques in the brain and continued interaction with
Ap-induced pro-inflammatory cytokine production, they switch to an M1-neurotoxic
phenotype [264,274,275].
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Studies investigating the reactivity and proliferation of peripheral T lymphocytes
from AD patients have yielded conflicting results. One study measured no significant
difference in T cell reactivity to Af342 protein and found a significantly decreased response
to human mitochondrial peptides when compared to healthy controls [276]. A recent study
detected T cell reactivity to A3, tau, and amyloid precursor protein (APP); however, there
was no significant difference between AD patients and healthy controls [277]. Another
study corroborated these results, finding that various AB did not significantly stimulate
proliferation of T cells from peripheral blood [278]. When comparing the T cell reactivity to
AP42 between AD patients, healthy middle-aged and healthy elderly subjects, reactivity
was not significantly different between elderly controls and AD patients [279]. Although
T cell reactivity between elderly controls and AD patients was not significantly different,
both groups were significantly elevated when compared to middle-aged controls [279].
Additional research should be conducted to definitively confirm if T cell reactivity is
dependent on secondary factors besides AD pathogenesis.

Immunoglobulins have been shown to associate with neurons in the brains of AD pa-
tients, typically in neurons that were undergoing degeneration [280-282]. One study found
that most neurons that colocalized with A3 also showed IgG expression [282,283]. There
is research that implies Af3 autoantibodies may play a protective role against AD patho-
genesis, with one study finding that brain tissue from AD patients that had high amounts
of IgG-decorated Af3 plaques had drastically reduced A plaque burdens compared to
brain tissue from AD patients exhibiting lower amounts of IgG-labeled plaques [282,284].
Patients with increased IgG-labeled plaques also exhibited a greater number of phago-
cytic microglia than those with decreased IgG-labeled plaques [282,284]. Further research
is necessary to determine if autoantibodies present in AD patients play an arresting or
exacerbating role in disease progression.

In summation, many avenues of investigation into the possible role of microglia in
antigen presentation in AD have yielded conflicting results. Microglia have been shown to
phagocytose various forms of Af and tau protein using a variety of receptors. Microglia in
the brains of AD patients express MHC I and II, and MHC II expressing microglia have
been observed to cluster around A plaques. While studies suggest elevated CD8" T cell
levels in AD patients, the findings on CD4" T cell levels are conflicting. Current research
shows that autoantibody levels are elevated in AD patients, indicating that microglia may
initiate and assist autoantibody production through antigen presentation. Unlike in cases
of neurotrauma and MS, the role of microglia in AD remains unclear. Investigation into
methods to manipulate microglia to have a net positive effect on A3 and tau clearance, or
to prevent their shift to a pro-inflammatory phenotype as disease progression, could prove
beneficial for AD treatment.

5. Parkinson’s Disease

Parkinson’s disease (PD), a chronic progressive neurodegenerative disorder caused by
loss of dopaminergic neurons in the substantia nigra (SN), affects over 8.5 million people
globally [285-288]. «-synuclein («S) is an abundantly expressed protein in the nervous
system that is believed to act as a modulator of neurotransmitter release [289,290]. Under
physiological conditions, extracellular unfolded oS monomers are in equilibrium with
membrane-bound monomers [289,290]. These unfolded monomers are able to bind to
lipid membranes, as well as form tetramers that do not abnormally aggregate. As seen
in PD, these unfolded monomers can form oligomers, which will eventually form fibrils
(dubbed “on-pathway” oligomers), while others will form oligomers that are unable to form
fibrils (dubbed “off-pathway” oligomers) [289,290]. These oligomers can lead to neurotoxic
effects by inducing mitochondrial dysfunction, endoplasmic reticulum stress, proteostasis
disruption, synaptic impairment, cell apoptosis, and inflammation [289]. Microglia, in
concert with T cells, play a central role in mediating the aforementioned neurotoxic effects
in the CNS [291]. Individuals affected by PD exhibit motor symptoms such as bradykinesia,
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muscle tone rigidity, resting tremor, and postural instability as well as non-motor symptoms
such as sleep disorders, sensory abnormalities, and autonomic dysfunctions [292,293].

5.1. Immune Response and Antigen Presentation in PD

Post-mortem brain tissue samples from patients with PD showed colocalized expres-
sion of IgG antibodies with oS in SN neurons [294]. Autoantibodies generated against
oS have been detected in both the cerebrospinal fluid (CSF) and blood sera from PD pa-
tients [295]. There is disagreement as to if levels of autoantibodies against &S are elevated
in individuals with PD. When blood serum samples from patients with sporadic PD or
familial PD were compared to that of healthy patients, a positive correlation was found only
for patients who had familial PD and not for those who presented with sporadic PD [296].
In another study that excluded patients who had familial, atypical, or secondary parkinson-
ism, the median detected level of autoantibodies to &S were higher in sera of PD patients
compared to sera of the control group [297]. On the other hand, several groups have shown
that oS autoantibody levels in PD patients’ sera are not significantly elevated as compared
to healthy control groups, and, in some instances, levels in PD patients are actually lower
than in controls [295,298,299]. The conflicting findings regarding autoantibodies are the
same in the CSF of PD patients as they are in blood sera [300]. While some groups have
found autoantibodies to «S to be higher in the CSF of PD patients as compared to CSF from
controls regardless of the severity of PD [295,301], other groups have demonstrated that
there is no significant difference between the two groups [302]. Autoantibodies reactive
to GM-1 ganglioside and neuromelanin (NM) are present in higher levels in PD patients
as compared to controls but results so far are limited [67,303,304]. Differences in results
between groups could be explained by clinical heterogeneity of patients amongst studies
or possibly due to the variability of assays used [300].

Important to the cell-mediated immune response, MHC II expression was found to
be increased on myeloid cells coinciding with increased peripheral CD4* and CD8* T cell
infiltration into the CNS in PD patients, due in part to the observed increase in permeability
of the blood-brain barrier [305-310]. This increase in MHC II expression was dependent on
the level of microglia activation in the brain [305-310]. Analysis of peripheral CD4" T cell
subsets in PD patients has shown proportions of Th1/Th2 and Th17/Treg are significantly
higher in favor of Th1 and Th17 cells [311]. Peripheral B cell populations in PD patients are
found to shift from naive to unswitched memory B cells, which could potentially contribute
to T cell-dependent production of antibodies that infiltrate the brain in PD [312].

5.2. Receptors Involved in Macrophage/Microglia Phagocytosis of aS and NM in PD

Microglia have the ability to phagocytose numerous materials associated with PD,
including «S and NM, with multiple types of receptors potentially playing a role in their
uptake. Internalization of &S aggregates by primary microglia has been shown to occur
in vitro [66,68,69]. TLR4 is crucial for microglia activation and subsequent uptake of «S.
WT primary murine microglia demonstrated increased phagocytic activity upon treatment
with either soluble, fibrillary, or truncated &S, while microglia isolated from TLR4-deficient
mice demonstrated reduced phagocytosis after the same treatment [68]. Further research
has linked TLR4-mediated engulfment of S to a process dubbed “synucleinphagy”. In
this process, «S interaction with TLR4 triggers NF-kB signaling to upregulate transcription
of p62, an autophagy receptor that is necessary for «S degradation via autophagy [313].
TLR2 can interact with oligomeric (but not monomeric or fibrillar) &S, leading to its inter-
nalization by microglia [314,315]. It has been shown that CR3 and CR4, (also known as
p150,95, integrin ocX32, or CD11c/CD18) bind to oligomeric and fibrillar forms of &S, in
turn leading to their phagocytosis [316,317]. Interactions between S and CD11b expressed
on microglia have been observed; however, further investigation is warranted to show
internalization of &S due to CD11b interaction [318].

Both in vitro and post-mortem observations have shown that microglia are capable
of phagocytosing NM [70-72]. One group investigated the potential of CR3 involvement
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in phagocytosis, noting that NM phagocytosis was attenuated in microglia depleted for
CR3 as compared to WT microglia [72]. Complement factor C1q may also play a role
in microglia phagocytosis by opsonizing extracellular NM. Microglia express surface
receptor C1qRp, which interacts with Clq to enhance Fc receptor and CR1-mediated
phagocytosis [319]. Brain tissue from patients with PD showed increased levels of C1q*
microglia with more proliferative activity located near NM™* neurons [320]. The same study
showed that significantly more Clq* microglia in the SN pars compacta (SNpc) of PD
patients contained NM granules in their cytoplasm as compared with controls [320].
Post-mortem brain tissue from PD patients showed significant amounts of SN mi-
croglia with high levels of HLA-DR expression, an MHC II molecule that is a crucial
component of antigen presentation to CD4* cells [58]. Overexpression of «S leads to an
upregulation of MHC II in microglia [321,322]. Further study of post-mortem brain tissue
from PD patients showed IgG colocalized with &S in pigmented SN neurons, which exhib-
ited a positive correlation with MHC II expressing microglia [294]. While all of the signs
of potential antigen presentation by microglia are present in PD, further research is still
necessary to conclusively demonstrate that microglia are in fact presenting antigens in PD.

5.3. Implications in PD Pathogenesis

In two studies utilizing «S overexpression, one model utilizing MHC II KO mice and
the other utilizing FcyR™/~ mice, the mice experienced little to no dopaminergic cell loss
in the SNpc and the SN, respectively [322,323]. These findings implicate the involvement of
microglia in the mediation of dopaminergic cell loss. NM also appears to induce microglia-
mediated neurotoxicity. Microglia activated by NM in mixed neuron-glia cocultures caused
a decrease in the number of tyrosine-hydroxylase (TH) neurons. In vitro experiments were
performed using embryonically derived primary mesencephalic neuron—glia cultures from
phagocytic oxidase (PHOX) KO rats. Without PHOX, a subunit of NADPH oxidase that
is responsible for the production of superoxide and H,O, ROS production is inhibited.
After exposure of the neuron—glia cultures to NM to induce microglial activation, there was
a greater number of TH neurons in the PHOX /~ derived culture than in the PHOX*/*
derived culture, implying that microglial ROS production may play a significant role in
NM-stimulated microglia-mediated neurotoxicity [72]. These results also held true in adult
rats that received a stereotaxic injection of NM in the SN portion of their brains, where
they found significant activation of microglia that induced degeneration of dopaminergic
neurons [72]. This increase in ROS production is also demonstrated by BV-2 cells after 24 h
exposure to NM [324]. NM treatment also significantly increased mRNA expression of
proinflammatory mediators such as TNF-e, IL-13, IL-6, and iNOS in BV-2 cells [324].

When studying the effect of CD8" and CD4" T cell involvement in 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) mouse models of PD, a notable decrease in dopaminergic
cell death was observed in Cd4~/~ mice compared to WT littermates and Cd8a~/~ mice [310].
Co-cultures of induced pluripotent stem cell (iPSC)-derived midbrain neurons (MBNs) and
T lymphocytes from sporadic PD patients led to increased cell death of the iPSC-derived
MBN:Ss, suggesting that these T cells may be neurotoxic and contribute to neuronal death in
PD [325,326]. In a study assessing how IgG from PD patient sera affects the SNpc, purified
IgG was injected into the SN of rats, which leads to a significant reduction of SNpc neurons
in rats receiving purified IgG from PD patients compared to rats receiving purified IgG
from non-disease controls [326,327].

In summary, it appears probable that microglia are presenting antigen to T cells and
are certainly mediating neuronal damage in PD patients. Microglia have been shown
to internalize oS through several receptors and are capable of internalizing NM. MHC
II expression has been observed on microglia in PD patients, indicating the possibility
of presenting internalized &S or NM to T cells present in the brain. While higher levels
of autoantibodies have been detected in PD patients compared to controls, studies have
shown conflicting findings. In addition, decreases in dopaminergic cell loss is observed
in MHC II-/~ or CD4~/~ mice, and injection of purified IgG from PD patients into the
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SN of rats results in significant reduction of SNpc neurons. Taken together, these findings
suggest that microglia are exacerbating the pathogenesis of PD, both directly through
microglia-mediated neurotoxicity and indirectly through T cell interactions.

6. Conclusions

Macrophages/microglia are a multifunctional cell type that play multiple roles in
disease progression within the CNS. A complete understanding of the mechanisms and
initiating factors that produce their beneficial or detrimental contributions to CNS diseases
is a major ongoing focus for neuropathology researchers. Within this review, we discussed
neurotrauma and the most common neurodegenerative diseases and presented evidence
for how macrophages/microglia may be impacting the progression of these disorders.
Macrophages and microglia play a critical role in neuroinflammation in various CNS
disorders and are responsible for clearance of cell debris and proteins such as Af3, tau, and
oS at the lesion sites. Furthermore, macrophages and microglia can present peptide antigens
derived from engulfed cell debris and proteins and thus act as the professional antigen
presenting cells in CNS lesions and hence result in activation of effector lymphocytes and
initiation of specific immune response. The process of macrophage/microglia initiated
adaptive immune response could be an additional mechanism for their contribution to
disease progression. Gaining insight into the multifaceted roles of macrophages and
microglia in CNS diseases is of critical importance in not only ultimately reaching the point
of having a thorough and complete understanding of CNS disease pathogenesis but also in
generating novel therapeutic strategies.

Funding: This work was supported by the National Institutes of Health (NIH R01NS12646801 to
Y.R.), National Science Foundation (NSF DMS-166172 to Y.R.), and Bryon Riesch Paralysis Founda-
tion (to Y.R.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Figure 1 was generated using BioRender.com software.

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

References

1. Rothermel, A.L.; Wang, Y.; Schechner, J.; Mook-Kanamori, B.; Aird, W.C.; Pober, ].S.; Tellides, G.; Jonhson, D.R. Endothelial Cells
Present Antigens in Vivo. BMC Immunol. 2004, 5, 5. [CrossRef] [PubMed]

2. Lopes Pinheiro, M.A.; Kamermans, A.; Garcia-Vallejo, J.J.; Van Het Hof, B.; Wierts, L.; O"Toole, T.; Boeve, D.; Verstege, M.;
Van Der Pol, S.M.A.; Van Kooyk, Y.; et al. Internalization and Presentation of Myelin Antigens by the Brain Endothelium Guides
Antigen-Specific T Cell Migration. eLife 2016, 5, €13149. [CrossRef] [PubMed]

3. Marelli-Berg, FM.; Jarmin, S.J. Antigen Presentation by the Endothelium: A Green Light for Antigen-Specific T Cell Trafficking?
Immunol. Lett. 2004, 93, 109-113. [CrossRef] [PubMed]

4. Mai, J.; Virtue, A.; Shen, J.; Wang, H.; Yang, X.F. An Evolving New Paradigm: Endothelial Cells—Conditional Innate Immune
Cells. J. Hematol. Oncol. 2013, 6, 61. [CrossRef]

5. Balabanov, R.; Beaumont, T.; Dore-Duffy, P. Role of Central Nervous System Microvascular Pericytes in Activation of Antigen-
Primed Splenic T-Lymphocytes. J. Neurosci. Res. 1999, 55, 578-587. [CrossRef]

6.  Rustenhoven, |.; Jansson, D.; Smyth, L.C.; Dragunow, M. Brain Pericytes As Mediators of Neuroinflammation. Trends Pharmacol.
Sci. 2017, 38, 291-304. [CrossRef]

7.  Butsabong, T.; Felippe, M.; Campagnolo, P.; Maringer, K. The Emerging Role of Perivascular Cells (Pericytes) in Viral Pathogenesis.
J. Gen. Virol. 2021, 102, 1634. [CrossRef]

8.  Aloisi, F; Ria, F.; Adorini, L. Regulation of T-Cell Responses by CNS Antigen-Presenting Cells: Different Roles for Microglia and
Astrocytes. Immunol. Today 2000, 21, 141-147. [CrossRef]

9.  Rostami, J.; Fotaki, G.; Sirois, ].; Mzezewa, R.; Bergstrom, J.; Essand, M.; Healy, L.; Erlandsson, A. Astrocytes Have the Capacity to
Act as Antigen-Presenting Cells in the Parkinson’s Disease Brain. J. Neuroinflamm. 2020, 17, 119. [CrossRef]

10. Kobeissy, EH.; Moshourab, R.A. Autoantibodies in CNS Trauma and Neuropsychiatric Disorders. In Brain Neurotrauma Molecular,

Neuropsychological, and Rehabilitation Aspects; CRC Press/Taylor & Francis: Boca Raton, FL, USA, 2015; pp. 399-418. [CrossRef]


http://doi.org/10.1186/1471-2172-5-5
http://www.ncbi.nlm.nih.gov/pubmed/15113397
http://doi.org/10.7554/eLife.13149
http://www.ncbi.nlm.nih.gov/pubmed/27336724
http://doi.org/10.1016/j.imlet.2004.03.014
http://www.ncbi.nlm.nih.gov/pubmed/15158605
http://doi.org/10.1186/1756-8722-6-61
http://doi.org/10.1002/(SICI)1097-4547(19990301)55:5&lt;578::AID-JNR5&gt;3.0.CO;2-E
http://doi.org/10.1016/j.tips.2016.12.001
http://doi.org/10.1099/jgv.0.001634
http://doi.org/10.1016/S0167-5699(99)01512-1
http://doi.org/10.1186/s12974-020-01776-7
http://doi.org/10.1201/b18126

Int. ]. Mol. Sci. 2023, 24, 5925 18 of 30

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Zhang, Y.; Popovich, P. Roles of Autoantibodies in Central Nervous System Injury. Discov. Med. 2011, 11, 395-402.

Mira, R.G,; Lira, M.; Cerpa, W. Traumatic Brain Injury: Mechanisms of Glial Response. Front. Physiol. 2021, 12, 740939. [CrossRef]
[PubMed]

Dewan, M.C.; Rattani, A.; Gupta, S.; Baticulon, R.E.; Hung, Y.-C.; Punchak, M.; Agrawal, A.; Adeleye, A.O.; Shrime, M.G;
Rubiano, A.M.; et al. Estimating the Global Incidence of Traumatic Brain Injury. J. Neurosurg. 2019, 130, 1080-1097. [CrossRef]
[PubMed]

Bennett, J.; Das, ].M.; Emmady, P.D. Spinal Cord Injuries. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL, USA,
2022. Available online: https://www.ncbi.nlm.nih.gov/books/NBK560721/ (accessed on 23 January 2023).

Fakhoury, M. Spinal Cord Injury: Overview of Experimental Approaches Used to Restore Locomotor Activity. Rev. Neurosci.
2015, 26, 397-405. [CrossRef] [PubMed]

Fan, B.; Wei, Z.; Yao, X.; Shi, G.; Cheng, X.; Zhou, X.; Zhou, H.; Ning, G.; Kong, X.; Feng, S. Microenvironment Imbalance of Spinal
Cord Injury. Cell Transpl. 2018, 27, 853-866. [CrossRef] [PubMed]

Ahuja, C.S.; Wilson, J.R.; Nori, S.; Kotter, M.R.N.; Druschel, C.; Curt, A.; Fehlings, M.G. Traumatic Spinal Cord Injury. Nat. Rev.
Dis. Primers 2017, 3, 17018. [CrossRef]

Anjum, A,; Yazid, M.D.; Fauzi Daud, M.; Idris, J.; Ng, A.M.H.; Selvi Naicker, A.; Ismail, O.H.R.; Athi Kumar, R.K.; Lokanathan, Y.
Spinal Cord Injury: Pathophysiology, Multimolecular Interactions, and Underlying Recovery Mechanisms. Int. |. Mol. Sci. 2020,
21, 7533. [CrossRef]

Capizzi, A.; Woo, ].; Verduzco-Gutierrez, M. Traumatic Brain Injury. Med. Clin. N. Am. 2020, 104, 213-238. [CrossRef]

McGinn, M.].; Povlishock, J.T. Pathophysiology of Traumatic Brain Injury. Neurosurg. Clin. N. Am. 2016, 27, 397-407. [CrossRef]
Greenhalgh, A.D.; David, S. Differences in the Phagocytic Response of Microglia and Peripheral Macrophages after Spinal Cord
Injury and Its Effects on Cell Death. J. Neurosci. 2014, 34, 6316-6322. [CrossRef]

Wang, G.; Zhang, J.; Hu, X.; Zhang, L.; Mao, L Jiang, X.; Liou, A K.-E; Leak, R.K.; Gao, Y.; Chen, J. Microglia/Macrophage
Polarization Dynamics in White Matter after Traumatic Brain Injury. J. Cereb. Blood Flow Metab. 2013, 33, 1864-1874. [CrossRef]
Zajarias-Fainsod, D.; Carrillo-Ruiz, J.; Mestre, H.; Grijalva, I.; Madrazo, I; Ibarra, A. Autoreactivity against Myelin Basic Protein
in Patients with Chronic Paraplegia. Eur. Spine J. 2012, 21, 964-970. [CrossRef] [PubMed]

Ngankam, L.; Kazantseva, N.V.; Gerasimova, M.M. Immunological Markers of Severity and Outcome of Traumatic Brain Injury.
Zh Nevrol. Psikhiatr. Im S S Korsakova 2011, 111, 61-65. [PubMed]

Aureli, M.; Mauri, L.; Ciampa, M.G; Prinetti, A.; Toffano, G.; Secchieri, C.; Sonnino, S. GM1 Ganglioside: Past Studies and Future
Potential. Mol. Neurobiol. 2016, 53, 1824-1842. [CrossRef] [PubMed]

Hayes, K.C.; Hull, T.C.L.; Delaney, G.A.; Potter, PJ.; Sequeira, K.A.J.; Campbell, K.; Popovich, P.G. Elevated Serum Titers
of Proinflammatory Cytokines and CNS Autoantibodies in Patients with Chronic Spinal Cord Injury. . Neurotrauma 2002,
19, 753-761. [CrossRef]

Davies, A.L.; Hayes, K.C.; Dekaban, G.A. Clinical Correlates of Elevated Serum Concentrations of Cytokines and Autoantibodies
in Patients with Spinal Cord Injury. Arch. Phys. Med. Rehabil. 2007, 88, 1384-1393. [CrossRef]

Arevalo-Martin, A.; Grassner, L.; Garcia-Ovejero, D.; Paniagua-Torija, B.; Barroso-Garcia, G.; Arandilla, A.G.; Mach, O.; Turrero, A,;
Vargas, E.; Alcobendas, M.; et al. Elevated Autoantibodies in Subacute Human Spinal Cord Injury Are Naturally Occurring
Antibodies. Front. Immunol. 2018, 9, 2365. [CrossRef]

Mizrachi, Y.; Ohry, A.; Aviel, A.; Rozin, R.; Brooks, M.E.; Schwartz, M. Systemic Humoral Factors Participating in the Course of
Spinal Cord Injury. Spinal Cord 1983, 21, 287-293. [CrossRef]

Hergenroeder, G.W.; Moore, A.N.; Schmitt, K.M.; Redell, ].B.; Dash, PK. Identification of Autoantibodies to Glial Fibrillary Acidic
Protein in Spinal Cord Injury Patients. Neuroreport 2016, 27, 90-93. [CrossRef]

Hergenroeder, G.W.; Redell, ].B.; Choi, H.A.; Schmitt, L.; Donovan, W.; Francisco, G.E.; Schmitt, K.; Moore, A.N.; Dash, PX.
Increased Levels of Circulating Glial Fibrillary Acidic Protein and Collapsin Response Mediator Protein-2 Autoantibodies in the
Acute Stage of Spinal Cord Injury Predict the Subsequent Development of Neuropathic Pain. J. Neurotrauma 2018, 35, 2530-2539.
[CrossRef]

Needham, E.J.; Helmy, A.; Zanier, E.R,; Jones, ].L.; Coles, A.].; Menon, D.K. The Immunological Response to Traumatic Brain
Injury. J. Neuroimmunol. 2019, 332, 112-125. [CrossRef]

Marchi, N.; Bazarian, ].J.; Puvenna, V.; Janigro, M.; Ghosh, C.; Zhong, J.; Zhu, T.; Blackman, E.; Stewart, D.; Ellis, J.; et al.
Consequences of Repeated Blood-Brain Barrier Disruption in Football Players. PLoS ONE 2013, 8, e56805. [CrossRef] [PubMed]
Skoda, D.; Kranda, K_; Bojar, M.; Glosova, L.; Béurle, J.; Kenney, J.; Romportl, D.; Pelichovskd, M.; Cvachovec, K. Antibody
Formation against 3-Tubulin Class III in Response to Brain Trauma. Brain Res. Bull. 2006, 68, 213-216. [CrossRef] [PubMed]
Zhang, Z.; Zoltewicz, ].S.; Mondello, S.; Newsom, K.J.; Yang, Z.; Yang, B.; Kobeissy, F.; Guingab, J.; Glushakova, O.; Robicsek, S.;
et al. Human Traumatic Brain Injury Induces Autoantibody Response against Glial Fibrillary Acidic Protein and Its Breakdown
Products. PLoS ONE 2014, 9, €92698. [CrossRef] [PubMed]

Wang, KK.W.; Yang, Z.; Yue, ] K.; Zhang, Z.; Winkler, E.A.; Puccio, A.M.; Diaz-Arrastia, R.; Lingsma, H.F; Yuh, E.L.; Mukherjee,
P; et al. Plasma Anti-Glial Fibrillary Acidic Protein Autoantibody Levels during the Acute and Chronic Phases of Traumatic
Brain Injury: A Transforming Research and Clinical Knowledge in Traumatic Brain Injury Pilot Study. J. Neurotrauma 2016,
33, 1270-1277. [CrossRef] [PubMed]


http://doi.org/10.3389/fphys.2021.740939
http://www.ncbi.nlm.nih.gov/pubmed/34744783
http://doi.org/10.3171/2017.10.JNS17352
http://www.ncbi.nlm.nih.gov/pubmed/29701556
https://www.ncbi.nlm.nih.gov/books/NBK560721/
http://doi.org/10.1515/revneuro-2015-0001
http://www.ncbi.nlm.nih.gov/pubmed/25870961
http://doi.org/10.1177/0963689718755778
http://www.ncbi.nlm.nih.gov/pubmed/29871522
http://doi.org/10.1038/nrdp.2017.18
http://doi.org/10.3390/ijms21207533
http://doi.org/10.1016/j.mcna.2019.11.001
http://doi.org/10.1016/j.nec.2016.06.002
http://doi.org/10.1523/JNEUROSCI.4912-13.2014
http://doi.org/10.1038/jcbfm.2013.146
http://doi.org/10.1007/s00586-011-2060-7
http://www.ncbi.nlm.nih.gov/pubmed/22057439
http://www.ncbi.nlm.nih.gov/pubmed/21947074
http://doi.org/10.1007/s12035-015-9136-z
http://www.ncbi.nlm.nih.gov/pubmed/25762012
http://doi.org/10.1089/08977150260139129
http://doi.org/10.1016/j.apmr.2007.08.004
http://doi.org/10.3389/fimmu.2018.02365
http://doi.org/10.1038/sc.1983.48
http://doi.org/10.1097/WNR.0000000000000502
http://doi.org/10.1089/neu.2018.5675
http://doi.org/10.1016/j.jneuroim.2019.04.005
http://doi.org/10.1371/journal.pone.0056805
http://www.ncbi.nlm.nih.gov/pubmed/23483891
http://doi.org/10.1016/j.brainresbull.2005.05.032
http://www.ncbi.nlm.nih.gov/pubmed/16377426
http://doi.org/10.1371/journal.pone.0092698
http://www.ncbi.nlm.nih.gov/pubmed/24667434
http://doi.org/10.1089/neu.2015.3881
http://www.ncbi.nlm.nih.gov/pubmed/26560343

Int. ]. Mol. Sci. 2023, 24, 5925 19 of 30

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

Popovich, P.G.; Streit, W.J.; Stokes, B.T. Differential Expression of MHC Class II Antigen in the Contused Rat Spinal Cord.
J. Neurotrauma 1993, 10, 37-46. [CrossRef]

Koshinaga, M.; Whittemore, S.R. The Temporal and Spatial Activation of Microglia in Fiber Tracts Undergoing Anterograde and
Retrograde Degeneration Following Spinal Cord Lesion. . Neurotrauma 1995, 12, 209-222. [CrossRef]

Bombeiro, A.L.; Thomé, R.; Oliveira Nunes, S.L.; Monteiro Moreira, B.; Verinaud, L.; Oliveira, A.L.R. de MHC-I and PirB
Upregulation in the Central and Peripheral Nervous System Following Sciatic Nerve Injury. PLoS ONE 2016, 11, e0161463.
[CrossRef]

Schmitt, A.B.; Buss, A.; Breuer, S.; Brook, G.A.; Pech, K.; Martin, D.; Schoenen, J.; Noth, J.; Love, S.; Schroder, ] M.; et al. Major
Histocompatibility Complex Class II Expression by Activated Microglia Caudal to Lesions of Descending Tracts in the Human
Spinal Cord Is Not Associated with a T Cell Response. Acta Neuropathol. 2000, 100, 528-536. [CrossRef]

Schafer, D.P; Lehrman, E.K.; Kautzman, A.G.; Koyama, R.; Mardinly, A.R.; Yamasaki, R.; Ransohoff, R.M.; Greenberg, M.E.;
Barres, B.A.; Stevens, B. Microglia Sculpt Postnatal Neural Circuits in an Activity and Complement-Dependent Manner. Neuron
2012, 74, 691-705. [CrossRef]

Byrnes, K.R.; Garay, J.; Di Giovanni, S.; De Biase, A.; Knoblach, S.M.; Hoffman, E.P.; Movsesyan, V.; Faden, A.I. Expression of Two
Temporally Distinct Microglia-Related Gene Clusters after Spinal Cord Injury. Glia 2006, 53, 420-433. [CrossRef]

Cao, T.; Thomas, T.C.; Ziebell, ].M.; Pauly, ].R.; Lifshitz, J. Morphological and Genetic Activation of Microglia after Diffuse
Traumatic Brain Injury in the Rat. Neuroscience 2012, 225, 65-75. [CrossRef] [PubMed]

Kumar, A.; Stoica, B.A.; Sabirzhanov, B.; Burns, M.P,; Faden, A L; Loane, D.J. Traumatic Brain Injury in Aged Animals Increases
Lesion Size and Chronically Alters Microglial/Macrophage Classical and Alternative Activation States. Neurobiol. Aging 2013,
34, 1397-1411. [CrossRef] [PubMed]

Holmin, S.; Mathiesen, T. Long-Term Intracerebral Inflammatory Response after Experimental Focal Brain Injury in Rat. Neuroreport
1999, 10, 1889-1891. [CrossRef] [PubMed]

Alawieh, A.; Chalhoub, R.M.; Mallah, K.; Langley, E.E; York, M.; Broome, H.; Couch, C.; Adkins, D.; Tomlinson, S. Complement
Drives Synaptic Degeneration and Progressive Cognitive Decline in the Chronic Phase after Traumatic Brain Injury. J. Neurosci.
2021, 41, 1830-1843. [CrossRef] [PubMed]

Witcher, K.G.; Bray, C.E.; Dziabis, J.E.; McKim, D.B.; Benner, B.N.; Rowe, R.K.; Kokiko-Cochran, O.N.; Popovich, P.G.; Lifshitz,
J.; Eiferman, D.S,; et al. Traumatic Brain Injury-Induced Neuronal Damage in the Somatosensory Cortex Causes Formation of
Rod-Shaped Microglia That Promote Astrogliosis and Persistent Neuroinflammation. Glia 2018, 66, 2719-2736. [CrossRef]
Reichert, F; Rotshenker, S. Complement-Receptor-3 and Scavenger-Receptor-Al/Il Mediated Myelin Phagocytosis in Microglia
and Macrophages. Neurobiol. Dis. 2003, 12, 65-72. [CrossRef]

Grajchen, E.; Hendriks, ].J.A.; Bogie, ].EJ. The Physiology of Foamy Phagocytes in Multiple Sclerosis. Acta Neuropathol. Commun.
2018, 6, 124. [CrossRef]

Ulvestad, E.; Williams, K.; Vedeler, C.; Antel, J.; Nyland, H.; Merk, S.; Matre, R. Reactive Microglia in Multiple Sclerosis Lesions
Have an Increased Expression of Receptors for the Fc Part of IgG. J. Neurol. Sci. 1994, 121, 125-131. [CrossRef]

Fraussen, J.; Claes, N.; de Bock, L.; Somers, V. Targets of the Humoral Autoimmune Response in Multiple Sclerosis. Autoimmun.
Rev. 2014, 13, 1126-1137. [CrossRef]

Briick, W.; Friede, R.L. Anti-Macrophage CR3 Antibody Blocks Myelin Phagocytosis by Macrophages in Vitro. Acta Neuropathol.
1990, 80, 415-418. [CrossRef]

Brettschneider, S.; Morgenthaler, N.G.; Teipel, S.J.; Fischer-Schulz, C.; Biirger, K.; Dodel, R.; Du, Y.; Moller, H.-].; Bergmann,
A.; Hampel, H. Decreased Serum Amyloid Beta(1-42) Autoantibody Levels in Alzheimer’s Disease, Determined by a Newly
Developed Immuno-Precipitation Assay with Radiolabeled Amyloid Beta(1-42) Peptide. Biol. Psychiatry 2005, 57, 813-816.
[CrossRef] [PubMed]

Song, M.S.; Mook-Jung, I.; Lee, H.J.; Min, J.Y.; Park, M.H. Serum Anti-Amyloid-Beta Antibodies and Alzheimer’s Disease in
Elderly Korean Patients. J. Int. Med. Res. 2007, 35, 301-306. [CrossRef] [PubMed]

Weksler, M.E.; Relkin, N.; Turkenich, R.; LaRusse, S.; Zhou, L.; Szabo, P. Patients with Alzheimer Disease Have Lower Levels of
Serum Anti-Amyloid Peptide Antibodies than Healthy Elderly Individuals. Exp. Gerontol. 2002, 37, 943-948. [CrossRef] [PubMed]
Wu, J; Li, L. Autoantibodies in Alzheimer’s Disease: Potential Biomarkers, Pathogenic Roles, and Therapeutic Implications.
J. Biomed. Res. 2016, 30, 361-372. [CrossRef] [PubMed]

McGeer, PL,; Itagaki, S.; Tago, H.; McGeer, E.G. Reactive Microglia in Patients with Senile Dementia of the Alzheimer Type Are
Positive for the Histocompatibility Glycoprotein HLA-DR. Neurosci. Lett. 1987, 79, 195-200. [CrossRef] [PubMed]

McGeer, P.L,; Itagaki, S.; Boyes, B.E.; McGeer, E.G. Reactive Microglia Are Positive for HLA-DR in the Substantia Nigra of
Parkinson’s and Alzheimer’s Disease Brains. Neurology 1988, 38, 1285-1291. [CrossRef]

Perlmutter, L.S.; Scott, S.A.; Barron, E.; Chui, H.C. MHC Class II-Positive Microglia in Human Brain: Association with Alzheimer
Lesions. J. Neurosci. Res. 1992, 33, 549-558. [CrossRef]

Rogers, J.; Luber-Narod, J.; Styren, S.D.; Civin, W.H. Expression of Immune System-Associated Antigens by Cells of the Human
Central Nervous System: Relationship to the Pathology of Alzheimer’s Disease. Neurobiol. Aging 1988, 9, 339-349. [CrossRef]
Yu, Y.; Ye, R.D. Microglial AP Receptors in Alzheimer’s Disease. Cell Mol. Neurobiol. 2015, 35, 71-83. [CrossRef]

Yang, C.-N.; Shiao, Y.-J.; Shie, E-S.; Guo, B.-S.; Chen, P-H.; Cho, C.-Y,; Chen, Y.-J.; Huang, E-L.; Tsay, H.-]. Mechanism Mediating
Oligomeric A Clearance by Naive Primary Microglia. Neurobiol. Dis. 2011, 42, 221-230. [CrossRef]


http://doi.org/10.1089/neu.1993.10.37
http://doi.org/10.1089/neu.1995.12.209
http://doi.org/10.1371/journal.pone.0161463
http://doi.org/10.1007/s004010000221
http://doi.org/10.1016/j.neuron.2012.03.026
http://doi.org/10.1002/glia.20295
http://doi.org/10.1016/j.neuroscience.2012.08.058
http://www.ncbi.nlm.nih.gov/pubmed/22960311
http://doi.org/10.1016/j.neurobiolaging.2012.11.013
http://www.ncbi.nlm.nih.gov/pubmed/23273602
http://doi.org/10.1097/00001756-199906230-00017
http://www.ncbi.nlm.nih.gov/pubmed/10501527
http://doi.org/10.1523/JNEUROSCI.1734-20.2020
http://www.ncbi.nlm.nih.gov/pubmed/33446516
http://doi.org/10.1002/glia.23523
http://doi.org/10.1016/S0969-9961(02)00008-6
http://doi.org/10.1186/s40478-018-0628-8
http://doi.org/10.1016/0022-510X(94)90340-9
http://doi.org/10.1016/j.autrev.2014.07.002
http://doi.org/10.1007/BF00307696
http://doi.org/10.1016/j.biopsych.2004.12.008
http://www.ncbi.nlm.nih.gov/pubmed/15820240
http://doi.org/10.1177/147323000703500303
http://www.ncbi.nlm.nih.gov/pubmed/17593857
http://doi.org/10.1016/S0531-5565(02)00029-3
http://www.ncbi.nlm.nih.gov/pubmed/12086704
http://doi.org/10.7555/JBR.30.20150131
http://www.ncbi.nlm.nih.gov/pubmed/27476881
http://doi.org/10.1016/0304-3940(87)90696-3
http://www.ncbi.nlm.nih.gov/pubmed/3670729
http://doi.org/10.1212/WNL.38.8.1285
http://doi.org/10.1002/jnr.490330407
http://doi.org/10.1016/S0197-4580(88)80079-4
http://doi.org/10.1007/s10571-014-0101-6
http://doi.org/10.1016/j.nbd.2011.01.005

Int. ]. Mol. Sci. 2023, 24, 5925 20 of 30

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Frenkel, D.; Wilkinson, K.; Zhao, L.; Hickman, S.E.; Means, TK.; Puckett, L.; Farfara, D.; Kingery, N.D.; Weiner, H.L.; El Khoury, J.
Scaral Deficiency Impairs Clearance of Soluble Amyloid-f by Mononuclear Phagocytes and Accelerates Alzheimer’s-like Disease
Progression. Nat. Commun. 2013, 4, 2030. [CrossRef] [PubMed]

Bolés, M.; Llorens-Martin, M.; Jurado-Arjona, J.; Hernandez, F.; Rabano, A.; Avila, J. Direct Evidence of Internalization of Tau by
Microglia In Vitro and In Vivo. J. Alzheimer’s Dis. 2016, 50, 77-87. [CrossRef] [PubMed]

Luo, W,; Liu, W.; Hu, X.; Hanna, M.; Caravaca, A.; Paul, S.M. Microglial Internalization and Degradation of Pathological Tau Is
Enhanced by an Anti-Tau Monoclonal Antibody. Sci. Rep. 2015, 5, 11161. [CrossRef] [PubMed]

Lee, H.-J; Suk, J.-E.; Bae, E.-]; Lee, S.-]. Clearance and Deposition of Extracellular a-Synuclein Aggregates in Microglia. Biochem.
Biophys. Res. Commun. 2008, 372, 423-428. [CrossRef] [PubMed]

De Virgilio, A.; Greco, A.; Fabbrini, G.; Inghilleri, M.; Rizzo, M.I.; Gallo, A.; Conte, M.; Rosato, C.; Ciniglio Appiani, M.; de
Vincentiis, M. Parkinson’s Disease: Autoimmunity and Neuroinflammation. Autoimmun. Rev. 2016, 15, 1005-1011. [CrossRef]
[PubMed]

Fellner, L.; Irschick, R.; Schanda, K.; Reindl, M.; Klimaschewski, L.; Poewe, W.; Wenning, G.K.; Stefanova, N. Toll-like Receptor 4
Is Required for «-Synuclein Dependent Activation of Microglia and Astroglia. Glia 2013, 61, 349-360. [CrossRef] [PubMed]

Liu, J.; Zhou, Y.; Wang, Y.; Fong, H.; Murray, T.M.; Zhang, ]. Identification of Proteins Involved in Microglial Endocytosis of
Alpha-Synuclein. J. Proteome Res. 2007, 6, 3614-3627. [CrossRef]

Langston, J.W.; Forno, L.S.; Tetrud, J.; Reeves, A.G.; Kaplan, ].A.; Karluk, D. Evidence of Active Nerve Cell Degeneration in the
Substantia Nigra of Humans Years after 1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine Exposure. Ann. Neurol. 1999, 46, 598-605.
[CrossRef]

Zecca, L.; Casella, L.; Albertini, A.; Bellei, C.; Zucca, EA.; Engelen, M.; Zadlo, A.; Szewczyk, G.; Zareba, M.; Sarna, T. Neuromelanin
Can Protect against Iron-Mediated Oxidative Damage in System Modeling Iron Overload of Brain Aging and Parkinson’s Disease.
J. Neurochem. 2008, 106, 1866-1875. [CrossRef]

Zhang, W.; Phillips, K.; Wielgus, A.R.; Liu, J.; Albertini, A.; Zucca, FA.; Faust, R.;; Qian, S.Y,; Miller, D.S.; Chignell, C.E;
et al. Neuromelanin Activates Microglia and Induces Degeneration of Dopaminergic Neurons: Implications for Progression of
Parkinson’s Disease. Neurotox Res. 2011, 19, 63-72. [CrossRef]

Fraussen, J.; Beckers, L.; van Laake-Geelen, C.C.M.; Depreitere, B.; Deckers, J.; Cornips, E.M.].; Peuskens, D.; Somers, V. Altered
Circulating Immune Cell Distribution in Traumatic Spinal Cord Injury Patients in Relation to Clinical Parameters. Front. Immunol.
2022, 13, 3296. [CrossRef] [PubMed]

Jones, T.B. Lymphocytes and Autoimmunity after Spinal Cord Injury. Exp. Neurol. 2014, 258, 78-90. [CrossRef] [PubMed]

Kil, K;; Zang, Y.C.Q.; Yang, D.; Markowski, J.; Fuoco, G.S.; Vendetti, G.C.; Rivera, V.M.; Zhang, ].Z. T Cell Responses to Myelin
Basic Protein in Patients with Spinal Cord Injury and Multiple Sclerosis. ]. Neuroimmunol. 1999, 98, 201-207. [CrossRef] [PubMed]
Clausen, F,; Lorant, T.; Lewén, A.; Hillered, L. T Lymphocyte Trafficking: A Novel Target for Neuroprotection in Traumatic Brain
Injury. J. Neurotrauma 2007, 24, 1295-1307. [CrossRef]

Ndode-Ekane, X.E.; Matthiesen, L.; Bafiuelos-Cabrera, I.; Palminha, C.A.P.; Pitkdnen, A. T-Cell Infiltration into the Perilesional
Cortex Is Long-Lasting and Associates with Poor Somatomotor Recovery after Experimental Traumatic Brain Injury. Restor.
Neurol. Neurosci. 2018, 36, 485-501. [CrossRef]

Javidi, E.; Magnus, T. Autoimmunity After Ischemic Stroke and Brain Injury. Front. Immunol. 2019, 10, 686. [CrossRef]

Wu, L.; Ji, N.; Wang, H.; Hua, J.; Sun, G.; Chen, P,; Hua, R.; Zhang, Y. Domino Effect of Interleukin-15 and CD8 T-Cell-Mediated
Neuronal Apoptosis in Experimental Traumatic Brain Injury. J. Neurotrauma 2021, 38, 1450-1463. [CrossRef]

Shi, Z.; Yu, P; Lin, W.-J.; Chen, S.; Hu, X,; Chen, S.; Cheng, ].; Liu, Q.; Yang, Y.; Li, S.; et al. Microglia Drive Transient Insult-Induced
Brain Injury by Chemotactic Recruitment of CD8+ T Lymphocytes. Neuron 2023, 111, 696-710.e9. [CrossRef]

Uribe-Querol, E.; Rosales, C. Phagocytosis: Our Current Understanding of a Universal Biological Process. Front. Immunol. 2020,
11, 1066. [CrossRef]

Milich, L.M.; Ryan, C.B.; Lee, ] K. The Origin, Fate, and Contribution of Macrophages to Spinal Cord Injury Pathology. Acta
Neuropathol. 2019, 137, 785-797. [CrossRef]

Hammel, G.; Zivkovic, S.; Ayazi, M.; Ren, Y. Consequences and Mechanisms of Myelin Debris Uptake and Processing by Cells in
the Central Nervous System. Cell Immunol. 2022, 380, 104591. [CrossRef] [PubMed]

Gensel, ].C.; Zhang, B. Macrophage Activation and Its Role in Repair and Pathology after Spinal Cord Injury. Brain Res. 2015,
1619, 1-11. [CrossRef] [PubMed]

Cignarella, F; Filipello, F.; Bollman, B.; Cantoni, C.; Locca, A.; Mikesell, R.; Manis, M.; Ibrahim, A.; Deng, L.; Benitez, B.A.; et al.
TREM2 Activation on Microglia Promotes Myelin Debris Clearance and Remyelination in a Model of Multiple Sclerosis. Acta
Neuropathol. 2020, 140, 513-534. [CrossRef] [PubMed]

da Costa, C.C.; van der Laan, L.J.W,; Dijkstra, C.D.; Briick, W. The Role of the Mouse Macrophage Scavenger Receptor in Myelin
Phagocytosis. Eur. J. Neurosci. 1997, 9, 2650-2657. [CrossRef]

Hu, X,; Li, P; Guo, Y.; Wang, H.; Leak, RK,; Chen, S.; Gao, Y.; Chen, J. Microglia/Macrophage Polarization Dynamics Reveal
Novel Mechanism of Injury Expansion After Focal Cerebral Ischemia. Stroke 2012, 43, 3063-3070. [CrossRef]

Ott, LW.,; Resing, K.A.; Sizemore, A.W.; Heyen, ] W.; Cocklin, R.R.; Pedrick, N.M.; Woods, H.C.; Chen, J.Y.; Goebl, M.G;
Witzmann, EA ; et al. Tumor Necrosis Factor-«- and Interleukin-1-Induced Cellular Responses: Coupling Proteomic and Genomic
Information. J. Proteome Res. 2007, 6, 2176-2185. [CrossRef]


http://doi.org/10.1038/ncomms3030
http://www.ncbi.nlm.nih.gov/pubmed/23799536
http://doi.org/10.3233/JAD-150704
http://www.ncbi.nlm.nih.gov/pubmed/26638867
http://doi.org/10.1038/srep11161
http://www.ncbi.nlm.nih.gov/pubmed/26057852
http://doi.org/10.1016/j.bbrc.2008.05.045
http://www.ncbi.nlm.nih.gov/pubmed/18492487
http://doi.org/10.1016/j.autrev.2016.07.022
http://www.ncbi.nlm.nih.gov/pubmed/27497913
http://doi.org/10.1002/glia.22437
http://www.ncbi.nlm.nih.gov/pubmed/23108585
http://doi.org/10.1021/pr0701512
http://doi.org/10.1002/1531-8249(199910)46:4&lt;598::AID-ANA7&gt;3.0.CO;2-F
http://doi.org/10.1111/j.1471-4159.2008.05541.x
http://doi.org/10.1007/s12640-009-9140-z
http://doi.org/10.3389/fimmu.2022.873315
http://www.ncbi.nlm.nih.gov/pubmed/35837411
http://doi.org/10.1016/j.expneurol.2014.03.003
http://www.ncbi.nlm.nih.gov/pubmed/25017889
http://doi.org/10.1016/S0165-5728(99)00057-0
http://www.ncbi.nlm.nih.gov/pubmed/10430053
http://doi.org/10.1089/neu.2006.0258
http://doi.org/10.3233/RNN-170811
http://doi.org/10.3389/fimmu.2019.00686
http://doi.org/10.1089/neu.2017.5607
http://doi.org/10.1016/j.neuron.2022.12.009
http://doi.org/10.3389/fimmu.2020.01066
http://doi.org/10.1007/s00401-019-01992-3
http://doi.org/10.1016/j.cellimm.2022.104591
http://www.ncbi.nlm.nih.gov/pubmed/36030093
http://doi.org/10.1016/j.brainres.2014.12.045
http://www.ncbi.nlm.nih.gov/pubmed/25578260
http://doi.org/10.1007/s00401-020-02193-z
http://www.ncbi.nlm.nih.gov/pubmed/32772264
http://doi.org/10.1111/j.1460-9568.1997.tb01694.x
http://doi.org/10.1161/STROKEAHA.112.659656
http://doi.org/10.1021/pr060665l

Int. J. Mol. Sci. 2023, 24, 5925 21 of 30

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.
113.
114.

115.
116.

Webster, ].D.; Vucic, D. The Balance of TNF Mediated Pathways Regulates Inflammatory Cell Death Signaling in Healthy and
Diseased Tissues. Front. Cell Dev. Biol. 2020, 8, 365. [CrossRef]

Wang, Y.; Che, M,; Xin, J.; Zheng, Z.; Li, J.; Zhang, S. The Role of IL-1f3 and TNF-« in Intervertebral Disc Degeneration. Biomed.
Pharmacother. 2020, 131, 110660. [CrossRef]

Wu, Y,; Zhou, B.P. TNF-oo/NF-KB/Snail Pathway in Cancer Cell Migration and Invasion. Br. ]. Cancer 2010, 102, 639-644.
[CrossRef]

Zhang, R.; Xu, Y.; Ekman, N.; Wu, Z.; Wu, J.; Alitalo, K.; Min, W. Etk/Bmx Transactivates Vascular Endothelial Growth Factor
2 and Recruits Phosphatidylinositol 3-Kinase to Mediate the Tumor Necrosis Factor-Induced Angiogenic Pathway. J. Biol. Chem.
2003, 278, 51267-51276. [CrossRef]

Xu, D.; Mu, R.; Wei, X. The Roles of IL-1 Family Cytokines in the Pathogenesis of Systemic Sclerosis. Front. Immunol. 2019,
10, 2025. [CrossRef] [PubMed]

Kigerl, K.A.; Gensel, ].C.; Ankeny, D.P.; Alexander, ].K.; Donnelly, D.J.; Popovich, P.G. Identification of Two Distinct Macrophage
Subsets with Divergent Effects Causing Either Neurotoxicity or Regeneration in the Injured Mouse Spinal Cord. J. Neurosci. 2009,
29, 13435-13444. [CrossRef] [PubMed]

Sun, X.; Wang, X.; Chen, T,; Li, T.; Cao, K.; Lu, A.; Chen, Y; Sun, D.; Luo, J.; Fan, J.; et al. Myelin Activates FAK/Akt/NF-KB
Pathways and Provokes CR3-Dependent Inflammatory Response in Murine System. PLoS ONE 2010, 5, €9380. [CrossRef]
Wang, X.; Cao, K.; Sun, X.; Chen, Y.; Duan, Z.; Sun, L.; Guo, L.; Bai, P.; Sun, D.; Fan, J.; et al. Macrophages in Spinal Cord Injury:
Phenotypic and Functional Change from Exposure to Myelin Debris. Glia 2015, 63, 635-651. [CrossRef] [PubMed]

Kopper, T.J.; Gensel, ].C. Myelin as an Inflammatory Mediator: Myelin Interactions with Complement, Macrophages, and
Microglia in Spinal Cord Injury. J. Neurosci. Res. 2018, 96, 969-977. [CrossRef] [PubMed]

Van Broeckhoven, J.; Sommer, D.; Dooley, D.; Hendrix, S.; Franssen, A.J.PM.PM. Macrophage Phagocytosis after Spinal Cord
Injury: When Friends Become Foes. Brain 2021, 144, 2933-2945. [CrossRef]

Kong, F-Q.; Zhao, S.-J.; Sun, P; Liu, H; Jie, J.; Xu, T;; Xu, A.-D.; Yang, Y.-Q.; Zhu, Y.; Chen, J.; et al. Macrophage MSR1 Promotes
the Formation of Foamy Macrophage and Neuronal Apoptosis after Spinal Cord Injury. J. Neuroinflamm. 2020, 17, 62. [CrossRef]
Zhu, Y.; Lyapichev, K.; Lee, D.H.; Motti, D.; Ferraro, N.M.; Zhang, Y.; Yahn, S.; Soderblom, C.; Zha, ].; Bethea, J.R.; et al.
Macrophage Transcriptional Profile Identifies Lipid Catabolic Pathways That Can Be Therapeutically Targeted after Spinal Cord
Injury. J. Neurosci. 2017, 37, 2362-2376. [CrossRef]

Zhou, Q.; Xiang, H.; Li, A.; Lin, W.; Huang, Z.; Guo, ].; Wang, P; Chi, Y.; Xiang, K.; Xu, Y.; et al. Activating Adiponectin Signaling
with Exogenous AdipoRon Reduces Myelin Lipid Accumulation and Suppresses Macrophage Recruitment after Spinal Cord
Injury. J. Neurotrauma 2019, 36, 903-918. [CrossRef]

Kroner, A.; Greenhalgh, A.D.; Zarruk, ].G.; Passos dos Santos, R.; Gaestel, M.; David, S. TNF and Increased Intracellular Iron
Alter Macrophage Polarization to a Detrimental M1 Phenotype in the Injured Spinal Cord. Neuron 2014, 83, 1098-1116. [CrossRef]
Liu, Y.; Hammel, G.; Shi, M.; Cheng, Z.; Zivkovic, S.; Wang, X.; Xu, P; He, X.; Guo, B.; Ren, Y.; et al. Myelin Debris Stimulates
NG2/CSPG4 Expression in Bone Marrow-Derived Macrophages in the Injured Spinal Cord. Front. Cell Neurosci. 2021, 15, 651827.
[CrossRef]

Kopper, TJ.; Zhang, B.; Bailey, WM.; Bethel, K.E.; Gensel, ].C. The Effects of Myelin on Macrophage Activation Are Phenotypic
Specific via CPLA2 in the Context of Spinal Cord Injury Inflammation. Sci. Rep. 2021, 11, 6341. [CrossRef] [PubMed]

Miao, W.; Zhao, Y,; Huang, Y.; Chen, D.; Luo, C.; Su, W.; Gao, Y. IL-13 Ameliorates Neuroinflammation and Promotes Functional
Recovery after Traumatic Brain Injury. J. Immunol. 2020, 204, 1486-1498. [CrossRef] [PubMed]

Wang, K.; Li, ].; Zhang, Y.; Huang, Y.; Chen, D.; Shi, Z.; Smith, A.D.; Li, W.; Gao, Y. Central Nervous System Diseases Related to
Pathological Microglial Phagocytosis. CNS Neurosci. Ther. 2021, 27, 528-539. [CrossRef] [PubMed]

Stein, T.D.; Fedynyshyn, J.P; Kalil, R.E. Circulating Autoantibodies Recognize and Bind Dying Neurons Following Injury to the
Brain. J. Neuropathol. Exp. Neurol. 2002, 61, 1100-1108. [CrossRef]

Ulndreaj, A.; Vidal, PM.; Forgione, N.; Hong, J.; Fehlings, M.G. IgM Immunoglobulin Influences Recovery after Cervical Spinal
Cord Injury by Modulating the IgG Autoantibody Response. eNeuro 2021, 8. [CrossRef]

Wu, B.; Matic, D.; Djogo, N.; Szpotowicz, E.; Schachner, M.; Jakovcevski, I. Improved Regeneration after Spinal Cord Injury in
Mice Lacking Functional T- and B-Lymphocytes. Exp. Neurol. 2012, 237, 274-285. [CrossRef]

Weckbach, S.; Neher, M.; Losacco, ].T.; Bolden, A.L.; Kulik, L.; Flierl, M.A; Bell, S.E.; Holers, V.M.; Stahel, PF. Challenging the
Role of Adaptive Immunity in Neurotrauma: Ragl (—/—) Mice Lacking Mature B and T Cells Do Not Show Neuroprotection
after Closed Head Injury. J. Neurotrauma 2012, 29, 1233-1242. [CrossRef]

Ankeny, D.P.; Guan, Z.; Popovich, P.G. B Cells Produce Pathogenic Antibodies and Impair Recovery after Spinal Cord Injury in
Mice. J. Clin. Investig. 2009, 119, 2990. [CrossRef]

Dobson, R.; Giovannoni, G. Multiple Sclerosis—A Review. Eur. |. Neurol. 2019, 26, 27-40. [CrossRef]

Marcus, R. What Is Multiple Sclerosis? JAMA 2022, 328, 2078. [CrossRef]

Walton, C.; King, R.; Rechtman, L.; Kaye, W.; Leray, E.; Marrie, R.A.; Robertson, N.; La Rocca, N.; Uitdehaag, B.; van der Mei, I; et al.
Rising Prevalence of Multiple Sclerosis Worldwide: Insights from the Atlas of MS, Third Edition. Mult. Scler. J. 2020, 26, 1816-1821.
[CrossRef] [PubMed]

Reich, D.S.; Lucchinetti, C.F.; Calabresi, P.A. Multiple Sclerosis. N. Engl. |. Med. 2018, 378, 169-180. [CrossRef] [PubMed]
Lucchinetti, C.F; Parisi, J.; Bruck, W. The Pathology of Multiple Sclerosis. Neurol. Clin. 2005, 23, 77-105. [CrossRef] [PubMed]


http://doi.org/10.3389/fcell.2020.00365
http://doi.org/10.1016/j.biopha.2020.110660
http://doi.org/10.1038/sj.bjc.6605530
http://doi.org/10.1074/jbc.M310678200
http://doi.org/10.3389/fimmu.2019.02025
http://www.ncbi.nlm.nih.gov/pubmed/31572353
http://doi.org/10.1523/JNEUROSCI.3257-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19864556
http://doi.org/10.1371/journal.pone.0009380
http://doi.org/10.1002/glia.22774
http://www.ncbi.nlm.nih.gov/pubmed/25452166
http://doi.org/10.1002/jnr.24114
http://www.ncbi.nlm.nih.gov/pubmed/28696010
http://doi.org/10.1093/BRAIN/AWAB250
http://doi.org/10.1186/s12974-020-01735-2
http://doi.org/10.1523/JNEUROSCI.2751-16.2017
http://doi.org/10.1089/neu.2018.5783
http://doi.org/10.1016/j.neuron.2014.07.027
http://doi.org/10.3389/fncel.2021.651827
http://doi.org/10.1038/s41598-021-85863-6
http://www.ncbi.nlm.nih.gov/pubmed/33737707
http://doi.org/10.4049/jimmunol.1900909
http://www.ncbi.nlm.nih.gov/pubmed/32034062
http://doi.org/10.1111/cns.13619
http://www.ncbi.nlm.nih.gov/pubmed/33650762
http://doi.org/10.1093/jnen/61.12.1100
http://doi.org/10.1523/ENEURO.0491-19.2021
http://doi.org/10.1016/j.expneurol.2012.07.016
http://doi.org/10.1089/neu.2011.2169
http://doi.org/10.1172/JCI39780
http://doi.org/10.1111/ene.13819
http://doi.org/10.1001/jama.2022.14236
http://doi.org/10.1177/1352458520970841
http://www.ncbi.nlm.nih.gov/pubmed/33174475
http://doi.org/10.1056/NEJMra1401483
http://www.ncbi.nlm.nih.gov/pubmed/29320652
http://doi.org/10.1016/j.ncl.2004.09.002
http://www.ncbi.nlm.nih.gov/pubmed/15661089

Int. ]. Mol. Sci. 2023, 24, 5925 22 of 30

117.
118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Grzegorski, T.; Losy, J. Multiple Sclerosis—The Remarkable Story of a Baffling Disease. Rev. Neurosci. 2019, 30, 511-526. [CrossRef]
Martinsen, V.; Kursula, P. Multiple Sclerosis and Myelin Basic Protein: Insights into Protein Disorder and Disease. Amino Acids
2022, 54,99-109. [CrossRef]

Catz, I.; Warren, K.G. Intrathecal Synthesis of Autoantibodies to Myelin Basic Protein in Multiple Sclerosis. Can. J. Neurol. Sci.
1986, 13, 21-24. [CrossRef]

Warren, K.G.; Catz, I.; Johnson, E.; Mielke, B. Anti-Myelin Basic Protein and Anti-Proteolipid Protein Specific Forms of Multiple
Sclerosis. Ann. Neurol. 1994, 35, 280-289. [CrossRef]

Warren, K.G.; Catz, I. An Extensive Search for Autoantibodies to Myelin Basic Protein in Cerebrospinal Fluid of Non-Multiple-
Sclerosis Patients: Implications for the Pathogenesis of Multiple Sclerosis. Eur. Neurol. 1999, 42, 95-104. [CrossRef]

Chamczuk, A.J.; Ursell, M.; O’Connor, P.; Jackowski, G.; Moscarello, M.A. A Rapid ELISA-Based Serum Assay for Myelin Basic
Protein in Multiple Sclerosis. J. Immunol. Methods 2002, 262, 21-27. [CrossRef]

Schmidt, S.; Haase, C.G.; Bezman, L.; Moser, H.; Schmidt, M.; Kohler, W.; Linington, C.; Klockgether, T. Serum Autoantibody
Responses to Myelin Oligodendrocyte Glycoprotein and Myelin Basic Protein in X-Linked Adrenoleukodystrophy and Multiple
Sclerosis. |. Neuroimmunol. 2001, 119, 88-94. [CrossRef]

Mayer, M.C.; Meinl, E. Glycoproteins as Targets of Autoantibodies in CNS Inflammation: MOG and More. Ther. Adv. Neurol.
Disord. 2012, 5, 147-159. [CrossRef] [PubMed]

O’Connor, K.C.; Appel, H.; Bregoli, L.; Call, M.E.; Catz, I.; Chan, ].A.; Moore, N.H.; Warren, K.G.; Wong, S.J.; Hafler, D.A.; et al.
Antibodies from Inflamed Central Nervous System Tissue Recognize Myelin Oligodendrocyte Glycoprotein. J. Immunol. 2005,
175,1974-1982. [CrossRef] [PubMed]

Spadaro, M.; Gerdes, L.A.; Krumbholz, M.; Ertl-Wagner, B.; Thaler, ES.; Schuh, E.; Metz, L; Blaschek, A.; Dick, A.; Briick, W,;
et al. Autoantibodies to MOG in a Distinct Subgroup of Adult Multiple Sclerosis. Neurol. (R) Neuroimmunol. Neuroinflamm. 2016,
3, €257. [CrossRef] [PubMed]

Jarius, S.; Ruprecht, K.; Stellmann, J.P; Huss, A.; Ayzenberg, L; Willing, A.; Trebst, C.; Pawlitzki, M.; Abdelhak, A.; Griiter, T.; et al.
MOG-IgG in Primary and Secondary Chronic Progressive Multiple Sclerosis: A Multicenter Study of 200 Patients and Review of
the Literature. J. Neuroinflamm. 2018, 15, 88. [CrossRef] [PubMed]

Gaertner, S.; de Graaf, K.L.; Greve, B.; Weissert, R. Antibodies against Glycosylated Native MOG Are Elevated in Patients with
Multiple Sclerosis. Neurology 2004, 63, 2381-2383. [CrossRef]

Brennan, K.M.; Galban-Horcajo, F.; Rinaldi, S.; O’Leary, C.P.; Goodyear, C.S.; Kalna, G.; Arthur, A.; Elliot, C.; Barnett, S.;
Linington, C.; et al. Lipid Arrays Identify Myelin-Derived Lipids and Lipid Complexes as Prominent Targets for Oligoclonal
Band Antibodies in Multiple Sclerosis. |. Neuroimmunol. 2011, 238, 87-95. [CrossRef]

Quintana, FJ.; Farez, M.E; Viglietta, V.; Iglesias, A.H.; Merbl, Y.; Izquierdo, G.; Lucas, M.; Basso, A.S.; Khoury, S.J;
Lucchinetti, C.F; et al. Antigen Microarrays Identify Unique Serum Autoantibody Signatures in Clinical and Pathologic Subtypes
of Multiple Sclerosis. Proc. Natl. Acad. Sci. USA 2008, 105, 18889-18894. [CrossRef]

Machado-Santos, J.; Saji, E.; Troscher, A.R.; Paunovic, M.; Liblau, R.; Gabriely, G.; Bien, C.G.; Bauer, J.; Lassmann, H. The
Compartmentalized Inflammatory Response in the Multiple Sclerosis Brain Is Composed of Tissue-Resident CD8+ T Lymphocytes
and B Cells. Brain 2018, 141, 2066-2082. [CrossRef]

Liu, R.; Du, S.; Zhao, L.; Jain, S.; Sahay, K.; Rizvanov, A.; Lezhnyova, V.; Khaibullin, T.; Martynova, E.; Khaiboullina, S.; et al.
Autoreactive Lymphocytes in Multiple Sclerosis: Pathogenesis and Treatment Target. Front. Immunol. 2022, 13, 996469. [CrossRef]
van Langelaar, J.; Rijvers, L.; Smolders, J.; van Luijn, M.M. B and T Cells Driving Multiple Sclerosis: Identity, Mechanisms and
Potential Triggers. Front. Immunol. 2020, 11, 760. [CrossRef]

Wang, K.; Song, F.; Fernandez-Escobar, A.; Luo, G.; Wang, J.-H.; Sun, Y. The Properties of Cytokines in Multiple Sclerosis: Pros
and Cons. Am. J. Med. Sci. 2018, 356, 552-560. [CrossRef] [PubMed]

Cui, L.-Y;; Chu, S.-E; Chen, N.-H. The Role of Chemokines and Chemokine Receptors in Multiple Sclerosis. Int. Immunopharmacol.
2020, 83, 106314. [CrossRef] [PubMed]

Hoftberger, R.; Aboul-Enein, F.; Brueck, W.; Lucchinetti, C.; Rodriguez, M.; Schmidbauer, M.; Jellinger, K.; Lassmann, H.
Expression of Major Histocompatibility Complex Class 1 Molecules on the Different Cell Types in Multiple Sclerosis Lesions.
Brain Pathol. 2004, 14, 43-50. [CrossRef] [PubMed]

Gobin, S.J.P,; Montagne, L.; Van Zutphen, M.; Van Der Valk, P.; Van Den Elsen, PJ.; De Groot, C.J].A. Upregulation of Transcription
Factors Controlling MHC Expression in Multiple Sclerosis Lesions. Glia 2001, 36, 68-77. [CrossRef] [PubMed]

Bo, L.; Mork, S.; Kong, P.A.; Nyland, H.; Pardo, C.A.; Trapp, B.D. Detection of MHC Class II-Antigens on Macrophages and
Microglia, but Not on Astrocytes and Endothelia in Active Multiple Sclerosis Lesions. J. Neuroimmunol. 1994, 51, 135-146.
[CrossRef]

De Simone, R.; Giampaolo, A.; Giometto, B.; Gallo, P; Levi, G.; Peschle, C.; Aloisi, F. The Costimulatory Molecule B7 Is Expressed
on Human Microglia in Culture and in Multiple Sclerosis Acute Lesions. J. Neuropathol. Exp. Neurol. 1995, 54, 175-187. [CrossRef]
Williams, K.; Ulvestad, E.; Antel, J.P. B7/BB-1 Antigen Expression on Adult Human Microglia Studiedin Vitro Andin Situ. Eur.
J. Immunol. 1994, 24, 3031-3037. [CrossRef]

Windhagen, A.; Newcombe, J.; Dangond, F.; Strand, C.; Woodroofe, M.N.; Cuzner, M.L.; Hafler, D.A. Expression of Costimulatory
Molecules B7-1 (CD80), B7-2 (CD86), and Interleukin 12 Cytokine in Multiple Sclerosis Lesions. J. Exp. Med. 1995, 182, 1985-1996.
[CrossRef]


http://doi.org/10.1515/revneuro-2018-0074
http://doi.org/10.1007/s00726-021-03111-7
http://doi.org/10.1017/S0317167100035745
http://doi.org/10.1002/ana.410350307
http://doi.org/10.1159/000069418
http://doi.org/10.1016/S0022-1759(01)00522-1
http://doi.org/10.1016/S0165-5728(01)00345-9
http://doi.org/10.1177/1756285611433772
http://www.ncbi.nlm.nih.gov/pubmed/22590479
http://doi.org/10.4049/jimmunol.175.3.1974
http://www.ncbi.nlm.nih.gov/pubmed/16034142
http://doi.org/10.1212/NXI.0000000000000257
http://www.ncbi.nlm.nih.gov/pubmed/27458601
http://doi.org/10.1186/s12974-018-1108-6
http://www.ncbi.nlm.nih.gov/pubmed/29554927
http://doi.org/10.1212/01.WNL.0000147259.34163.33
http://doi.org/10.1016/j.jneuroim.2011.08.002
http://doi.org/10.1073/pnas.0806310105
http://doi.org/10.1093/brain/awy151
http://doi.org/10.3389/fimmu.2022.996469
http://doi.org/10.3389/fimmu.2020.00760
http://doi.org/10.1016/j.amjms.2018.08.018
http://www.ncbi.nlm.nih.gov/pubmed/30447707
http://doi.org/10.1016/j.intimp.2020.106314
http://www.ncbi.nlm.nih.gov/pubmed/32197226
http://doi.org/10.1111/j.1750-3639.2004.tb00496.x
http://www.ncbi.nlm.nih.gov/pubmed/14997936
http://doi.org/10.1002/glia.1096
http://www.ncbi.nlm.nih.gov/pubmed/11571785
http://doi.org/10.1016/0165-5728(94)90075-2
http://doi.org/10.1097/00005072-199503000-00004
http://doi.org/10.1002/eji.1830241217
http://doi.org/10.1084/jem.182.6.1985

Int. ]. Mol. Sci. 2023, 24, 5925 23 of 30

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Chang, T.T; Jabs, C.; Sobel, R.A.; Kuchroo, V.K.; Sharpe, A.H. Studies in B7-Deficient Mice Reveal a Critical Role for B7
Costimulation in Both Induction and Effector Phases of Experimental Autoimmune Encephalomyelitis. J. Exp. Med. 1999,
190, 733-740. [CrossRef]

O’Keefe, G.M.; Nguyen, V.T.; Benveniste, E.N. Regulation and Function of Class II Major Histocompatibility Complex, CD40, and
B7 Expression in Macrophages and Microglia: Implications in Neurological Diseases. ]. Neurovirol. 2002, 8, 496-512. [CrossRef]
Chitnis, T.; Khoury, S.J. Role of Costimulatory Pathways in the Pathogenesis of Multiple Sclerosis and Experimental Autoimmune
Encephalomyelitis. J. Allergy Clin. Immunol. 2003, 112, 837-849. [CrossRef] [PubMed]

Jensen, J.; Krakauer, M.; Sellebjerg, F. Increased T Cell Expression of CD154 (CD40-Ligand) in Multiple Sclerosis. Eur. J. Neurol.
2001, 8, 321-328. [CrossRef] [PubMed]

Gerritse, K.; Laman, J.D.; Noelle, R.J.; Aruffo, A.; Ledbetter, ].A.; Boersma, W.].; Claassen, E. CD40-CD40 Ligand Interactions
in Experimental Allergic Encephalomyelitis and Multiple Sclerosis. Proc. Natl. Acad. Sci. USA 1996, 93, 2499-2504. [CrossRef]
[PubMed]

Aarts, S.A.; Seijkens, T.T.; Kusters, PJ.; van Tiel, C.M.; Reiche, M.E.; den Toom, M.; Beckers, L.; van Roomen, C.P,; de Winther, M.P;
Kooij, G.; et al. Macrophage CDA40 Signaling Drives Experimental Autoimmune Encephalomyelitis. J. Pathol. 2019, 247, 471-480.
[CrossRef]

Ponomarev, E.D.; Shriver, L.P; Dittel, B.N. CD40 Expression by Microglial Cells Is Required for Their Completion of a Two-Step
Activation Process during Central Nervous System Autoimmune Inflammation. J. Immunol. 2006, 176, 1402-1410. [CrossRef]
Aarts, S.A.B.M,; Seijkens, T.T.P,; van Dorst, K.J.F; Dijkstra, C.D.; Kooij, G.; Lutgens, E. The CD40-CD40L Dyad in Experimental
Autoimmune Encephalomyelitis and Multiple Sclerosis. Front. Immunol. 2017, 8, 1791. [CrossRef]

Becher, B,; Durell, B.G.; Miga, A.V,; Hickey, W.F.; Noelle, R.J. The Clinical Course of Experimental Autoimmune Encephalomyelitis
and Inflammation Is Controlled by the Expression of Cd40 within the Central Nervous System. J. Exp. Med. 2001, 193, 967-974.
[CrossRef]

van Nierop, G.P;; van Luijn, M.M.; Michels, S.S.; Melief, M.-].; Janssen, M.; Langerak, A.W.; Ouwendijk, W.J.D.; Hintzen, R.Q;
Verjans, G.M.G.M. Phenotypic and Functional Characterization of T Cells in White Matter Lesions of Multiple Sclerosis Patients.
Acta Neuropathol. 2017, 134, 383-401. [CrossRef]

Yeo, Y.A.; Martinez Gémez, ].M.; Croxford, J.L.; Gasser, S.; Ling, E.-A.; Schwarz, H. CD137 Ligand Activated Microglia Induces
Oligodendrocyte Apoptosis via Reactive Oxygen Species. J. Neuroinflamm. 2012, 9, 173. [CrossRef]

Piacente, F,; Bottero, M.; Benzi, A.; Vigo, T.; Uccelli, A.; Bruzzone, S.; Ferrara, G. Neuroprotective Potential of Dendritic Cells and
Sirtuins in Multiple Sclerosis. Int. ]. Mol. Sci. 2022, 23, 4352. [CrossRef]

Pais, T.F.; Szeg6, EM,; Marques, O.; Miller-Fleming, L.; Antas, P.; Guerreiro, P.; de Oliveira, R.M.; Kasapoglu, B.; Outeiro, T.F.
The NAD-Dependent Deacetylase Sirtuin 2 Is a Suppressor of Microglial Activation and Brain Inflammation. EMBO J. 2013,
32,2603-2616. [CrossRef] [PubMed]

Wang, B.; Zhang, Y.; Cao, W.; Wei, X.; Chen, J.; Ying, W. SIRT2 Plays Significant Roles in Lipopolysaccharides-Induced Neuroin-
flammation and Brain Injury in Mice. Neurochem. Res. 2016, 41, 2490-2500. [CrossRef] [PubMed]

Parodi, B.; Rossi, S.; Morando, S.; Cordano, C.; Bragoni, A.; Motta, C.; Usai, C.; Wipke, B.T.; Scannevin, R.H.; Mancardi, G.L.; et al.
Fumarates Modulate Microglia Activation through a Novel HCAR?2 Signaling Pathway and Rescue Synaptic Dysregulation in
Inflamed CNS. Acta Neuropathol. 2015, 130, 279-295. [CrossRef]

Giacometti, J.; Grubi¢-Kezele, T. Olive Leaf Polyphenols Attenuate the Clinical Course of Experimental Autoimmune En-
cephalomyelitis and Provide Neuroprotection by Reducing Oxidative Stress, Regulating Microglia and SIRT1, and Preserving
Myelin Integrity. Oxidative Med. Cell Longev. 2020, 2020, 6125638. [CrossRef] [PubMed]

Li, L; Sun, Q.; Li, Y;; Yang, Y.; Yang, Y.; Chang, T.; Man, M.; Zheng, L. Overexpression of SIRT1 Induced by Resveratrol and
Inhibitor of MiR-204 Suppresses Activation and Proliferation of Microglia. J. Mol. Neurosci. 2015, 56, 858-867. [CrossRef]
[PubMed]

Sierra, A.; Abiega, O.; Shahraz, A.; Neumann, H. Janus-Faced Microglia: Beneficial and Detrimental Consequences of Microglial
Phagocytosis. Front. Cell Neurosci. 2013, 7, 6. [CrossRef]

Grajchen, E.; Wouters, E.; van de Haterd, B.; Haidar, M.; Hardonniere, K.; Dierckx, T.; Van Broeckhoven, J.; Erens, C.; Hendrix, S.;
Kerdine-Romer, S.; et al. CD36-Mediated Uptake of Myelin Debris by Macrophages and Microglia Reduces Neuroinflammation.
J. Neuroinflamm. 2020, 17, 224. [CrossRef]

Constantinescu, C.S.; Farooqi, N.; O’Brien, K.; Gran, B. Experimental Autoimmune Encephalomyelitis (EAE) as a Model for
Multiple Sclerosis (MS). Br. J. Pharmacol. 2011, 164, 1079-1106. [CrossRef]

Rawiji, K.S.; Young, A.M.H.; Ghosh, T.; Michaels, N.J.; Mirzaei, R.; Kappen, ].; Kolehmainen, K.L.; Alaeiilkhchi, N.; Lozinski, B.;
Mishra, M.K.; et al. Niacin-Mediated Rejuvenation of Macrophage/Microglia Enhances Remyelination of the Aging Central
Nervous System. Acta Neuropathol. 2020, 139, 893-909. [CrossRef]

Levy-Barazany, H.; Frenkel, D. Expression of Scavenger Receptor A on Antigen Presenting Cells Is Important for CD4+ T-Cells
Proliferation in EAE Mouse Model. J. Neuroinflamm. 2012, 9, 621. [CrossRef]

Hendrickx, D.A E.; Koning, N.; Schuurman, K.G.; van Strien, M.E.; van Eden, C.G.; Hamann, J.; Huitinga, I. Selective Upregulation
of Scavenger Receptors in and Around Demyelinating Areas in Multiple Sclerosis. J. Neuropathol. Exp. Neurol. 2013, 72, 106-118.
[CrossRef] [PubMed]


http://doi.org/10.1084/jem.190.5.733
http://doi.org/10.1080/13550280290100941
http://doi.org/10.1016/j.jaci.2003.08.025
http://www.ncbi.nlm.nih.gov/pubmed/14610467
http://doi.org/10.1046/j.1468-1331.2001.00232.x
http://www.ncbi.nlm.nih.gov/pubmed/11422428
http://doi.org/10.1073/pnas.93.6.2499
http://www.ncbi.nlm.nih.gov/pubmed/8637903
http://doi.org/10.1002/path.5205
http://doi.org/10.4049/jimmunol.176.3.1402
http://doi.org/10.3389/fimmu.2017.01791
http://doi.org/10.1084/jem.193.8.967
http://doi.org/10.1007/s00401-017-1744-4
http://doi.org/10.1186/1742-2094-9-173
http://doi.org/10.3390/ijms23084352
http://doi.org/10.1038/emboj.2013.200
http://www.ncbi.nlm.nih.gov/pubmed/24013120
http://doi.org/10.1007/s11064-016-1981-2
http://www.ncbi.nlm.nih.gov/pubmed/27350577
http://doi.org/10.1007/s00401-015-1422-3
http://doi.org/10.1155/2020/6125638
http://www.ncbi.nlm.nih.gov/pubmed/32802267
http://doi.org/10.1007/s12031-015-0526-5
http://www.ncbi.nlm.nih.gov/pubmed/25725784
http://doi.org/10.3389/fncel.2013.00006
http://doi.org/10.1186/s12974-020-01899-x
http://doi.org/10.1111/j.1476-5381.2011.01302.x
http://doi.org/10.1007/s00401-020-02129-7
http://doi.org/10.1186/1742-2094-9-120
http://doi.org/10.1097/NEN.0b013e31827fd9e8
http://www.ncbi.nlm.nih.gov/pubmed/23334594

Int. ]. Mol. Sci. 2023, 24, 5925 24 of 30

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.
189.

Piccio, L.; Buonsanti, C.; Cella, M.; Tassi, I; Schmidt, R.E.; Fenoglio, C.; Rinker, J.; Naismith, R.T.; Panina-Bordignon, P;
Passini, N.; et al. Identification of Soluble TREM-2 in the Cerebrospinal Fluid and Its Association with Multiple Sclerosis and
CNS Inflammation. Brain 2008, 131, 3081-3091. [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. J. Immunol. 2007, 37, 1290-1301. [CrossRef]

Takahashi, K.; Rochford, C.D.P.; 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]

Sommer, M.A ; Forno, L.S.; Smith, M.E. EAE Cerebrospinal Fluid Augments in Vitro Phagocytosis and Metabolism of CNS Myelin
by Macrophages. J. Neurosci. Res. 1992, 32, 384-394. [CrossRef]

Smith, M.E. Phagocytosis of Myelin by Microglia in Vitro. J. Neurosci. Res. 1993, 35, 480—-487. [CrossRef]

van der Laan, L.J.W.; Ruuls, S.R.; Weber, K.S.; Lodder, L.].; Dépp, E.A.; Dijkstra, C.D. Macrophage Phagocytosis of Myelin in Vitro
Determined by Flow Cytometry: Phagocytosis Is Mediated by CR3 and Induces Production of Tumor Necrosis Factor-« and
Nitric Oxide. . Neuroimmunol. 1996, 70, 145-152. [CrossRef]

Healy, L.M.; Perron, G.; Won, S.-Y.; Michell-Robinson, M.A.; Rezk, A.; Ludwin, SK.; Moore, C.S.; Hall, ].A.; Bar-Or, A.; Antel, ].P.
MerTK Is a Functional Regulator of Myelin Phagocytosis by Human Myeloid Cells. |. Immunol. 2016, 196, 3375-3384. [CrossRef]
Shen, K.; Reichelt, M.; Kyauk, R.V,; Ngu, H.; Shen, Y.-A.A,; Foreman, O.; Modrusan, Z.; Friedman, B.A.; Sheng, M.; Yuen,
T.J. Multiple Sclerosis Risk Gene Mertk Is Required for Microglial Activation and Subsequent Remyelination. Cell Rep. 2021,
34, 108835. [CrossRef]

Gaultier, A.; Wu, X.; Le Moan, N.; Takimoto, S.; Mukandala, G.; Akassoglou, K.; Campana, WM.; Gonias, S.L. Low-Density
Lipoprotein Receptor-Related Protein 1 Is an Essential Receptor for Myelin Phagocytosis. J. Cell Sci. 2009, 122, 1155-1162.
[CrossRef]

Chuang, T.-Y.; Guo, Y.; Seki, S.M.; Rosen, A.M.; Johanson, D.M.; Mandell, ] W.; Lucchinetti, C.F,; Gaultier, A. LRP1 Expression in
Microglia Is Protective during CNS Autoimmunity. Acta Neuropathol. Commun. 2016, 4, 68. [CrossRef] [PubMed]

Ennerfelt, H.; Frost, E.L.; Shapiro, D.A.; Holliday, C.; Zengeler, K.E.; Voithofer, G.; Bolte, A.C.; Lammert, C.R; Kulas, J.A.; Ulland,
TK.; et al. SYK Coordinates Neuroprotective Microglial Responses in Neurodegenerative Disease. Cell 2022, 185, 4135-4152.e22.
[CrossRef] [PubMed]

Chu, F; Shi, M,; Zheng, C.; Shen, D.; Zhu, J.; Zheng, X.; Cui, L. The Roles of Macrophages and Microglia in Multiple Sclerosis and
Experimental Autoimmune Encephalomyelitis. . Neuroimmunol. 2018, 318, 1-7. [CrossRef] [PubMed]

Miron, V.E.; Boyd, A.; Zhao, ].-W.; Yuen, TJ.; Ruckh, ].M.; Shadrach, J.L.; van Wijngaarden, P.; Wagers, A.].; Williams, A.; Franklin,
R.J.M.; et al. M2 Microglia and Macrophages Drive Oligodendrocyte Differentiation during CNS Remyelination. Nat. Neurosci.
2013, 16, 1211-1218. [CrossRef]

Leuti, A.; Talamonti, E.; Gentile, A.; Tiberi, M.; Matteocci, A.; Fresegna, D.; Centonze, D.; Chiurchit, V. Macrophage Plasticity and
Polarization Are Altered in the Experimental Model of Multiple Sclerosis. Biomolecules 2021, 11, 837. [CrossRef]

Bsibsi, M.; Peferoen, L.A.N.; Holtman, LR.; Nacken, PJ.; Gerritsen, W.H.; Witte, M.E.; van Horssen, J.; Eggen, B.J.L;
van der Valk, P; Amor, S.; et al. Demyelination during Multiple Sclerosis Is Associated with Combined Activation of
Microglia/Macrophages by IFN-y and Alpha B-Crystallin. Acta Neuropathol. 2014, 128, 215-229. [CrossRef]

Li, Y;; Chu, N.; Hu, A.; Gran, B.; Rostami, A.; Zhang, G.-X. Increased IL-23p19 Expression in Multiple Sclerosis Lesions and Its
Induction in Microglia. Brain 2007, 130, 490-501. [CrossRef]

Jiang, Z.; Jiang, ].X.; Zhang, G.-X. Macrophages: A Double-Edged Sword in Experimental Autoimmune Encephalomyelitis.
Immunol. Lett. 2014, 160, 17-22. [CrossRef]

International Multiple Sclerosis Genetics Consorciaum (IMSGC); Hafler, D.A.; Compston, A.; Sawcer, S.; Lander, E.S.; Daly, M.].;
De Jager, P.L.; Bakker, PL.W.D.; Gabriel, S.B.; Mirel, D.B.; et al. Risk Alleles for Multiple Sclerosis Identified by a Genomewide
Study. N. Engl. ]. Med. 2007, 357, 851-862. [CrossRef]

Tzartos, ].S.; Friese, M.A.; Craner, M.].; Palace, J.; Newcombe, J.; Esiri, M.M.; Fugger, L. Interleukin-17 Production in Central
Nervous System-Infiltrating T Cells and Glial Cells Is Associated with Active Disease in Multiple Sclerosis. Am. . Pathol. 2008,
172,146-155. [CrossRef]

Bitsch, A.; Schuchardt, J.; Bunkowski, S.; Kuhlmann, T.; Briick, W. Acute Axonal Injury in Multiple Sclerosis. Correlation with
Demyelination and Inflammation. Brain 2000, 123 Pt 6, 1174-1183. [CrossRef]

Kaskow, B.]J.; Baecher-Allan, C. Effector T Cells in Multiple Sclerosis. Cold Spring Harb. Perspect. Med. 2018, 8, a029025. [CrossRef]
[PubMed]

Crawford, M.P; Yan, S.X.; Ortega, S.B.; Mehta, R.S.; Hewitt, R.E.; Price, D.A.; Stastny, P.; Douek, D.C.; Koup, R.A.; Racke, M.K,;
et al. High Prevalence of Autoreactive, Neuroantigen-Specific CD8+ T Cells in Multiple Sclerosis Revealed by Novel Flow
Cytometric Assay. Blood 2004, 103, 4222-4231. [CrossRef] [PubMed]

Salou, M.; Nicol, B.; Garcia, A.; Laplaud, D.A. Involvement of CD8+ T Cells in Multiple Sclerosis. Front. Immunol. 2015, 6, 604.
[CrossRef]

Chen, Z.; Trapp, B.D. Microglia and Neuroprotection. J. Neurochem. 2016, 136, 10-17. [CrossRef] [PubMed]

David, S.; Kroner, A. Repertoire of Microglial and Macrophage Responses after Spinal Cord Injury. Nat. Rev. Neurosci. 2011,
12,388-399. [CrossRef] [PubMed]


http://doi.org/10.1093/brain/awn217
http://www.ncbi.nlm.nih.gov/pubmed/18790823
http://doi.org/10.1002/eji.200636837
http://doi.org/10.1084/jem.20041611
http://www.ncbi.nlm.nih.gov/pubmed/15728241
http://doi.org/10.1002/jnr.490320310
http://doi.org/10.1002/jnr.490350504
http://doi.org/10.1016/S0165-5728(96)00110-5
http://doi.org/10.4049/jimmunol.1502562
http://doi.org/10.1016/j.celrep.2021.108835
http://doi.org/10.1242/jcs.040717
http://doi.org/10.1186/s40478-016-0343-2
http://www.ncbi.nlm.nih.gov/pubmed/27400748
http://doi.org/10.1016/j.cell.2022.09.030
http://www.ncbi.nlm.nih.gov/pubmed/36257314
http://doi.org/10.1016/j.jneuroim.2018.02.015
http://www.ncbi.nlm.nih.gov/pubmed/29606295
http://doi.org/10.1038/nn.3469
http://doi.org/10.3390/biom11060837
http://doi.org/10.1007/s00401-014-1317-8
http://doi.org/10.1093/brain/awl273
http://doi.org/10.1016/j.imlet.2014.03.006
http://doi.org/10.1056/NEJMOA073493
http://doi.org/10.2353/ajpath.2008.070690
http://doi.org/10.1093/brain/123.6.1174
http://doi.org/10.1101/cshperspect.a029025
http://www.ncbi.nlm.nih.gov/pubmed/29358315
http://doi.org/10.1182/blood-2003-11-4025
http://www.ncbi.nlm.nih.gov/pubmed/14976054
http://doi.org/10.3389/fimmu.2015.00604
http://doi.org/10.1111/jnc.13062
http://www.ncbi.nlm.nih.gov/pubmed/25693054
http://doi.org/10.1038/nrn3053
http://www.ncbi.nlm.nih.gov/pubmed/21673720

Int. ]. Mol. Sci. 2023, 24, 5925 25 of 30

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.
203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

Bogie, ].E].; Stinissen, P.; Hendriks, J.J.A. Macrophage Subsets and Microglia in Multiple Sclerosis. Acta Neuropathol. 2014,
128, 191-213. [CrossRef]

Vogel, D.Y.; Vereyken, E.J.; Glim, J.E.; Heijnen, P.D.; Moeton, M.; van der Valk, P; Amor, S.; Teunissen, C.E.; van Horssen, J.;
Dijkstra, C.D. Macrophages in Inflammatory Multiple Sclerosis Lesions Have an Intermediate Activation Status. J. Neuroinflamm.
2013, 10, 809. [CrossRef]

Boven, L.A.; Van Meurs, M.; Van Zwam, M.; Wierenga-Wolf, A.; Hintzen, R.Q.; Boot, R.G.; Aerts, ] M.; Amor, S.; Nieuwenhuis,
E.E.; Laman, J.D. Myelin-Laden Macrophages Are Anti-Inflammatory, Consistent with Foam Cells in Multiple Sclerosis. Brain
2006, 129, 517-526. [CrossRef]

Kuhlmann, T.; Miron, V.; Cuo, Q.; Wegner, C.; Antel, J.; Bruck, W. Differentiation Block of Oligodendroglial Progenitor Cells as a
Cause for Remyelination Failure in Chronic Multiple Sclerosis. Brain 2008, 131, 1749-1758. [CrossRef]

Mei, F; Lehmann-Horn, K.; Shen, Y.-A.A_; Rankin, K.A.; Stebbins, K.J.; Lorrain, D.S.; Pekarek, K.; Sagan, S.A.; Xiao, L.; Teuscher, C.;
et al. Accelerated Remyelination during Inflammatory Demyelination Prevents Axonal Loss and Improves Functional Recovery.
eLife 2016, 5, €18246. [CrossRef] [PubMed]

Bogie, ].F,; Stinissen, P.; Hellings, N.; Hendriks, ].J. Myelin-Phagocytosing Macrophages Modulate Autoreactive T Cell Prolifera-
tion. J. Neuroinflamm. 2011, 8, 85. [CrossRef]

Lucchinetti, C.; Bruck, W.; Parisi, ].; Scheithauer, B.; Rodriguez, M.; Lassmann, H. Heterogeneity of Multiple Sclerosis Lesions:
Implications for the Pathogenesis of Demyelination. Ann. Neurol. 2000, 47, 707-717. [CrossRef] [PubMed]

McLaughlin, K.A.; Wucherpfennig, K.W. Chapter 4 B Cells and Autoantibodies in the Pathogenesis of Multiple Sclerosis and
Related Inflammatory Demyelinating Diseases. Adv. Immunol. 2008, 98, 121-149. [PubMed]

Kumar, A ; Sidhu, J.; Goyal, A.; Tsao, ].W. Alzheimer Disease. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL,
USA, 2022. Available online: https://www.ncbi.nlm.nih.gov/books/NBK499922/ (accessed on 25 January 2023).

World Health Organization. Dementia. Available online: https://www.who.int/news-room/fact-sheets/detail /dementia
(accessed on 15 January 2023).

Cras, P; Kawai, M.; Lowery, D.; Gonzalez-DeWhitt, P.; Greenberg, B.; Perry, G. Senile Plaque Neurites in Alzheimer Disease
Accumulate Amyloid Precursor Protein. Proc. Natl. Acad. Sci. USA 1991, 88, 7552-7556. [CrossRef] [PubMed]

Breijyeh, Z.; Karaman, R. Comprehensive Review on Alzheimer’s Disease: Causes and Treatment. Molecules 2020, 25, 5789.
[CrossRef]

Brion, J.-P. Neurofibrillary Tangles and Alzheimer’s Disease. Eur. Neurol. 1998, 40, 130-140. [CrossRef]

Metaxas, A.; Kempf, S. Neurofibrillary Tangles in Alzheimer’s Disease: Elucidation of the Molecular Mechanism by Immunohis-
tochemistry and Tau Protein Phospho-Proteomics. Neural Regen Res. 2016, 11, 1579. [CrossRef]

Bivona, G.; lemmolo, M.; Agnello, L.; Lo Sasso, B.; Gambino, C.M.; Giglio, R.V.; Scazzone, C.; Ghersi, G.; Ciaccio, M. Microglial
Activation and Priming in Alzheimer’s Disease: State of the Art and Future Perspectives. Int. ]. Mol. Sci. 2023, 24, 884. [CrossRef]
Du, Y.; Dodel, R.; Hampel, H.; Buerger, K,; Lin, S.; Eastwood, B.; Bales, K.; Gao, F; Moeller, H.].; Oertel, W.; et al. Reduced Levels
of Amyloid Beta-Peptide Antibody in Alzheimer Disease. Neurology 2001, 57, 801-805. [CrossRef]

Van Nostrand, W.E.; Wagner, S.L.; Shankle, W.R.; Farrow, ].S.; Dick, M.; Rozemuller, ]. M.; Kuiper, M.A.; Wolters, E.C.; Zimmerman,
J.; Cotman, C.W. Decreased Levels of Soluble Amyloid Beta-Protein Precursor in Cerebrospinal Fluid of Live Alzheimer Disease
Patients. Proc. Natl. Acad. Sci. USA 1992, 89, 2551-2555. [CrossRef] [PubMed]

Farlow, M.; Ghetti, B.; Benson, M.D.; Farrow, ].S.; van Nostrand, W.E.; Wagner, S.L. Low Cerebrospinal-Fluid Concentrations of
Soluble Amyloid Beta-Protein Precursor in Hereditary Alzheimer’s Disease. Lancet 1992, 340, 453-454. [CrossRef] [PubMed]
Counts, S.E.; Ikonomovic, M.D.; Mercado, N.; Vega, LE.; Mufson, E.J. Biomarkers for the Early Detection and Progression of
Alzheimer’s Disease. Neurotherapeutics 2017, 14, 35-53. [CrossRef] [PubMed]

Mruthinti, S.; Buccafusco, J.J.; Hill, W.D.; Waller, J.L.; Jackson, T.W.; Zamrini, E.Y.; Schade, R.F. Autoimmunity in Alzheimer’s
Disease: Increased Levels of Circulating IgGs Binding Abeta and RAGE Peptides. Neurobiol. Aging 2004, 25, 1023-1032. [CrossRef]
Maftei, M.; Thurm, E; Schnack, C.; Tumani, H.; Otto, M.; Elbert, T.; Kolassa, L-T.; Przybylski, M.; Manea, M.; von Arnim, C.A.F.
Increased Levels of Antigen-Bound 3-Amyloid Autoantibodies in Serum and Cerebrospinal Fluid of Alzheimer’s Disease Patients.
PLoS ONE 2013, 8, €68996. [CrossRef]

Kuhn, I; Rogosch, T.; Schindler, T.I.; Tackenberg, B.; Zemlin, M.; Maier, R.F.; Dodel, R.; Kronimus, Y. Serum Titers of Autoantibod-
ies against a-Synuclein and Tau in Child- and Adulthood. J. Neuroimmunol. 2018, 315, 33-39. [CrossRef]

Hromadkova, L.; Ovsepian, S.V. Tau-Reactive Endogenous Antibodies: Origin, Functionality, and Implications for the Pathophys-
iology of Alzheimer’s Disease. J. Immunol. Res. 2019, 2019, 7406810. [CrossRef]

Vigo-Pelfrey, C.; Seubert, P.; Barbour, R.; Blomquist, C.; Lee, M.; Lee, D.; Coria, F.; Chang, L.; Miller, B.; Lieberburg, I. Elevation of
Microtubule-Associated Protein Tau in the Cerebrospinal Fluid of Patients with Alzheimer’s Disease. Neurology 1995, 45, 788-793.
[CrossRef]

Hu, Y.Y,; He, S.S.; Wang, X.; Duan, Q.H.; Grundke-Igbal, I.; Igbal, K.; Wang, J. Levels of Nonphosphorylated and Phosphorylated
Tau in Cerebrospinal Fluid of Alzheimer’s Disease Patients: An Ultrasensitive Bienzyme-Substrate-Recycle Enzyme-Linked
Immunosorbent Assay. Am. J. Pathol. 2002, 160, 1269-1278. [CrossRef]

Kohnken, R.; Buerger, K.; Zinkowski, R.; Miller, C.; Kerkman, D.; DeBernardis, J.; Shen, J.; Moller, H.]J.; Davies, P.; Hampel, H.
Detection of Tau Phosphorylated at Threonine 231 in Cerebrospinal Fluid of Alzheimer’s Disease Patients. Neurosci. Lett. 2000,
287,187-190. [CrossRef]


http://doi.org/10.1007/s00401-014-1310-2
http://doi.org/10.1186/1742-2094-10-35
http://doi.org/10.1093/brain/awh707
http://doi.org/10.1093/brain/awn096
http://doi.org/10.7554/eLife.18246
http://www.ncbi.nlm.nih.gov/pubmed/27671734
http://doi.org/10.1186/1742-2094-8-85
http://doi.org/10.1002/1531-8249(200006)47:6&lt;707::AID-ANA3&gt;3.0.CO;2-Q
http://www.ncbi.nlm.nih.gov/pubmed/10852536
http://www.ncbi.nlm.nih.gov/pubmed/18772005
https://www.ncbi.nlm.nih.gov/books/NBK499922/
https://www.who.int/news-room/fact-sheets/detail/dementia
http://doi.org/10.1073/pnas.88.17.7552
http://www.ncbi.nlm.nih.gov/pubmed/1652752
http://doi.org/10.3390/molecules25245789
http://doi.org/10.1159/000007969
http://doi.org/10.4103/1673-5374.193234
http://doi.org/10.3390/ijms24010884
http://doi.org/10.1212/WNL.57.5.801
http://doi.org/10.1073/pnas.89.7.2551
http://www.ncbi.nlm.nih.gov/pubmed/1557359
http://doi.org/10.1016/0140-6736(92)91771-Y
http://www.ncbi.nlm.nih.gov/pubmed/1354785
http://doi.org/10.1007/s13311-016-0481-z
http://www.ncbi.nlm.nih.gov/pubmed/27738903
http://doi.org/10.1016/j.neurobiolaging.2003.11.001
http://doi.org/10.1371/journal.pone.0068996
http://doi.org/10.1016/j.jneuroim.2017.12.003
http://doi.org/10.1155/2019/7406810
http://doi.org/10.1212/WNL.45.4.788
http://doi.org/10.1016/S0002-9440(10)62554-0
http://doi.org/10.1016/S0304-3940(00)01178-2

Int. J. Mol. Sci. 2023, 24, 5925 26 of 30

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

Bartos, A.; Fialova, L.; Svarcovd, J.; Ripova, D. Patients with Alzheimer Disease Have Elevated Intrathecal Synthesis of Antibodies
against Tau Protein and Heavy Neurofilament. J. Neuroimmunol. 2012, 252, 100-105. [CrossRef] [PubMed]

Vacirca, D.; Delunardo, F.; Matarrese, P.; Colasanti, T.; Margutti, P.; Siracusano, A.; Pontecorvo, S.; Capozzi, A.; Sorice, M.; Francia,
A.; et al. Autoantibodies to the Adenosine Triphosphate Synthase Play a Pathogenetic Role in Alzheimer’s Disease. Neurobiol.
Aging 2012, 33, 753-766. [CrossRef] [PubMed]

Ebanks, B.; Ingram, T.L.; Chakrabarti, L. ATP Synthase and Alzheimer’s Disease: Putting a Spin on the Mitochondrial Hypothesis.
Aging 2020, 12, 16647-16662. [CrossRef] [PubMed]

Swerdlow, R.H. Mitochondria and Mitochondrial Cascades in Alzheimer’s Disease. ]. Alzheimers Dis. 2018, 62, 1403-1416.
[CrossRef]

Dinkins, M.B.; Dasgupta, S.; Wang, G.; Zhu, G.; He, Q.; Kong, ].N.; Bieberich, E. The 5XFAD Mouse Model of Alzheimer’s
Disease Exhibits an Age-Dependent Increase in Anti-Ceramide IgG and Exogenous Administration of Ceramide Further Increases
Anti-Ceramide Titers and Amyloid Plaque Burden. J. Alzheimers Dis. 2015, 46, 55-61. [CrossRef]

Carson, M.J.; Reilly, C.R.; Sutcliffe, ].G.; Lo, D. Mature Microglia Resemble Immature Antigen-Presenting Cells. Glia 1998,
22,72-85. [CrossRef]

Havenith, C.E.; Askew, D.; Walker, W.S. Mouse Resident Microglia: Isolation and Characterization of Immunoregulatory
Properties with Naive CD4+ and CD8+ T-Cells. Glia 1998, 22, 348-359. [CrossRef]

Elgueta, R.; Benson, M.].; de Vries, V.C.; Wasiuk, A.; Guo, Y.; Noelle, R.J. Molecular Mechanism and Function of CD40/CD40L
Engagement in the Immune System. Immunol. Rev. 2009, 229, 152-172. [CrossRef]

Walker, D.G.; Lue, L.E; Beach, T.G. Gene Expression Profiling of Amyloid Beta Peptide-Stimulated Human Post-Mortem Brain
Microglia. Neurobiol. Aging 2001, 22, 957-966. [CrossRef]

Wang, D.B.; Dayton, R.D.; Zweig, RM.; Klein, R.L. Transcriptome Analysis of a Tau Overexpression Model in Rats Implicates an
Early Pro-Inflammatory Response. Exp. Neurol. 2010, 224, 197-206. [CrossRef]

Town, T.; Tan, J.; Mullan, M. CD40 Signaling and Alzheimer’s Disease Pathogenesis. Neurochem. Int. 2001, 39, 371-380. [CrossRef]
[PubMed]

Wesemann, D.R.; Dong, Y.; O’Keefe, G.M.; Nguyen, V.T.; Benveniste, E.N. Suppressor of Cytokine Signaling 1 Inhibits Cytokine
Induction of CD40 Expression in Macrophages. J. Immunol. 2002, 169, 2354-2360. [CrossRef] [PubMed]

Tooyama, I.; Kimura, H.; Akiyama, H.; McGeer, P.L. Reactive Microglia Express Class I and Class I Major Histocompatibility
Complex Antigens in Alzheimer’s Disease. Brain Res. 1990, 523, 273-280. [CrossRef] [PubMed]

Unger, M.S.; Marschallinger, J.; Kaind], J.; Klein, B.; Johnson, M.; Khundakar, A.A.; Rofiner, S.; Heneka, M.T.; Couillard-Despres,
S.; Rockenstein, E.; et al. Doublecortin Expression in CD8+ T-cells and Microglia at Sites of Amyloid- Plaques: A Potential Role
in Shaping Plaque Pathology? Alzheimer’s Dement. 2018, 14, 1022-1037. [CrossRef]

Gate, D.; Saligrama, N.; Leventhal, O.; Yang, A.C.; Unger, M.S.; Middeldorp, J.; Chen, K.; Lehallier, B.; Channappa, D.; De
Los Santos, M.B.; et al. Clonally Expanded CD8 T Cells Patrol the Cerebrospinal Fluid in Alzheimer’s Disease. Nature 2020,
577,399-404. [CrossRef]

Unger, M.S.; Schernthaner, P.; Marschallinger, J.; Mrowetz, H.; Aigner, L. Microglia Prevent Peripheral Immune Cell Invasion and
Promote an Anti-Inflammatory Environment in the Brain of APP-PS1 Transgenic Mice. ]. Neuroinflamm. 2018, 15, 274. [CrossRef]
Unger, M.S,; Li, E.; Scharnag], L.; Poupardin, R.; Altendorfer, B.; Mrowetz, H.; Hutter-Paier, B.; Weiger, TM.; Heneka, M.T.; Attems,
J.; et al. CD8+ T-Cells Infiltrate Alzheimer’s Disease Brains and Regulate Neuronal- and Synapse-Related Gene Expression in
APP-PS1 Transgenic Mice. Brain Behav. Immun. 2020, 89, 67-86. [CrossRef]

Lueg, G.; Gross, C.C.; Lohmann, H.; Johnen, A.; Kemmling, A.; Deppe, M.; Groger, J.; Minnerup, J.; Wiendl, H.; Meuth, S.G.; et al.
Clinical Relevance of Specific T-Cell Activation in the Blood and Cerebrospinal Fluid of Patients with Mild Alzheimer’s Disease.
Neurobiol. Aging 2015, 36, 81-89. [CrossRef]

Larbi, A.; Pawelec, G.; Witkowski, J.M.; Schipper, H.M.; Derhovanessian, E.; Goldeck, D.; Fulop, T. Dramatic Shifts in Circulating
CD4 but Not CD8 T Cell Subsets in Mild Alzheimer’s Disease. J. Alzheimers Dis. 2009, 17, 91-103. [CrossRef]

Ciccocioppo, E; Lanuti, P.; Pierdomenico, L.; Simeone, P.; Bologna, G.; Ercolino, E.; Buttari, F; Fantozzi, R.; Thomas, A.; Onofrj,
M.; et al. The Characterization of Regulatory T-Cell Profiles in Alzheimer’s Disease and Multiple Sclerosis. Sci. Rep. 2019, 9, 8788.
[CrossRef]

Richartz-Salzburger, E.; Batra, A.; Stransky, E.; Laske, C.; Kohler, N.; Bartels, M.; Buchkremer, G.; Schott, K. Altered Lymphocyte
Distribution in Alzheimer’s Disease. |. Psychiatr. Res. 2007, 41, 174-178. [CrossRef]

Oberstein, T.].; Taha, L.; Spitzer, P.; Hellstern, J.; Herrmann, M.; Kornhuber, J.; Maler, ].M. Imbalance of Circulating Th17 and
Regulatory T Cells in Alzheimer’s Disease: A Case Control Study. Front. Immunol. 2018, 9, 1213. [CrossRef] [PubMed]

Das, R.; Chinnathambi, S. Microglial Priming of Antigen Presentation and Adaptive Stimulation in Alzheimer’s Disease. Cell.
Mol. Life Sci. 2019, 76, 3681-3694. [CrossRef] [PubMed]

Sabatino, J.J.; Probstel, A.-K.; Zamvil, S.S. B Cells in Autoimmune and Neurodegenerative Central Nervous System Diseases. Nat.
Rev. Neurosci. 2019, 20, 728-745. [CrossRef] [PubMed]

Kim, K.; Wang, X.; Ragonnaud, E.; Bodogai, M.; Illouz, T.; DeLuca, M.; McDevitt, R.A.; Gusev, F; Okun, E.; Rogaev, E.; et al.
Therapeutic B-Cell Depletion Reverses Progression of Alzheimer’s Disease. Nat. Commun. 2021, 12, 2185. [CrossRef]

Kopec, KK.; Carroll, RT. Alzheimer’s Beta-Amyloid Peptide 1-42 Induces a Phagocytic Response in Murine Microglia.
J. Neurochem. 1998, 71, 2123-2131. [CrossRef]


http://doi.org/10.1016/j.jneuroim.2012.08.001
http://www.ncbi.nlm.nih.gov/pubmed/22948089
http://doi.org/10.1016/j.neurobiolaging.2010.05.013
http://www.ncbi.nlm.nih.gov/pubmed/20594618
http://doi.org/10.18632/aging.103867
http://www.ncbi.nlm.nih.gov/pubmed/32853175
http://doi.org/10.3233/JAD-170585
http://doi.org/10.3233/JAD-150088
http://doi.org/10.1002/(SICI)1098-1136(199801)22:1&lt;72::AID-GLIA7&gt;3.0.CO;2-A
http://doi.org/10.1002/(SICI)1098-1136(199804)22:4&lt;348::AID-GLIA4&gt;3.0.CO;2-
http://doi.org/10.1111/j.1600-065X.2009.00782.x
http://doi.org/10.1016/S0197-4580(01)00306-2
http://doi.org/10.1016/j.expneurol.2010.03.011
http://doi.org/10.1016/S0197-0186(01)00044-4
http://www.ncbi.nlm.nih.gov/pubmed/11578772
http://doi.org/10.4049/jimmunol.169.5.2354
http://www.ncbi.nlm.nih.gov/pubmed/12193701
http://doi.org/10.1016/0006-8993(90)91496-4
http://www.ncbi.nlm.nih.gov/pubmed/2400911
http://doi.org/10.1016/j.jalz.2018.02.017
http://doi.org/10.1038/s41586-019-1895-7
http://doi.org/10.1186/s12974-018-1304-4
http://doi.org/10.1016/j.bbi.2020.05.070
http://doi.org/10.1016/j.neurobiolaging.2014.08.008
http://doi.org/10.3233/JAD-2009-1015
http://doi.org/10.1038/s41598-019-45433-3
http://doi.org/10.1016/j.jpsychires.2006.01.010
http://doi.org/10.3389/fimmu.2018.01213
http://www.ncbi.nlm.nih.gov/pubmed/29915582
http://doi.org/10.1007/s00018-019-03132-2
http://www.ncbi.nlm.nih.gov/pubmed/31093687
http://doi.org/10.1038/s41583-019-0233-2
http://www.ncbi.nlm.nih.gov/pubmed/31712781
http://doi.org/10.1038/s41467-021-22479-4
http://doi.org/10.1046/j.1471-4159.1998.71052123.x

Int. ]. Mol. Sci. 2023, 24, 5925 27 of 30

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

Bamberger, M.E.; Harris, M.E.; McDonald, D.R.; Husemann, ].; Landreth, G.E. A Cell Surface Receptor Complex for Fibrillar
Beta-Amyloid Mediates Microglial Activation. J. Neurosci. 2003, 23, 2665-2674. [CrossRef]

Paresce, D.M.; Ghosh, R.N.; Maxfield, FR. Microglial Cells Internalize Aggregates of the Alzheimer’s Disease Amyloid 3-Protein
Via a Scavenger Receptor. Neuron 1996, 17, 553-565. [CrossRef]

Koenigsknecht, J.; Landreth, G. Microglial Phagocytosis of Fibrillar Beta-Amyloid through a Betal Integrin-Dependent Mechanism.
J. Neurosci. 2004, 24, 9838-9846. [CrossRef]

Reed-Geaghan, E.G.; Savage, ].C.; Hise, A.G.; Landreth, G.E. CD14 and Toll-like Receptors 2 and 4 Are Required for Fibrillar
Ap-Stimulated Microglial Activation. J. Neurosci. 2009, 29, 11982-11992. [CrossRef]

Fujikura, M.; Iwahara, N.; Hisahara, S.; Kawamata, J.; Matsumura, A.; Yokokawa, K; Saito, T.; Manabe, T.; Matsushita, T.; Suzuki,
S.; et al. CD14 and Toll-Like Receptor 4 Promote Fibrillar A342 Uptake by Microglia Through A Clathrin-Mediated Pathway.
J. Alzheimers Dis. 2019, 68, 323-337. [CrossRef] [PubMed]

Liu, Y.; Walter, S.; Stagi, M.; Cherny, D.; Letiembre, M.; Schulz-Schaeffer, W.; Heine, H.; Penke, B.; Neumann, H.; Fassbender, K.
LPS Receptor (CD14): A Receptor for Phagocytosis of Alzheimer’s Amyloid Peptide. Brain 2005, 128, 1778-1789. [CrossRef]
Kim, S.-M.; Mun, B.-R; Lee, S.-].; Joh, Y.; Lee, H.-Y,; Ji, K.-Y.; Choi, H.-R; Lee, E.-H.; Kim, E.-M.; Jang, ].-H.; et al. TREM2 Promotes
Ap Phagocytosis by Upregulating C/EBPx-Dependent CD36 Expression in Microglia. Sci. Rep. 2017, 7, 11118. [CrossRef]
[PubMed]

Huang, S.; Liao, X.; Wu, J.; Zhang, X.; Li, Y,; Xiang, D.; Luo, S. The Microglial Membrane Receptor TREM2 Mediates Exosome
Secretion to Promote Phagocytosis of Amyloid-3 by Microglia. FEBS Lett. 2022, 596, 1059-1071. [CrossRef]

Akhter, R; Shao, Y.; Formica, S.; Khrestian, M.; Bekris, L. M. TREM2 Alters the Phagocytic, Apoptotic and Inflammatory Response
to AR42 in HMC3 Cells. Mol. Immunol. 2021, 131, 171-179. [CrossRef]

Xie, L.; Zhang, N.; Zhang, Q.; Li, C.; Sandhu, A.F; Iii, GW,; Lin, S.; Lv, P, Liu, Y.; Wu, Q.; et al. Inflammatory Factors and Amyloid
B-Induced Microglial Polarization Promote Inflammatory Crosstalk with Astrocytes. Aging 2020, 12, 22538-22549. [CrossRef]
Cui, YH.; Le, Y;; Zhang, X.; Gong, W.; Abe, K.; Sun, R.; Van Damme, J.; Proost, P; Wang, ].M. Up-Regulation of FPR2, a
Chemotactic Receptor for Amyloid 3 1-42 (Af42), in Murine Microglial Cells by TNFa. Neurobiol. Dis. 2002, 10, 366-377.
[CrossRef]

Le, Y,; Gong, W,; Tiffany, H.L.; Tumanov, A.; Nedospasov, S.; Shen, W.; Dunlop, N.M.; Gao, ]J.L.; Murphy, PM.; Oppenheim,
J.J.; et al. Amyloid (Beta)42 Activates a G-Protein-Coupled Chemoattractant Receptor, FPR-like-1. J. Neurosci. 2001, 21, RC123.
[CrossRef] [PubMed]

Yazawa, H.; Yu, Z.-X.; Takeda, K.; Le, Y.; Gong, W.; Ferrans, V.J.; Oppenheim, ].J.; Li, C.C.H.; Wang, ] M. Beta Amyloid Peptide
(Abeta42) Is Internalized via the G-Protein-Coupled Receptor FPRL1 and Forms Fibrillar Aggregates in Macrophages. FASEB J.
2001, 15, 2454-2462. [CrossRef]

Peng, L.; Yu, Y; Liu, J.; Li, S.; He, H.; Cheng, N.; Ye, R.D. The Chemerin Receptor CMKLR1 Is a Functional Receptor for Amyloid-
Peptide. . Alzheimer’s Dis. 2014, 43, 227-242. [CrossRef]

Bolds, M.; Llorens-Martin, M.; Perea, ].R; Jurado-Arjona, J.; Rdbano, A.; Hernandez, E; Avila, J. Absence of CX3CR1 Impairs the
Internalization of Tau by Microglia. Mol. Neurodegener. 2017, 12, 59. [CrossRef] [PubMed]

Perea, J.R.; Bolds, M.; Avila, ]J. Microglia in Alzheimer’s Disease in the Context of Tau Pathology. Biomolecules 2020, 10, 1439.
[CrossRef] [PubMed]

Hickman, S.E.; Allison, E.K.; El Khoury, J. Microglial Dysfunction and Defective Beta-Amyloid Clearance Pathways in Aging
Alzheimer’s Disease Mice. |. Neurosci. 2008, 28, 8354-8360. [CrossRef] [PubMed]

Simard, A.R; Soulet, D.; Gowing, G.; Julien, J.-P.; Rivest, S. Bone Marrow-Derived Microglia Play a Critical Role in Restricting
Senile Plaque Formation in Alzheimer’s Disease. Neuron 2006, 49, 489-502. [CrossRef]

Hickman, S.; Izzy, S.; Sen, P.; Morsett, L.; El Khoury, J. Microglia in Neurodegeneration. Nat. Neurosci. 2018, 21, 1359-1369.
[CrossRef]

Baik, S.H.; Kang, S.; Son, S.M.; Mook-Jung, I. Microglia Contributes to Plaque Growth by Cell Death Due to Uptake of Amyloid (3
in the Brain of Alzheimer’s Disease Mouse Model. Glia 2016, 64, 2274-2290. [CrossRef]

Princiotta Cariddi, L.; Mauri, M.; Cosentino, M.; Versino, M.; Marino, F. Alzheimer’s Disease: From Immune Homeostasis to
Neuroinflammatory Condition. Int. . Mol. Sci. 2022, 23, 13008. [CrossRef]

Friker, L.L.; Scheiblich, H.; Hochheiser, I.V.; Brinkschulte, R.; Riedel, D.; Latz, E.; Geyer, M.; Heneka, M.T. 3-Amyloid Clustering
around ASC Fibrils Boosts Its Toxicity in Microglia. Cell Rep. 2020, 30, 3743-3754.e6. [CrossRef]

Tang, Y.; Le, W. Differential Roles of M1 and M2 Microglia in Neurodegenerative Diseases. Mol. Neurobiol. 2016, 53, 1181-1194.
[CrossRef]

Walker, D.G,; Link, J.; Lue, L.-F; Dalsing-Hernandez, J.E.; Boyes, B.E. Gene Expression Changes by Amyloid Beta Peptide-
Stimulated Human Postmortem Brain Microglia Identify Activation of Multiple Inflammatory Processes. J. Leukoc. Biol. 2006,
79, 596-610. [CrossRef]

Boje, K. M.; Arora, PK. Microglial-Produced Nitric Oxide and Reactive Nitrogen Oxides Mediate Neuronal Cell Death. Brain Res.
1992, 587, 250-256. [CrossRef] [PubMed]

Bianca, V.D.; Dusi, S.; Bianchini, E.; Dal Pra, I.; Rossi, F. Beta-Amyloid Activates the O-2 Forming NADPH Oxidase in Microglia,
Monocytes, and Neutrophils. A Possible Inflammatory Mechanism of Neuronal Damage in Alzheimer’s Disease. J. Biol. Chem.
1999, 274, 15493-15499. [CrossRef] [PubMed]


http://doi.org/10.1523/JNEUROSCI.23-07-02665.2003
http://doi.org/10.1016/S0896-6273(00)80187-7
http://doi.org/10.1523/JNEUROSCI.2557-04.2004
http://doi.org/10.1523/JNEUROSCI.3158-09.2009
http://doi.org/10.3233/JAD-180904
http://www.ncbi.nlm.nih.gov/pubmed/30775984
http://doi.org/10.1093/brain/awh531
http://doi.org/10.1038/s41598-017-11634-x
http://www.ncbi.nlm.nih.gov/pubmed/28894284
http://doi.org/10.1002/1873-3468.14336
http://doi.org/10.1016/j.molimm.2020.12.035
http://doi.org/10.18632/aging.103663
http://doi.org/10.1006/nbdi.2002.0517
http://doi.org/10.1523/JNEUROSCI.21-02-j0003.2001
http://www.ncbi.nlm.nih.gov/pubmed/11160457
http://doi.org/10.1096/fj.01-0251com
http://doi.org/10.3233/JAD-141227
http://doi.org/10.1186/s13024-017-0200-1
http://www.ncbi.nlm.nih.gov/pubmed/28810892
http://doi.org/10.3390/biom10101439
http://www.ncbi.nlm.nih.gov/pubmed/33066368
http://doi.org/10.1523/JNEUROSCI.0616-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18701698
http://doi.org/10.1016/j.neuron.2006.01.022
http://doi.org/10.1038/s41593-018-0242-x
http://doi.org/10.1002/glia.23074
http://doi.org/10.3390/ijms232113008
http://doi.org/10.1016/j.celrep.2020.02.025
http://doi.org/10.1007/s12035-014-9070-5
http://doi.org/10.1189/jlb.0705377
http://doi.org/10.1016/0006-8993(92)91004-X
http://www.ncbi.nlm.nih.gov/pubmed/1381982
http://doi.org/10.1074/jbc.274.22.15493
http://www.ncbi.nlm.nih.gov/pubmed/10336441

Int. ]. Mol. Sci. 2023, 24, 5925 28 of 30

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.
287.

288.
289.
290.
291.

292.
293.

294.

Downen, M.; Amaral, T.D.; Hua, L.L.; Zhao, M.L.; Lee, S.C. Neuronal Death in Cytokine-Activated Primary Human Brain Cell
Culture: Role of Tumor Necrosis Factor-Alpha. Glia 1999, 28, 114-127. [CrossRef]

Belkhelfa, M.; Rafa, H.; Medjeber, O.; Arroul-Lammali, A.; Behairi, N.; Abada-Bendib, M.; Makrelouf, M.; Belarbi, S.; Masmoudi,
A.N.; Tazir, M; et al. IFN-y and TNF-o Are Involved during Alzheimer Disease Progression and Correlate with Nitric Oxide
Production: A Study in Algerian Patients. J. Interferon Cytokine Res. 2014, 34, 839-847. [CrossRef]

Hong, S.; Beja-Glasser, V.E; Nfonoyim, B.M.; Frouin, A.; Li, S.; Ramakrishnan, S.; Merry, K.M.; Shi, Q.; Rosenthal, A.; Barres, B.A,;
et al. Complement and Microglia Mediate Early Synapse Loss in Alzheimer Mouse Models. Science 2016, 352, 712-716. [CrossRef]
Eshraghi, M.; Adlimoghaddam, A.; Mahmoodzadeh, A.; Sharifzad, F.; Yasavoli-Sharahi, H.; Lorzadeh, S.; Albensi, B.C.;
Ghavami, S. Alzheimer’s Disease Pathogenesis: Role of Autophagy and Mitophagy Focusing in Microglia. Int. . Mol. Sci. 2021,
22,3330. [CrossRef]

Fang, F; Lue, L.-F; Yan, S.; Xu, H.; Luddy, J.S.; Chen, D.; Walker, D.G.; Stern, D.M.; Yan, S.; Schmidt, A.M.; et al. RAGE-Dependent
Signaling in Microglia Contributes to Neuroinflammation, Abeta Accumulation, and Impaired Learning/Memory in a Mouse
Model of Alzheimer’s Disease. FASEB J. 2010, 24, 1043-1055. [CrossRef]

Fang, F.; Yu, Q.; Arancio, O.; Chen, D.; Gore, S.S.; Yan, S.S.; Yan, S.F. RAGE Mediates A3 Accumulation in a Mouse Model of
Alzheimer’s Disease via Modulation of (3- and y-Secretase Activity. Hum. Mol. Genet. 2018, 27, 1002-1014. [CrossRef]

Jimenez, S.; Baglietto-Vargas, D.; Caballero, C.; Moreno-Gonzalez, I.; Torres, M.; Sanchez-Varo, R.; Ruano, D.; Vizuete, M.;
Gutierrez, A.; Vitorica, J. Inflammatory Response in the Hippocampus of PS1IM146L/APP751SL Mouse Model of Alzheimer’s
Disease: Age-Dependent Switch in the Microglial Phenotype from Alternative to Classic. J. Neurosci. 2008, 28, 11650-11661.
[CrossRef]

Kwon, H.S.; Koh, S.-H. Neuroinflammation in Neurodegenerative Disorders: The Roles of Microglia and Astrocytes. Transl.
Neurodegener 2020, 9, 42. [CrossRef]

Giubilei, F; Antonini, G.; Montesperelli, C.; Sepe-Monti, M.; Cannoni, S.; Pichi, A.; Tisei, P; Casini, A.R.; Buttinelli, C,;
Prencipe, M,; et al. T Cell Response to Amyloid-f3 and to Mitochondrial Antigens in Alzheimer’s Disease. Dement. Geriatr. Cogn.
Disord. 2003, 16, 35-38. [CrossRef]

Dhanwani, R.; Pham, J.; Premlal, A.L.R.; Frazier, A.; Kumar, A.; Pero, M.E.; Bartolini, F,; Dutra, ].R.; Marder, K.S.; Peters, B.; et al.
T Cell Responses to Neural Autoantigens Are Similar in Alzheimer’s Disease Patients and Age-Matched Healthy Controls. Front.
Neurosci. 2020, 14, 874. [CrossRef]

Jozwik, A.; Landowski, J.; Bidzan, L.; Fiilop, T.; Bryl, E.; Witkowski, ]. M. Beta-Amyloid Peptides Enhance the Proliferative
Response of Activated CD4+CD28+ Lymphocytes from Alzheimer Disease Patients and from Healthy Elderly. PLoS ONE 2012,
7,€33276. [CrossRef]

Monsonego, A.; Zota, V.; Karni, A.; Krieger, J.I.; Bar-Or, A.; Bitan, G.; Budson, A.E.; Sperling, R.; Selkoe, D.].; Weiner, H.L.
Increased T Cell Reactivity to Amyloid 3 Protein in Older Humans and Patients with Alzheimer Disease. ]. Clin. Investig. 2003,
112, 415-422. [CrossRef]

D’Andrea, M.R. Evidence That Immunoglobulin-Positive Neurons in Alzheimer’s Disease Are Dying via the Classical Antibody-
Dependent Complement Pathway. Am. |. Alzheimer’s Dis. Other Dement. 2005, 20, 144-150. [CrossRef]

D’Andrea, M.R. Evidence Linking Neuronal Cell Death to Autoimmunity in Alzheimer’s Disease. Brain Res. 2003, 982, 19-30.
[CrossRef]

Lim, B.; Prassas, I.; Diamandis, E.P. Alzheimer Disease Pathogenesis: The Role of Autoimmunity. J. Appl. Lab. Med. 2021,
6, 756-764. [CrossRef]

Nagele, R.G.; Clifford, PM.; Siu, G.; Levin, E.C.; Acharya, N.K.; Han, M.; Kosciuk, M.C.; Venkataraman, V.; Zavareh, S,;
Zarrabi, S.; et al. Brain-Reactive Autoantibodies Prevalent in Human Sera Increase Intraneuronal Amyloid-B1-42 Deposition.
J. Alzheimer’s Dis. 2011, 25, 605-622. [CrossRef]

Kellner, A.; Matschke, J.; Bernreuther, C.; Moch, H.; Ferrer, I; Glatzel, M. Autoantibodies against 3-Amyloid Are Common in
Alzheimer’s Disease and Help Control Plaque Burden. Ann. Neurol. 2009, 65, 24-31. [CrossRef]

Ou, Z,; Pan, J.; Tang, S.; Duan, D.; Yu, D.; Nong, H.; Wang, Z. Global Trends in the Incidence, Prevalence, and Years Lived with
Disability of Parkinson’s Disease in 204 Countries/ Territories from 1990 to 2019. Front. Public Health 2021, 9, 776847. [CrossRef]
Beitz, .M. Parkinson s Disease a Review. Front. Biosci. 2014, 56, S415. [CrossRef]

Marras, C.; Beck, J.C.; Bower, J.H.; Roberts, E.; Ritz, B.; Ross, G.W.; Abbott, R.D.; Savica, R.; Van Den Eeden, S.K.; Willis, A.W.;
et al. Prevalence of Parkinson’s Disease across North America. NP] Park. Dis. 2018, 4, 21. [CrossRef]

Macphee, G.J.; Stewart, D.A. Parkinson’s Disease. Rev. Clin. Gerontol. 2001, 11, 33—49. [CrossRef]

Du, X,; Xie, X.; Liu, R. The Role of x-Synuclein Oligomers in Parkinson’s Disease. Int. J. Mol. Sci. 2020, 21, 8645. [CrossRef]
Stefanis, L. x-Synuclein in Parkinson’s Disease. Cold Spring Harb. Perspect. Med. 2012, 2, a009399. [CrossRef]

Xu, Y;; Li, Y,; Wang, C.; Han, T,; Liu, H.; Sun, L.; Hong, J.; Hashimoto, M.; Wei, J. The Reciprocal Interactions between Microglia
and T Cells in Parkinson’s Disease: A Double-Edged Sword. J. Neuroinflamm. 2023, 20, 33. [CrossRef]

Chia, S.J.; Tan, E.-K.; Chao, Y.-X. Historical Perspective: Models of Parkinson’s Disease. Int. J. Mol. Sci. 2020, 21, 2464. [CrossRef]
Poewe, W.; Seppi, K.; Tanner, C.M.; Halliday, G.M.; Brundin, P,; Volkmann, ]J.; Schrag, A.-E.; Lang, A.E. Parkinson Disease. Nat.
Rev. Dis. Primers 2017, 3, 17013. [CrossRef]

Orr, C.F; Rowe, D.B.; Mizuno, Y.; Mori, H.; Halliday, G.M. A Possible Role for Humoral Immunity in the Pathogenesis of
Parkinson’s Disease. Brain 2005, 128, 2665-2674. [CrossRef]


http://doi.org/10.1002/(SICI)1098-1136(199911)28:2&lt;114::AID-GLIA3&gt;3.0.CO;2-O
http://doi.org/10.1089/jir.2013.0085
http://doi.org/10.1126/science.aad8373
http://doi.org/10.3390/ijms22073330
http://doi.org/10.1096/fj.09-139634
http://doi.org/10.1093/hmg/ddy017
http://doi.org/10.1523/JNEUROSCI.3024-08.2008
http://doi.org/10.1186/s40035-020-00221-2
http://doi.org/10.1159/000069991
http://doi.org/10.3389/fnins.2020.00874
http://doi.org/10.1371/journal.pone.0033276
http://doi.org/10.1172/JCI200318104
http://doi.org/10.1177/153331750502000303
http://doi.org/10.1016/S0006-8993(03)02881-6
http://doi.org/10.1093/jalm/jfaa171
http://doi.org/10.3233/JAD-2011-110098
http://doi.org/10.1002/ana.21475
http://doi.org/10.3389/fpubh.2021.776847
http://doi.org/10.2741/S415
http://doi.org/10.1038/s41531-018-0058-0
http://doi.org/10.1017/S0959259801011145
http://doi.org/10.3390/ijms21228645
http://doi.org/10.1101/cshperspect.a009399
http://doi.org/10.1186/s12974-023-02723-y
http://doi.org/10.3390/ijms21072464
http://doi.org/10.1038/nrdp.2017.13
http://doi.org/10.1093/brain/awh625

Int. J. Mol. Sci. 2023, 24, 5925 29 of 30

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

Akhtar, R.S; Licata, J.P; Luk, K.C.; Shaw, L.M.; Trojanowski, ].Q.; Lee, VM.-Y. Measurements of Auto-Antibodies to «-Synuclein
in the Serum and Cerebral Spinal Fluids of Patients with Parkinson’s Disease. J. Neurochem. 2018, 145, 489-503. [CrossRef]
Papachroni, K.K.; Ninkina, N.; Papapanagiotou, A.; Hadjigeorgiou, G.M.; Xiromerisiou, G.; Papadimitriou, A.; Kalofoutis, A.;
Buchman, V.L. Autoantibodies to Alpha-Synuclein in Inherited Parkinson’s Disease. J. Neurochem. 2007, 101, 749-756. [CrossRef]
Shalash, A.; Salama, M.; Makar, M.; Roushdy, T.; Elrassas, H.H.; Mohamed, W.; El-Balkimy, M.; Abou Donia, M. Elevated Serum
a-Synuclein Autoantibodies in Patients with Parkinson’s Disease Relative to Alzheimer’s Disease and Controls. Front. Neurol.
2017, 8, 720. [CrossRef]

Garg, P; Maass, F.; Sundaram, S.M.; Mollenhauer, B.; Mahajani, S.; van Riesen, C.; Kiigler, S.; Bahr, M. The Relevance of Synuclein
Autoantibodies as a Biomarker for Parkinson’s Disease. Mol. Cell Neurosci. 2022, 121, 103746. [CrossRef]

Smith, L.M.; Schiess, M.C.; Coffey, M.P.; Klaver, A.C.; Loeffler, D.A. x-Synuclein and Anti-«-Synuclein Antibodies in Parkinson’s
Disease, Atypical Parkinson Syndromes, REM Sleep Behavior Disorder, and Healthy Controls. PLoS ONE 2012, 7, e52285.
[CrossRef]

Scott, K.M.; Kouli, A.; Yeoh, S.L.; Clatworthy, M.R.; Williams-Gray, C.H. A Systematic Review and Meta-Analysis of Alpha
Synuclein Auto-Antibodies in Parkinson’s Disease. Front. Neurol. 2018, 9, 815. [CrossRef]

Horvath, I.; Iashchishyn, I.A.; Forsgren, L.; Morozova-Roche, L.A. Inmunochemical Detection of x-Synuclein Autoantibodies
in Parkinson’s Disease: Correlation between Plasma and Cerebrospinal Fluid Levels. ACS Chem. Neurosci. 2017, 8, 1170-1176.
[CrossRef]

Heinzel, S.; Gold, M.; Deuschle, C.; Bernhard, F.; Maetzler, W.; Berg, D.; Dodel, R. Naturally Occurring Alpha-Synuclein
Autoantibodies in Parkinson’s Disease: Sources of (Error) Variance in Biomarker Assays. PLoS ONE 2014, 9, €114566. [CrossRef]
Zappia, M.; Crescibene, L.; Bosco, D.; Arabia, G.; Nicoletti, G.; Bagala, A.; Bastone, L.; Napoli, I.D.; Caracciolo, M.; Bonavita, S.;
et al. Anti-GM1 Ganglioside Antibodies in Parkinson’s Disease. Acta Neurol. Scand 2002, 106, 54-57. [CrossRef]

Double, K.L.; Rowe, D.B.; Carew-Jones, EM.; Hayes, M.; Chan, D.K.Y,; Blackie, J.; Corbett, A.; Joffe, R.; Fung, V.S.; Morris, J.; et al.
Anti-Melanin Antibodies Are Increased in Sera in Parkinson’s Disease. Exp. Neurol. 2009, 217, 297-301. [CrossRef]

Al-Bachari, S.; Naish, ].H.; Parker, G.J.M.; Emsley, H.C.A.; Parkes, L.M. Blood-Brain Barrier Leakage Is Increased in Parkinson’s
Disease. Front. Physiol. 2020, 11, 593026. [CrossRef]

Gray, M.T.; Woulfe, ].M. Striatal Blood-Brain Barrier Permeability in Parkinson’s Disease. ]. Cereb. Blood Flow Metab. 2015,
35, 747-750. [CrossRef]

MacMahon Copas, A.N.; McComish, S.F.; Fletcher, ].M.; Caldwell, M.A. The Pathogenesis of Parkinson’s Disease: A Complex
Interplay Between Astrocytes, Microglia, and T Lymphocytes? Front. Neurol. 2021, 12, 666737. [CrossRef]

Sanchez-Guajardo, V.; Febbraro, F; Kirik, D.; Romero-Ramos, M. Microglia Acquire Distinct Activation Profiles Depending on the
Degree of Alpha-Synuclein Neuropathology in a RAAV Based Model of Parkinson’s Disease. PLoS ONE 2010, 5, e8784. [CrossRef]
Williams, G.P.; Schonhoff, A.M.; Jurkuvenaite, A.; Gallups, N.J.; Standaert, D.G.; Harms, A.S. CD4 T Cells Mediate Brain
Inflammation and Neurodegeneration in a Mouse Model of Parkinson’s Disease. Brain 2021, 144, 2047-2059. [CrossRef]
Brochard, V.; Combadiére, B.; Prigent, A.; Laouar, Y.; Perrin, A.; Beray-Berthat, V.; Bonduelle, O.; Alvarez-Fischer, D.; Callebert, J.;
Launay, J.-M.; et al. Infiltration of CD4+ Lymphocytes into the Brain Contributes to Neurodegeneration in a Mouse Model of
Parkinson Disease. J. Clin. Investig. 2009, 119, 182-192. [CrossRef]

Chen, Y,; Qi, B.; Xu, W.; Ma, B.; Li, L.; Chen, Q.; Qian, W,; Liu, X.; Qu, H. Clinical Correlation of Peripheral CD4+-Cell Sub-Sets,
Their Imbalance and Parkinson’s Disease. Mol. Med. Rep. 2015, 12, 6105-6111. [CrossRef]

Wang, P.; Luo, M.; Zhou, W.; Jin, X.; Xu, Z; Yan, S.; Li, Y;; Xu, C.; Cheng, R.; Huang, Y.; et al. Global Characterization of Peripheral
B Cells in Parkinson’s Disease by Single-Cell RNA and BCR Sequencing. Front. Immunol. 2022, 13, 814239. [CrossRef]

Choi, I; Zhang, Y.; Seegobin, S.P.; Pruvost, M.; Wang, Q.; Purtell, K.; Zhang, B.; Yue, Z. Microglia Clear Neuron-Released
a-Synuclein via Selective Autophagy and Prevent Neurodegeneration. Nat. Commun. 2020, 11, 1386. [CrossRef]

Xia, Y;; Zhang, G.; Kou, L.; Yin, S.; Han, C.; Hu, J.; Wan, E; Sun, Y.; Wu, J.; Li, Y.; et al. Reactive Microglia Enhance the Transmission
of Exosomal a-Synuclein via Toll-like Receptor 2. Brain 2021, 144, 2024-2037. [CrossRef]

Kim, C.; Ho, D.-H,; Suk, ].-E.; You, S.; Michael, S.; Kang, J.; Joong Lee, S.; Masliah, E.; Hwang, D.; Lee, H.-].; et al. Neuron-Released
Oligomeric a-Synuclein Is an Endogenous Agonist of TLR2 for Paracrine Activation of Microglia. Nat. Commun. 2013, 4, 1562.
[CrossRef]

Harms, A.S.; Ferreira, S.A.; Romero-Ramos, M. Periphery and Brain, Innate and Adaptive Immunity in Parkinson’s Disease. Acta
Neuropathol. 2021, 141, 527-545. [CrossRef]

Juul-Madsen, K.; Qvist, P.; Bendtsen, K.L.; Langkilde, A.E.; Vestergaard, B.; Howard, K.A.; Dehesa-Etxebeste, M.; Paludan,
S.R.; Andersen, G.R.; Jensen, P.H.; et al. Size-Selective Phagocytic Clearance of Fibrillar x-Synuclein through Conformational
Activation of Complement Receptor 4. |. Immunol. 2020, 204, 1345-1361. [CrossRef]

Hou, L.; Bao, X.; Zang, C.; Yang, H.; Sun, E; Che, Y.; Wu, X;; Li, S.; Zhang, D.; Wang, Q. Integrin CD11b Mediates x-Synuclein-
Induced Activation of NADPH Oxidase through a Rho-Dependent Pathway. Redox Biol. 2018, 14, 600-608. [CrossRef]

Webster, S.D.; Park, M.; Fonseca, M.L,; Tenner, A.J. Structural and Functional Evidence for Microglial Expression of C1qR(P), the
C1q Receptor That Enhances Phagocytosis. J. Leukoc. Biol. 2000, 67, 109-116. [CrossRef]

Depboylu, C.; Schifer, M.K.-H.; Arias-Carrion, O.; Oertel, W.H.; Weihe, E.; Hoglinger, G.U. Possible Involvement of Complement
Factor Clq in the Clearance of Extracellular Neuromelanin From the Substantia Nigra in Parkinson Disease. J. Neuropathol. Exp.
Neurol. 2011, 70, 125-132. [CrossRef]


http://doi.org/10.1111/jnc.14330
http://doi.org/10.1111/j.1471-4159.2006.04365.x
http://doi.org/10.3389/fneur.2017.00720
http://doi.org/10.1016/j.mcn.2022.103746
http://doi.org/10.1371/journal.pone.0052285
http://doi.org/10.3389/fneur.2018.00815
http://doi.org/10.1021/acschemneuro.7b00063
http://doi.org/10.1371/journal.pone.0114566
http://doi.org/10.1034/j.1600-0404.2002.01240.x
http://doi.org/10.1016/j.expneurol.2009.03.002
http://doi.org/10.3389/fphys.2020.593026
http://doi.org/10.1038/jcbfm.2015.32
http://doi.org/10.3389/fneur.2021.666737
http://doi.org/10.1371/journal.pone.0008784
http://doi.org/10.1093/brain/awab103
http://doi.org/10.1172/JCI36470
http://doi.org/10.3892/mmr.2015.4136
http://doi.org/10.3389/fimmu.2022.814239
http://doi.org/10.1038/s41467-020-15119-w
http://doi.org/10.1093/brain/awab122
http://doi.org/10.1038/ncomms2534
http://doi.org/10.1007/s00401-021-02268-5
http://doi.org/10.4049/jimmunol.1900494
http://doi.org/10.1016/j.redox.2017.11.010
http://doi.org/10.1002/jlb.67.1.109
http://doi.org/10.1097/NEN.0b013e31820805b9

Int. ]. Mol. Sci. 2023, 24, 5925 30 of 30

321.

322.

323.

324.

325.

326.

327.

Harms, A.S,; Delic, V.; Thome, A.D.; Bryant, N.; Liu, Z.; Chandra, S.; Jurkuvenaite, A.; West, A.B. a-Synuclein Fibrils Recruit
Peripheral Inmune Cells in the Rat Brain Prior to Neurodegeneration. Acta Neuropathol. Commun. 2017, 5, 85. [CrossRef]
Harms, A.S.; Cao, S.; Rowse, A.L.; Thome, A.D.; Li, X.; Mangieri, L.R.; Cron, R.Q.; Shacka, ].J.; Raman, C.; Standaert, D.G. MHCII
Is Required for a-Synuclein-Induced Activation of Microglia, CD4 T Cell Proliferation, and Dopaminergic Neurodegeneration.
J. Neurosci. 2013, 33, 9592-9600. [CrossRef]

Cao, S.; Theodore, S.; Standaert, D.G. Fcy Receptors Are Required for NF-KB Signaling, Microglial Activation and Dopaminergic
Neurodegeneration in an AAV-Synuclein Mouse Model of Parkinson’s Disease. Mol. Neurodegener. 2010, 5, 42. [CrossRef]
Viceconte, N.; Burguillos, M.A.; Herrera, A.J.; De Pablos, R.M.; Joseph, B.; Venero, J.L. Neuromelanin Activates Proinflammatory
Microglia through a Caspase-8-Dependent Mechanism. J. Neuroinflamm. 2015, 12, 5. [CrossRef]

Sommer, A.; Marxreiter, E.; Krach, E; Fadler, T.; Grosch, J.; Maroni, M.; Graef, D.; Eberhardt, E.; Riemenschneider, M.].; Yeo, G.W.;
et al. Th17 Lymphocytes Induce Neuronal Cell Death in a Human IPSC-Based Model of Parkinson’s Disease. Cell Stern Cell 2018,
23,123-131.e6. [CrossRef]

Tan, ].S.Y.; Chao, Y.X.; Rotzschke, O.; Tan, E.-K. New Insights into Immune-Mediated Mechanisms in Parkinson’s Disease. Int.
J. Mol. Sci. 2020, 21, 9302. [CrossRef]

Chen, S.; Le, W.D.; Xie, WJ.; Alexianu, M.E.; Engelhardt, ].I; Sikl6s, L.; Appel, S.H. Experimental Destruction of Substantia Nigra
Initiated by Parkinson Disease Immunoglobulins. Arch. Neurol. 1998, 55, 1075. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1186/s40478-017-0494-9
http://doi.org/10.1523/JNEUROSCI.5610-12.2013
http://doi.org/10.1186/1750-1326-5-42
http://doi.org/10.1186/s12974-014-0228-x
http://doi.org/10.1016/j.stem.2018.06.015
http://doi.org/10.3390/ijms21239302
http://doi.org/10.1001/archneur.55.8.1075

	Introduction 
	Neurotrauma 
	Immune Response and Antigen Presentation in Neurotrauma 
	Receptors Involved in Macrophage/Microglial Phagocytosis of Myelin Debris in Neurotrauma 
	Implications in Pathogenesis of Neurotrauma 

	Multiple Sclerosis 
	Immune Responses and Antigen Presentation in MS 
	Receptors Involved in Macrophage/Microglia Phagocytosis of Myelin Debris in MS 
	Implications in Pathogenesis of MS 

	Alzheimer’s Disease 
	Immune Responses and Antigen Presentation in AD 
	Receptors Involved in Macrophage/Microglial Phagocytosis of A and Tau in AD 
	Implications in Pathogenesis of AD 

	Parkinson’s Disease 
	Immune Response and Antigen Presentation in PD 
	Receptors Involved in Macrophage/Microglia Phagocytosis of S and NM in PD 
	Implications in PD Pathogenesis 

	Conclusions 
	References

