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Editorial on the Research Topic
Neuro-Immune Connections to Enable Repair in CNS Disorders

The pathology of neurological disorders, such as multiple sclerosis (MS), Alzheimer’s disease (AD),
spinal cord injury, and stroke is characterized by immune responses located within the central
nervous system (CNS). This close neuro-immune interaction is not only involved in the onset,
progression, and clinical manifestation of neurological diseases, but in some cases also plays a
protective or even regenerative role. A complex interplay between peripheral immune cells, cells of
the neurovascular unit, and CNS resident immune and glial cells steers the destructive, as well as the
regenerative capacity of the CNS. An additional layer of immunological complexity is provided by
the interaction between the adaptive and innate immune system in both inflammation and repair.
Elucidating the underlying mechanisms involved in the neuro-immune interplay, may provide
deep insight into novel therapeutic leads for future treatment strategies.

This Research Topic provides a comprehensive overview of neuro-immunological connections
that enable vs. hamper CNS repair. High-quality research papers, as well as detailed overview papers
have been collected in five different sections.

First, molecular mechanisms involved in peripheral and/or central immune cell functioning
related to CNS disorders and repair are addressed. Evans et al. and Yeola et al. describe
peripheral T cell-mediated mechanisms in CNS disorders. Evans et al. provide an extensive
overview of T cell subsets and mechanisms that are beneficial for neuro-inflammatory and
neurodegenerative disorders. They describe recently discovered pro-regenerative T cell-mediated
mechanisms in amyotrophic lateral sclerosis, AD, Parkinson’s disease, MS, and CNS trauma/injury.
Yeola et al. investigated cellular mechanisms in the pathogenesis of experimental autoimmune
encephalomyelitis (EAE), the animal model for MS. They studied EAE in the 1C6 NOD model,
where T cells have a transgenic T cell receptor (TCR) which is specific for MOG35_s5. They found
that regulatory T cells (Tregs) are essential for suppression of CNS autoimmunity in this model,
and that endogenous TCR rearrangements, via recombination-activating gene (RAG) enzymes,
are necessary for the development of these Tregs. With regard to central immune mechanisms,
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both Galloway et al. and Gervois and Lambrichts describe
microglial functions, with a focus on phagocytosis, in health
and disease. Gervois and Lambrichts provide an overview of
TREM2- mediated microglial functions, including phagocytosis,
migration, survival, and a pro-regenerative phenotype switch,
which could be harnessed in the resolution of ischemic stroke.
Galloway et al. provide an overview of the mechanisms of
phagocytosis in the brain and how it is involved in brain injury
and repair. They describe the role of phagocytosis in brain
development, homeostasis and aging, and its function in disease
states, including acute injury, MS, and AD.

Second, the blood brain barrier (BBB), which is the
gateway to the brain, was addressed in this Research
Topic. Wouters et al. found that liver X receptor (LXR)
alpha, and not LXR-beta, is crucial for maintaining BBB
integrity and immune quiescence, in a mouse model
for MS. LXRs are ligand-activating transcription factors
with important roles in cholesterol and lipid metabolism,
but as this report now shows, they are also involved in
neuro-inflammatory processes.

Third, the identification of novel molecular leads in
the prevention and regeneration of neuro-immunological
disorders is an important section of this Research Topic. Not
only the identification and classification, but in particular
the preclinical validation of potential targets provide key
leads for future treatment strategies. In a first study, Sisa
et al. show that properdin, a positive regulator of alternative
complement activation, is crucially involved in neonatal
hypoxia-ischemia induced brain damage. The results indicate
that global properdin deletion in two independent mouse
models for hypoxic ischemia (HI), reduced forebrain cell
death, microglial activation, and tissue loss. The identification
of properdin as a mediator of HI, renders properdin an
interesting target to prevent HI-induced CNS damage.
Next, Schepers et al. provide an elaborative overview on
the involvement of second messengers in neuroinflammation
and CNS repair. Intracellular second messengers are tightly
regulated by phosphodiesterases (PDEs). The unique cell
type-specific fingerprint of different PDE isoforms allows
a tailor-made treatment strategy. Inhibition of selected
PDEs in MS limits inflammation, while inhibition of
others stimulates regenerative processes. Kolahdouzan et al.
review novel therapies currently in clinical trial, and that
are likely to appear in clinical practice in the near future.
They focus on compounds that target the immune system
and/or enhance endogenous repair mechanisms in the CNS.
Although the authors primarily discussed the upcoming
treatments in the context of MS, they indicate that most of
the strategies can be extrapolated to the treatment of other
neuro-inflammatory disorders.

Fourth, the contribution of glia to CNS repair was
addressed, with a specific focus on the impact of immune
mediators on glial function. Houben et al. provide a detailed
overview of the known functions of oncostatin M (OSM),
a neuropoietic cytokine, in CNS homeostasis and pathology.

Here, they focus on the effects of OSM on neurons, astrocytes,
microglia/macrophages and BBB endothelial cells, and discuss
the current insights of OSM’ involvement in reparative
processes seen in murine models of CNS pathology. Lee et al.
provide an overview of TNF superfamily reverse signaling in
phagocytes of the CNS, both in physiological and pathological
circumstances. In addition, they discuss the possibility of
targeting these pathways for clinical application. Two reports
from Kamermans, Rijnsburger et al. and Kamermans, Verhoeven
et al. describe novel pathways showing how astrocytes are
involved in MS pathogenesis. First, Kamermans, Verhoeven
et al. showed that melanocortin receptor 4 (MC4R) is expressed
on astrocytes in active MS lesions, and that activation of
astrocytic MC4R ameliorates their reactive phenotype. These
data suggest that targeting MC4R on astrocytes might be
a novel therapeutic strategy to halt inflammation-associated
neurodegeneration in MS. Second, Kamermans, Rijnsburger
et al. showed that the expression of angiopoietin-like protein 4
(ANGPTL4), which is an inhibitor of lipoprotein lipase (LPL), is
reduced on astrocytes in active MS lesions. ANGPTL4 inhibits
uptake of myelin-derived lipids by LPL-expressing phagocytes.
These data suggest that the strong reduction in astrocytic
ANGPTL4 expression in active demyelinating MS lesions enables
phagocytes to adequately clear myelin debris, setting the stage
for remyelination.

Fifth and finally, other immunopathogenic mechanisms
involved in neurodegeneration were addressed. For this part,
four review papers discuss a diverse collection of CNS disorders
and immunopathogenic mechanisms. Salani et al. summarize
evidence evoking innate immune memory mechanisms in
AD, and interpret their potential function, either protective
or harmful, in disease progression. Mazén-Cabrera et al.
provide an extensive overview of the antibodies described
in autism spectrum disorders according to their target
antigens, their different origins, and timing of exposure
during neurodevelopment. Jin et al. review recent progress
in understanding how BDNF influences mood disorders, by
participating in alterations of the neuro-immune axis. Wang
et al. highlight and discuss how the host microbiome, as a crucial
extrinsic factor, influences microglia within the CNS. In addition,
they summarize which CNS diseases are associated with host
microbiome and microglia alterations and explore potential
pathways by which gut bacteria can influence the pathogenesis.
He et al. show that microglia mediate the remodeling of
rod bipolar cells by phagocytosing postsynaptic materials and
inhibiting ectopic neuritogenesis, thus reducing the deterioration
of vision in a rat model of retinitis pigmentosa. Wetzels et al.
show that advanced glycation end products (AGEs) are increased
in MS brain lesions, and specifically expressed in astrocytes.
Their receptors, RAGEs, are expressed on brain phagocytes, and
together, this system could contribute to MS pathology.

In conclusion, this Research Topic emphasizes the
importance of exploiting immunological mechanisms to
boost repair in CNS disorders. In depth knowledge of
these complex neuro-immune interactions will feed the
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pipeline of novel treatment paradigms to efficiently treat a
variety of diseases, for which currently no optimal treatment
options exist.
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The importance of the gut microbiome in central nervous system (CNS) diseases has
long been recognized; however, research into this connection is limited, in part, owing
to a lack of convincing mechanisms because the brain is a distant target of the gut.
Previous studies on the brain revealed that most of the CNS diseases affected by
the gut microbiome are closely associated with microglial dysfunction. Microglia, the
major CNS-resident macrophages, are crucial for the immune response of the CNS
against infection and injury, as well as for brain development and function. However,
the current understanding of the mechanisms controlling the maturation and function of
microglia is obscure, especially regarding the extrinsic factors affecting microglial function
during the developmental process. The gut microflora has been shown to significantly
influence microglia from before birth until adulthood, and the metabolites generated
by the microbiota regulate the inflammation response mediated by microglia in the
CNS; this inspired our hypothesis that microglia act as a critical mediator between the
gut microbiome and CNS diseases. Herein, we highlight and discuss current findings
that show the influence of host microbiome, as a crucial extrinsic factor, on microglia
within the CNS. In addition, we summarize the CNS diseases associated with both the
host microbiome and microglia and explore the potential pathways by which the gut
bacteria influence the pathogenesis of CNS diseases. Our work is thus a comprehensive
theoretical foundation for studies on the gut-microglia connection in the development
of CNS diseases; and provides great potential for researchers to target pathways
associated with the gut-microglia connection and overcome CNS diseases.
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BACKGROUND

Microglia—the = major  brain-resident —macrophages—are
involved in a myriad of processes as the first line of defense
against injury and infections, including brain development, brain
function, and immune response, in the central nervous system
(CNS) (1). Consistent with these diverse roles, microglial
dysfunction has been shown to be involved in the initiation or
progression of multiple CNS diseases, including Alzheimer’s
disease (AD), Parkinson’s disease (PD), and even autism
spectrum disorder (ASD) and depression (2-7). Despite their
critical role, their regulatory dynamics during brain development
are poorly understood. Several intrinsic factors, such as the
fractalkine receptor CX3C chemokine receptor (CX3CR1),
MAF BZIP transcription factor B (MafB), and molecules of the
complement system, have been found to control the function
of microglia (1, 5, 8, 9). However, our understanding of the
mechanisms that regulate the maturation and function of
microglia in vivo is limited, especially those involving extrinsic
signals, such as those from the gut microbiome. Indeed, the
mammalian microbiome is a signal that integrates environmental
cues.

The gut microbiome has been showed to be a crucial signal
for multiple biological processes, especially in maintaining the
function of CNS, including brain circuitry, neurophysiology,
and behavior (10-12). Indeed, the gut-brain axis is a crucial
connection associated with multiple CNS diseases (11, 13, 14).
The most comprehensive and typical example of this is the
generation of host serotonin. In detail, the gut microbiota has
been suggested to regulate the biosynthesis of host serotonin,
affecting multiple aspects of host behavior in mice and humans
(15-17). Furthermore, the gut microbiota has been shown to
regulate the permeability of the blood-brain barrier (BBB) (18,
19). Moreover, a recent study has identified a lifelong close
correlation between the brain metabolome and the intestinal
microbiome in rats (20). Nevertheless, the detailed mechanisms
linking the host microbiome and specific CNS diseases are
poorly understood. Gut dysbiosis was identified as a crucial
factor in animal models of AD and ASD (11, 13); furthermore,
germ-free (GF) mice exhibited an excessive stress response (10,
21). These results suggested that several factors significant for
CNS dysfunction may be controlled or generated by the gut
microbiome. Indeed, in addition to acting as the regulators
of peripheral immune function, studies have revealed that the
microbiome controls the maturation and immune response of
microglia (1, 12, 22, 23). Given that microglia are crucial for CNS
immune response, the prior notion that the brain is “immune-
privileged” is losing traction (24).

Notably, most microbiome-associated CNS diseases are
closely related to the dysfunction of microglia, including AD,
PD, MS, depression, and ASD (11, 23), suggesting that microglia
may be a potential mediator that link the host microbiome
with CNS diseases; however, confirming this hypothesis requires
further studies to be conducted. Depression is a microglia-
associated disorder because microglial dysfunction is often
observed in the brains of patients suffering from depression
(25). In addition, the gut microbiome has been suggested

to be associated with depression in rodent models (26-29).
Moreover, several specific metabolites, generated by the gut
microbiome, control the inflammatory response of astrocytes
in the experimental autoimmune encephalomyelitis (EAE)
mouse model of multiple sclerosis (MS) by activating microglia
(23). Collectively, microglia may be crucial mediators in the
interaction between CNS diseases and the gut microbiota.
However, the detailed mechanisms controlling the maturation
of microglia in vitro and in vivo remain uncertain; in particular,
the mechanisms through which the microbiome affects microglia
are only partially understood. Therefore, a comprehensive
investigation of the regulation of signaling between microglia
and the microbiome may uncover information with tremendous
clinical implications for the treatment of several CNS diseases. In
this review, we highlight and discuss the recent findings, showing
how the host microbiome acts as a crucial environmental factor
to control the function and maturation of microglia from before
birth until adulthood. In addition, we describe several CNS
diseases associated with both the microbiome and microglia in
animal (mainly focused on mice) and humans. Our work, thus,
provides a comprehensive theoretical foundation for the role of
the gut microbiome in the function of microglia; this will provide
a more comprehensive understanding of the role of gut flora, as
extrinsic signals, in regulating CNS diseases via modulating the
maturation and responses of microglia within the CNS.

MICROGLIA STRONGLY AFFECT CNS
ARCHITECTURE AND FUNCTION

Microglia are major players in maintaining the health of the
CNS, controlling embryonic wiring, and regulating cell death
and survival (5, 30-33). During prenatal development, microglia
are the first glial cells to migrate to the CNS, where they
participate in the formation of CNS architecture, including
neurogenesis, synapse shaping, and excitotoxicity prevention (4),
as summarized in Table 1.

Macrophages reprogram their functions in response to
pathogens, tissue damage, and lymphocyte interactions through
polarization (49). As the major brain-resident macrophages,
microglia also have the capacity to be polarized to MI-
like or M2-like monocytes (4). Notably, phagocytic M2
phenotype microglia are sub-classified into M2a, M2b or M2c
in the absence of inflammation (50) and induce a Th2-like
response, M1 and M2 represent a spectrum of activation
patterns and not separate cell subtypes. In general, MI-
polarized microglia exert cytotoxic effects on specific cells in
vitro, such as neurons and oligodendrocytes, whereas M2-
polarized cells promote neurite outgrowth, exhibit phagocytic
capacity (51-53), and support CNS remyelination by driving
oligodendrocyte differentiation (54). However, overlapping
phenotypes that co-expressed M1 and M2 markers were
identified in most human inflammatory and neurodegenerative
diseases; therefore, there is limited evidence on microglia
polarization in these diseases (55, 56). Nevertheless, substantial
evidence has demonstrated that microglia play multiple roles
in homeostatic and pathological conditions of the CNS, similar
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TABLE 1 | Major functions of microglia in maintaining health in the CNS.

Function Microglia related process Mediators References
Neurogenesis Guiding neurons and axons during the formation of - (34)
neural circuits in prenatal development
Integral components in neurogenic niches CXCL12; CXCR4; ATP (35, 36)
Elimination of apoptotic neural stem cells and TAM; Gas6; Protein S (87, 38)
excess newborn progenitor cells
Age-associated reduction in neural stem cell Proinflammatory cytokines secreted by (39)
proliferation microglia
Shaping Synapses Synaptic pruning or connectivity C1q; C3; CR3 (Microglia); CX3CR1 (40, 41)
(Microglia); CX3CLA1 (42, 43)
Synaptic plasticity Proinflammatory cytokines; ROS; NO; (44, 45)
Neurotrophic factors; BDNF; IL-18
Synaptic transmission Glutamate; NADPH oxidase; NADPH (46)
receptor; PP2A; AMPA receptor;
Synapse activity during neuropathic pain ATP; BDNF; Trk; KCC2 (Cation-chloride (47)
transmission cotransporter KCC2)
Excitotoxicity prevention Protection against NMDA-induced toxicity ATP; P2X7; TNF-a (48)

CXCL12, C-X-C motif chemokine 12; CXCR4, C-X-C chemokine receptor type 4, TAM, Tyro3, Axl, and Mertk receptors; Gas6, Growth arrest-specific 6; C1q, Complement component
1q; C3, Complement component 3; CR3, Complement receptor 3; CX3CR1, CX3C chemokine receptor 1; CX3CL1, C-X3-C motif chemokine ligand 1, PP2A, Protein phosphatase 2A;
AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; BDNF, Brain-derived neurotrophic factor; Trk, Neurotrophic receptor tyrosine kinase; P2X7, P2X purinoceptor 7; TNF-a,

Tumor necrosis factor alpha.

to other tissue-resident macrophages (4). Besides, microglia are
the first line of defense against extrinsic microbial infection
and injury in the nervous system (22, 57). To perform this
role, microglia continuously probe the peripheral environment
using a series of receptors and signaling molecules collectively
known as sensome genes, which are primarily expressed
by the so-called “resting” microglia with high motility (58,
59). Once injury signals are sensed, resting microglia are
activated and quickly move toward the indicated sites (60,
61). The phenotypes of these reactive microglia are different,
depending on the specific signal and action of the modulators
that activated the microglia (62). For instance, when the
CNS was infected with the herpes simplex virus (HSV)-
1, microglia were identified as the major source of HSV-1-
induced chemokine production, including that of CXC ligand
10 (CXCL10), CC ligand 2 (CCL2), and CXCLY, all of
which led to peripheral immune cell infiltration into the
brain (63). In contrast, HSV-1 infection in CNS led to
prolonged activation of microglial cells and retention of T
lymphocyte, suggesting that microglia activation contributes to
the neuropathological sequelae observed in herpes encephalitis
patients (64). However, this does not mean that microglial
activation is always beneficial for maintaining the health of
the host CNS (65). Indeed, mounting evidence indicated that
microglial overactivation contributes to neuronal damage in
neurodegenerative diseases. Particularly, reactive oxygen species
(ROS), generated from overactivated microglia in response to
certain environmental toxins and endogenous proteins, causes
neurotoxicity (65, 66).

Given the dual and critical roles of microglia in the CNS, the
regulatory mechanisms of microglia are now a major research
focus. Microglia originate from hematopoietic stem cells in the
yolk sac, and are the first neurons generated at approximately

embryonic day 9.5 (E9.5) in mice (9); they then expand and
self-renew during adulthood and differentiate to play multiple
crucial functions in the CNS (4, 9, 32, 67). The detailed
transcriptional program controlling the differentiation process
remains unclear, although several factors showed a potential
role in their differentiation. Spil (encoding PU.1), CsfIr, and
interferon regulatory factor 8 (IRF8) are the primary microglial
transcription and survival genes, all of which are essential for
the development of microglia from erythromyeloid progenitors
in the yolk sac in mice (8, 9, 68).

GUT MICROBIOTA AFFECTS PRENATAL
AND ADULT MICROGLIA

Our current in vitro and in vivo knowledge of the mechanisms
controlling microglia is limited. There is a critical gap in
our understanding of the environmental factors that control
the maturation and function of microglia in vivo. The gut
microbiota is most associated with extrinsic signals, such as
life style, regional strain pools, and has gained considerable
attention from researchers, because the human intestine contains
a wide range of microbial cells with major roles in multiple
host biological processes, including food digestion and pathogen
invasion blocking, to maintain general good health (10-12).
Moreover, the gut flora influences multiple peripheral immune
cells (69) and modulates hematopoietic stem cells and myeloid
precursors in the bone marrow to maintain systemic populations
of neutrophils in circulation (70). Bone marrow-derived splenic
macrophage and monocyte populations were also found to be
reduced in GF mice compared with controls (71). Of note, the
microbiome appears to play a role in CNS diseases, along with
microglia, as discussed in the following section, suggesting a
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potential association between microbiota and microglia in the
development of CNS diseases.

Indeed, the host gut microbiota has been suggested to control
the maturation and function of microglia (1, 12, 22, 72). An
experimental demonstration of the association between microglia
and the microbiome was first performed by Erny et al. (22),
who were inspired by numerous studies on the interactions
between the CNS and the gastrointestinal system. In their study,
GF mice displayed significant microglial defects, with altered
cell proportions and an immature phenotype, including more
segments, longer processes, and greater numbers of branching
and terminal points. This defective microglia phenotype was also
observed in other mice with altered microbiota, including the
altered Schaedler flora (ASF) mice, which harbored only three
bacterial strains (73), and the acute microbiome-depleted mice,
following treatment with short-term broad-spectrum antibiotics.
Collectively, microglia in conventionally colonized mice would
require continuous input from the gut microbiome; this input
appeared to be associated with bacterial complexity. In that study
(22), treatment with antibiotics failed to increase the number
of microglia, in contrast with the effect observed in adult GF
mice. Moreover, the expression of Ddit4, a regulator of cell
growth, proliferation, and survival, was markedly elevated in the
microglia of adult GF mice; in contrast, Ddit4 expression was
unaffected in antibiotic-treated mice (Table 2). Several reasons
may contribute to the different effect of altering host microbiota
between antibiotics-treated mice and GF mice. Firstly, microglia
originate from the yolk sac, and their proliferation in adult
mice was observed solely in brain-resident microglia (9). The
GF mice lacked gut microbiota since birth; it is possible that
the host microbiome influences prenatal microglia formation,
thus contributing to the emergence of defective microglia
in adult mice, which has already been confirmed in a later
study (12). Secondly, the antibiotics utilized in the study
(22) may have directly targeted microglia in the brain in
a microbiota-independent manner. Indeed, several antibiotics,
such as minocycline, have been shown to cross the BBB and
regulate the activity of microglia, independent of the abundance
of the microbiota (75). Furthermore, topical application of
aminoglycoside antibiotics has been shown to enhance the
host’s innate immune response against viral infections in a
microbiota-independent manner (76). Of the antibiotics used
in that study (22), only metronidazole was able to cross the
BBB (77). Therefore, further research is required to test whether
treatment with metronidazole only can affect microglial function
independent of the abundance of the gut microbiome. Thirdly,
Ibal was selected as a specific indicator of microglia in their study
(22); however, it is not an ideal indicator for microglia because
multiple myeloid cells are known to express Ibal, including
perivascular cells, choroid plexus macrophages, and meningeal
macrophages (78), thus, a more specific marker, such as P2Y12,
is required to label microglia to analyze their abundance and
morphology (79). Therefore, the observed reduction in Iba-
1" parenchymal microglia in the CNS of GF mice, which was
not observed in the antibiotic-treated mice, may have been
due to the label of Ibal in other myeloid cells within the
brain.

TABLE 2 | Dominant microglial factors in GF and ABX-treated mice at 6-10
weeks of age.

Microglia-associated Function of indicated GF ABX

factors factor (References)

Spi1 (encodes PU.1) Central microglial transcription 1 -
and survival factor (68)

Ddiit4 Activation of cell proliferation (74) 4 —

Csf1r Central microglial transcription 4 -
and survival factor (8)

CSF1R Surface factors of microglia 1 -
downregulated during
maturation (22)

F4/80 As above (22) 1 0

CD31 As above (22) 1 —

Ddit4, DNA damage-inducible transcript 4; Spil, Spleen focus forming virus (SFFV)
proviral integration oncogene; Csf1r, Colony stimulating factor 1 receptor; F4/80, adhesion
G protein-coupled receptor E1 (Aliases); CD31, Platelet/endothelial cell adhesion molecule
1 (Aliases); GF, germ-free; ABX, antibiotics; + means upregulation, — means unaltered,
and — means uncertain.

Moreover, the consequence of defective microglia on viral
genes expression and virus loading in the CNS of GF mice or
antibiotic-treated mice was not determined as the researchers
only assessed the immune response of microglia under GF
conditions by analyzing the levels of several immune response
genes after exposing the animals to either bacteria or lymphocytic
viruses (22). However, microglia are the first line of defense
against extrinsic microbial infection in the CNS; thus, the
final functional consequences of microglial malformation and
immaturity under GF conditions or after antibiotic treatment
require further study.

Furthermore, the detailed mechanism underlying the
regulation of microglia by the gut microbiota requires further
research. Although microglia express many pattern-recognition
receptors that recognize microbial-associated molecular patterns
(MAMPs), no changes in microglia morphology and maturation
were found in the absence of several MAMPs, which were
recognized by toll-like receptor 3 (TLR3), TLR7, and TLRY (22),
suggesting that commensal microbes may regulate the function
of microglia in a MAMP-independent manner. Finally, it has
been indicated that short-chain fatty acids (SCFAs) produced by
the microbiota through the catabolism of complex carbohydrates
(22, 80), are involved in the regulation of microglia maturation
(12). Given that GF mice exhibited an increased permeability of
the BBB (18) and that SCFAs have been shown to cross the BBB
(81, 82), it was not surprising that SCFA administration largely
restored microglial activity under GF conditions (Figure 1).
Current receptors known to recognize SCFAs, including FFAR2
[also called G protein-coupled receptor (GPR) 43], FFAR3
(also called GPR 41), and GPR109A, are expressed by multiple
immune cells and intestinal epithelial cells (80). However,
FFAR2 is not expressed in any adult brain cell, although the
microglia of mice lacking FFAR2 exhibited defects and the
receptors were not essential for SCFA to enter the CNS (83-85).
Of note, microglia activity can be modulated by receptors of
proinflammatory and anti-inflammatory cytokines in the CNS
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FIGURE 1 | Potential mechanisms by which intestinal microbiota regulate the maturation and function of microglia. (a) Short-chain fatty acids (SCFAs) generated by
the gut microbiota cross the blood-brain barrier (BBB) via the circulatory system of the host, and target microglia to regulate their function or maturation. (b) Immune
cells expressing receptors that recognize SCFAs can migrate to the brain via the BBB after signaling by SCFAs that originate from the gut flora. (¢) The gut microbiota
may communicate directly with brain-resident microglia via the vagus nerve. (d) Before receptors recognizing SCFAs are expressed, other bacterial metabolites or
microbe-associated molecular patterns (MAMPs) generated by the gut microbiota can cross the BBB and target microglia to regulate their function or maturation. (e)
Peripheral macrophages that can recognize the relevant metabolites or MAMPs can migrate to the brain via the BBB after receiving signals from bacterial metabolites
or MAMPs released by the gut flora. Black lines indicated that the corresponding pathways were recognized in a prior study, and red lines represented uncertain
pathway. Black lines represent known pathways and red lines indicated uncertain pathways.

and in circulation; SCFAs are crucial regulators of nuclear  cross the BBB to regulate microglia within the CNS (Figure 1).
factor-kB (NF-kB) activity and proinflammatory innate immune  Propionate, a major SCFA, exhibited protective effects on the
responses (80, 86). Therefore, in the absence of a receptor ~ BBB by recognizing FFAR3 on the surface of endothelial cells in
expressed on the microglia, that can recognize SCFAs, the  arecent study (19), indirectly supporting the notion that SCFAs,
possibility that other metabolites from the gut microbiota  as gut-derived microbial metabolites, may be crucial mediators
directly regulate microglia cannot be excluded. SCFAs may in the gut-brain connection. Other bacterial metabolites or
control the activity of microglia through other peripheral =~ MAMPs generated by the gut microbiota may cross the BBB and
myeloid cells that express FFAR2, recognize signals from SCFAs,  directly regulate microglial function (Figure 1), especially when
and migrate to the brain or secrete specific factors that can  the receptors that recognize SCFAs are not yet expressed, given
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that microbiota may control the microglia before birth (12).
Peripheral macrophages that can recognize target metabolites
or MAMPs can cross the BBB and migrate to the brain after
receiving signals such as bacterial metabolites or MAMPs
generated by gut flora (Figure 1). The gut can connect directly
to the CNS through the vagus nerve, and the modulation of
microglia through external vagus nerve stimulation was found
in a murine model of AD (87, 88); the role this link plays in
the gut-microglia connection remains uncertain (Figure 1).
Further study is warranted to determine the signaling pathways
of the gut microbiome that ensure the maturation and function
of microglia. Despite these unresolved questions, this study
provided evidence that the gut microbiome is closely associated
with the maturation of microglia, and that SCFAs are crucial
mediators of the association between the gut microbiome and
microglia.

In addition to affecting the microglia of adult mice, the
maternal microbiome has emerged as a significant regulator of
prenatal microglia in a sex-specific manner (12); this is not
surprising as the male and female microglia behave differently
during the embryonic phase. Under normal conditions, for pain
perception, microglia in rodents exhibited sexually dimorphic
properties and showed differences in colonization rates in males
and females (89-92). Based on data from RNA-sequencing
(RNA-seq), the increased expression of genes in microglia
from E18.5, and in adult female mice, was associated with the
apoptotic process, response to lipopolysaccharides (LPS), and
inflammatory response (12, 92). This suggests that microglia
were in a more immune-activated state in females; this is in line
with a previous study, illustrating that females showed stronger
innate and adaptive immune responses (93). In that study (12),
the microglia from GF mice exhibited increased ramification
and production during the embryonic stages, which is based
on the fact that no other differences were observed in the
development of embryos from GF mice and specific-pathogen-
free (SPF) controls. Under GF conditions, the microglia of male
mice were affected more strongly in utero; in the adult phase,
the host microbiota exhibited a more profound effect on the
microglia of female mice. Transcriptome data indicated that
1,216 differentially expressed genes (DEGs) were observed in
E18.5 male microglia between control and GF embryos, while
only 20 DEGs were found in female microglia at the same
phase. These DEGs included immune response-associated genes,
such as Ly86 and Aoah, which are involved in the response to
LPS, raising the possibility that maternal microbiota primes the
microglia for their response to postnatal challenges. In contrast,
the variation in DEGs was reversed between the sexes in adults;
the number of DEGs in adult female microglia between GF and
control mice was 433, but only 26 DEGs were observed in adult
male microglia. Acute microbiome perturbation with antibiotic
administration produced a reversed effect between the sexes in
the microglia of adult mice; this effect was distinct from that
in the control and GF mice (12). More DEGs were observed
between the microglia of SPF and antibiotic-treated mice in males
than in females. In addition, there was no significant difference
in the density and morphology of microglia from antibiotic-
treated and control adult mice (P60, where PO is the day of

birth). Confronted with the different effects of treatment with
antibiotics and GF conditions on the microglia, Thion et al.
thought that the primary effect of gut flora on microglia may
have been caused by the long-term absence of the microbiota,
i.e,, under GF conditions. Of note, specific antibiotics utilized
to clear commensal microbiota affected the microglia directly
in a microbiota-independent manner; for example, minocycline
is known to directly regulate microglia (75). However, the
study (12) did not include detailed information regarding the
antibiotics used; thus, we cannot exclude the possibility that
this direct function of the antibiotics on microglia probably
diminished the effect mediated by the absence of microbiota.
Additionally, given that their RNA-seq data displayed several
DEGs between different sexes that were dominantly present
on the X and Y chromosomes, sex chromosome-associated
genes may have interfered with the effects of the antibiotics on
microglia, contributing to the differences between the antibiotic-
treated mice and GF mice. Of note, consistent with the differences
between GF and control adult mice, the DEGs in antibiotic-
treated female adult mice were primarily associated with the
regulation of transcription. However, DEGs in antibiotic-treated
male adult mice were mainly associated with the immune
response, which was distinct from GF adult male mice. Moreover,
that study (12) failed to determine the specific bacterial cluster
or clusters that affect microglia in the brain. It can be difficult
to screen one bacterial species, given that seeding a specific
species of bacteria into the host may greatly alter the composition
of the host microbiota but not sole change the number of
specific bacteria. However, it seems that the microbiome is
unlikely to directly affect prenatal microglia, as most evidence
has indicated that fetuses live in an environment devoid of
any bacteria before birth, although there is a hypothesis that
the first bacteria in the microbiota take root before birth (94).
This indicated that indirect signaling may have occurred from
intrauterine microorganisms or microbiota-generated factors
from the mother via the umbilical cord during the later phases
of embryonic development.

Taken together, the gut microbiota does regulate the function
of microglia although the comprehensive mechanism remains
uncertain. Of note, several studies revealed the potential
mechanism by which the gut microbiome controls the function
of microglia. Serotonin (5-hydroxytryptamine, 5-HT) is known
as an important neurotransmitter in the brain and a vital factor
in neurogenesis; it is primarily derived (about 90%) from the
brain and the gastrointestinal system (95). Indigenous bacteria
within the gut produce metabolites that signal enterochromaffin
cells, which are a major producer of 5-HT in the digestive
tract (16, 17). Until recently, the BBB was generally thought
to be impermeable to 5-HT; however, new evidence has shown
that 5-HT might cross the endothelial cells of the BBB using
a serotonin transporter (15, 96). Moreover, 5-HT regulates
microglial development via 5-HT2B receptors (97); therefore, it
is possible that the gut microbiota affects the brain microglia via
5-HT. The gut microbiome is closely related to the maturation
of microglia; several bacterial metabolites such as SCFAs may act
as crucial mediators. These findings reinforce the view that the
gut flora has a wide range of effects, especially on the immune
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response mediated by microglia in the CNS; this is supported by
a study showing that differences in the microbiota composition of
wild and laboratory mice modified their immune responses (98).

THE GUT MICROBIOME AND MICROGLIA
AFFECT SEVERAL CNS DISEASES

Given the importance of the microglia in the CNS,
it is not surprising that microglial dysfunction results
in neurodevelopmental, neurodegenerative, and
neuroinflammatory diseases such as AD, PD, and MS (2-
5, 88). A potential linker in this association is nitric oxide
(NO) that can be generated by activated microglia (99). Indeed,
during neuropathogenesis, microglia enter a hyperactive state
in which they exacerbate the progression of neuropathogenesis
by generating a series of factors including induced nitric
oxide synthase (INOS), chemokines, and cytokines (6).
Notably, aberrant NO pathways have been implicated in
several neurological disorders, including AD and PD (6).
Furthermore, several microglia-associated genes are related to
neurological and neuropsychiatric disorders in humans and
mice, including CD33 and CXC3R1 (100-102). Commensal
bacteria have emerged as a crucial factor in controlling the
function and maturation of microglia; this role is mediated by
the generation of SCFAs to a certain extent, as mentioned above
(12, 22, 57). The host microbiota has also been found to be a
critical regulator of neurogenesis, neurophysiology, myelination,
and exploratory behavior (11, 81, 103, 104). The microbiome or
its disruption has been shown to contribute to CNS diseases such
as ASD, AD, MS, and PD, all of which are also affected by host
microglia, as described below (11). Therefore, microglia that lie
at the interface between environmental signals and the brain may
be the critical link between the microbiome and CNS diseases.

AD

AD is a common cognitive degenerative disease characterized
by the accumulation of phosphorylated tau/tangles and amyloid
plaques consisting of amyloid B (AP), a cleavage product of
amyloid precursor protein (APP) (105, 106). Microglia are
known to be related with AD and are majorly involved in
the alteration of the levels of many AD-associated factors.
Specifically, the phagocytic ability of microglia against AP
aggregates can be enhanced by apolipoprotein E (ApoE), whose
polymorphism has been suggested to be closely related to
sporadic AD (107, 108). ApoE can be produced by microglia
to some extent through regulation by peroxisome proliferator-
activated receptor y (PPARy) and liver X receptor (LXR) (108).
Both PPARy and LXR can form heterodimers with PXR, and
agonists of PPARy and PXR can reverse some neuropathological
changes and restore cognitive ability, as well as shrink the Af
plaque burden, which depends upon ApoE and microglia (4,
108-110). Although soluble AP peptides and small amounts
of seeded AP plaques are cleared by microglia under normal
conditions (as mentioned above), microglia are incapable of
removing excessive AP aggregates that chronically activate and
damage both neurons and microglia during the progression of

pathological Ap accumulation (4). Triggering receptor expressed
on myeloid cells 2 (TREM2), a promoter for the activation of
microglia (M2-like) and phagocytosis, is also a risk factor for late-
onset of AD (111). In a study identifying new susceptibility loci
for AD, the microglia-associated genes CD33 and ABCA7 were
identified as two novel susceptibility genes (100, 101).

The gut microbiome is also closely related to AD in mice
model and humans, although the detailed regulatory mechanisms
surrounding this association require further research (6, 112-
115). Different gut bacteria, such as Escherichia coli, Salmonella
enterica, S. typhimurium, Bacillus subtilis, Mycobacterium
tuberculosis, and Staphylococcus aureus (6), generate a significant
concentration of amyloids and LPS (116). E. coli endotoxin
potentiates the formation of AP in vitro, and as AP exceeds
a certain threshold, it self-propagates, both of which may
further compromise CNS function (6). As a result of aging, the
gastrointestinal epithelium and BBB are more permeable to small
molecules, which is exacerbated by alterations in tight junctions
that result from changes in the gut microbiota when Bacteroidetes
outnumbers Firmicutes and Bifidobacterium (6). From such
perspective, it is reasonable that the migration of amyloids and
leukocytes from the gut to the brain is more prominent in aging
individuals. Notably, amyloids can activate the microglia to cause
prolonged inflammation (116, 117). Of note, activated microglia
can produce APP in response to exhausted neuronal excitation
by NO and APP from the gut, which further contributes to AD
pathogenesis (116) (Figure 2). APP overexpression is associated
with the upregulation of peroxynitrite, which can transform into
NO, and activated microglia also produce high concentrations of
inducible NO synthase (Figure 2); this supports the hypothesis
that NO generated by activated microglia is closely related to
AP deposition (99). Importantly, the gut is the main site of
NO generation, and the generation of high concentrations of
NO is mediated by several bacterial species (Figure2). For
example, gut lactobacteria, bifidobacteria, and E.coli Nissle 1917
can generate NO through the conversion of nitrite and nitrate
(6). Moreover, NO produced in the gastrointestinal system can
be scavenged by hemoglobin in red blood cells, thereby entering
the peripheral vasculature and crossing the BBB into the cerebral
vasculature (118), initiating a vicious cycle, as demonstrated in
Figure 2.

Given that the gut flora controls the maturation and
function of microglia (12, 22), it is likely that microglial
activation controlled by gut microbiota could be strongly
associated with AD. Indeed, the proportion of Allobaculum
and Akkermansia in the gut was found to be reduced in an
APP/PS1 mouse model of AD, along with an increase in the
proportion of Rikenellaceae (112). Of note, colonization of GF
APP transgenic mice by the microbiota from conventionally-
raised APP transgenic mice through the fecal route increased
cerebral AB pathology (113). AD occurs in the elderly and aged
individuals exhibit a different microbiome, which supports
the possibility that altered microbiome mediated by aging
is associated with the initiation and development of AD.
Additionally, another study confirmed the modulation of
microglia through external vagus nerve stimulation in a
murine model of AD (88) (Figure2). However, whether
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FIGURE 2 | NO and APP generated by microglia and several gut-specific microbes accelerate the development of AD pathogenesis. Chronically activated microglia
contribute to the progression of neurodegenerative diseases such as AD. Several gut-specific microbes are able to generate NO and APP, which activate microglia
and further exacerbate the development of AD. Specifically, NO generated by gut flora, can be carried to the brain by RBC. APP secreted by gut flora can cross the
BBB via the RAGE receptor. After reaching the CNS, both NO and APP activate the microglia, which exhibit an ameboid form. Activated microglia can then secrete
several risk factors for AD, including iNOS, chemokines, cytokines, APP, and NO, which further accelerate the pathogenesis of AD. iINOS, inducible nitric oxide
synthase; NO, nitric oxide; RBC, red blood cell; RAGE, receptor for advanced glycosylation products.

the microbiota affects the progression of AD through
several bacterial species or their associated factors remains
unresolved.

MS

MS is a chronic inflammatory demyelinating disease of the
CNS with heterogeneous histopathological features (119-
121). In an EAE rat model of MS, relapse was characterized
by an imbalance of monocyte activation profiles toward the
M1 phenotype and the suppression of immunomodulatory
M2 macrophages and/or microglia at lesion sites (122, 123).
In addition, several microglia-associated genes, such as

TNFRSFIA and IRF8, were also found to be associated with
MS (122, 124). Moreover, TGFa and VEGF-B produced by
microglia modulate the pathogenic activities of astrocytes in
the EAE mouse model of MS and humans (23). In detail, TGFa
acts via the Erbbl receptor and suppresses the pathogenic
activities of astrocytes to limit EAE development, whereas
VEGEF-B activates FLT-1 signaling in astrocytes and worsens
EAE (Figure 3). More specifically, metabolites of dietary
tryptophan, generated by gut microbiota, modulate the
production of TGFa and VEGF-B by microglia through an aryl
hydrocarbon(AhR) receptor-mediated mechanism to further
regulate CNS inflammation (23).
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FIGURE 3 | The microbial metabolism of dietary Trp regulates the
inflammatory response of astrocytes by microglia in EAE mouse model of MS
through the AHR generated within microglia. Metabolism of dietary Trp by
microbiota generates AHR agonists, which cross the BBB into the brain to
activate microglia through an AHR-mediated mechanism within the microglia.
In detail, these AHR agonists function as ligands for the AHR expressed in the
microglia to bind the genes encoding VEGF-B and TGF-a, as indicated, to
facilitate TGF-a transcription and to inhibit VEGF-B expression. Notably,
VEGF-B increases the inflammatory activation of astrocytes to control the
development of EAE. In contrast, TGF-a weakens the inflammatory activation
of astrocytes to worsen EAE. Of note, both of Akkermansia and
Parabacteroides distasonis, MS associated microbiota, may be the producer
of AHR agonist, which required to be further researched. AHR, aryl
hydrocarbon receptor; Trp, tryptophan; MS, multiple sclerosis; EAE,
experimental autoimmune encephalomyelitis.

Commensal bacteria can also affect the autoreactivity of
peripheral immune cells to CNS self-antigens, and thus, great
attention has been focused on the contribution of the microbiota
to MS pathogenesis (69, 120, 121, 125). Moreover, there is
a significant increase in some taxa such as Akkermansia and
reduction in other taxa such as Parabacteroides distasonis in

untreated MS patients, while whether these bacteria regulate
the microglia mediated inflammatory response through a
mechanism by which the metabolites of tryptophan AhR ligands
remains uncertain (Figure 3). However, AhR ligands are solely
produced by a few bacteria, such as Peptostreptococcus russellii
and Lactobacillus spp (126). Moreover, microbiota transplants
from MS patients into GF mice resulted in worsening the
symptoms of EAE compared with those in mice transplanted
with microbiota from healthy controls (121). Additionally, on
transplanting the microbiota to a transgenic mouse model of
spontaneous brain autoimmunity, MS twin-derived microbiota
induced a significantly higher incidence of autoimmunity than
the healthy twin-derived microbiota (120). A majority of
MS patients harbor antibodies against certain gastrointestinal
antigens that are not found in healthy individuals, which further
supports the possibility that alterations in the immune status
of the brain against gut microbiota may be associated with MS
(127). In an experimental model of MS, GF mice exhibited
complete protection, which may have resulted from attenuated
Thl17 and B cell responses (128). The short-term effect of
microbiota removal by treatment with antibiotics also attenuated
EAE progression by inducing T cell, B cell, and immature natural
killer (iNK), and regulatory T cell (Treg) responses (125, 129).
The close relationship between the gut microbiota and MS
was also found in Theiler’s murine encephalomyelitis virus
(TMEV)-induced demyelinating disease (IDD), another relevant
MS model (57). Unlike the effect showed by the gut microbiome
exhibited in the previously mentioned MS model, antibiotic
administration exaggerated the progression and severity of
TMEV-IDD. A study into the mechanisms of this effect revealed
that antibiotic-treated mice displayed lower levels of CD4" and
CD8*' T cells in their cervical and mesenteric lymph nodes.
Furthermore, the activation of microglia was enhanced in TMEV-
infected mice following treatment with antibiotics. Collectively,
microglia act as crucial mediators in the connection between
the microbiome and MS. However, the detailed mechanism
underlying gut microbiota regulation of MS remains uncertain.

Depression

Despite the abundance of research on the mechanisms of
depression as a psychiatric disease, our current understanding
of depression is limited. One hypothesis claims that depression
is a microglial disorder because microglial dysfunction has been
commonly observed in the brain at the onset of depression
(25). Minocycline, an antibacterial agent known to inhibit the
activation of microglia after crossing the BBB, has been shown
to significantly diminish depressive behaviors in rodents and
humans (130, 131). Given that the gut microbiome affects the
maturation of microglia, it is not clear whether the effect of
minocycline is due to its antimicrobial properties by destroying
gut microbiota or due to the direct inhibition of microglia.
Microglia exhibit varying degrees of activation in patients with
schizophrenia and depression, especially those who are suicidal
(132). This was also confirmed in animal models of depression,
although the pathophysiological role of microglial activation has
not been clearly confirmed (25, 132-134). Studies of rodent
models showed that the gut microbiome is also involved in the
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development of depression (26-29), and beta diversity of the
gut microbiome was significantly different between depressed
and control patients. Of note, administration of Bifidobacterium
infantis reversed experimentally created anxiety and depression
in GF mice (26), and Bifidobacterium infantis is defined as a
“psychobiotic” because of its antidepressant effect (135). GF mice
transplanted with fecal microbiota from depressed mice also
exhibited depressive-like phenotypes, which was confirmed in a
rat depression model (29, 136). Treatment with antibiotics during
the first year of life is also closely correlated to depression later in
the life of humans (137). Probiotic supplementation was shown
to improve the symptoms of anxiety and depression, especially
Lactobacillus helveticus Ns8, which improved the behavioral,
cognitive, and biochemical aberrations caused by chronic
restraint stress (138, 139). However, the detailed mechanisms
behind this association remain unclear, especially whether these
results were mediated by the known interaction between the gut
microbiome and microglia, direct effect of other unknown factors
generated by gut bacteria, or a combination of the two.

PD

PD, a progressive neurodegenerative disease with motor and
non-motor symptoms, is associated with misfolded a-synuclein
seeds that assemble into fibrillary inclusions and with the loss
of dopaminergic neurons in the substantia nigra (4, 140). a-
synuclein, generated from neuron-derived exosomes, triggers
the activation of microglia, which may accelerate lethality by
the TAM-dependent phagocytosis of distressed spinal motor
neurons (9). The mice lacking CX3CRI, a microglial-associated
inflammation factor, exhibited a higher loss of neuron cells than
control mice in a PD model established by 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (141).

From the perspective of gut microbiology, PD patients
exhibited significantly different microbial populations compared
with healthy controls (142-144). PD patients displaying
the tremor-dominant phenotype had significantly lower
Enterobacteriaceae than those with more severe postural
and gait instability, suggesting that the relative abundance
of specific bacteria is sufficient to distinguish between the
different forms of PD (143). Several microbial molecules that
mimic host structures promote an immune response during the
development of AD and PD (145-147). Of note, gut microbiome
regulates movement disorders in mice and alterations in the
human microbiome represent a risk factor for PD (140). In
detail, antibiotic treatment ameliorates while microbial re-
colonization promotes the pathophysiology of PD in adult
animals. Administration of specific microbial metabolites to
GF mice promotes neuroinflammation, and colonization of
a-Syn-overexpressing mice with microbiota from PD-affected
patients enhances physical impairments compared to microbiota
transplants from healthy humans (140). However, given that
there is no definite association among microglia, microbiota, and
PD, the detailed underlying mechanisms remain uncertain.

ASD

ASD, a disorder associated with neurodevelopmental difficulties
and mood disorders, is also associated with microglial
dysfunction. Current understanding of the role of microglia

in ASD is focused on the excessive microglia-mediated loss of
synaptic tissue, which has been shown to contribute to patients
suffering from Rett syndrome, an X-linked form of ASD (148).
The gut microbiome in ASD patients exhibited differences in
species variety and complexity compared with neurotypical
controls (149-156). Generally, the gut microbiome of ASD
patients exhibited more diversity and an abundance of Clostridia
species (149-151, 155), but lacked several beneficial bacterial
populations, such as Prevotella (154). In addition, Sutterella was
found in intestinal biopsies of children with ASD presenting with
gastrointestinal symptoms, while it was absent in control samples
(152). Moreover, microbiota transfer therapy (MTT) alters the
gut ecosystem and significantly improves GI and behavioral
symptoms of ASD (157). Overall bacterial diversity and the
abundance of Bifidobacterium, Prevotella, and Desulfovibrio
among other taxa increased following MTT. Collectively, these
studies indicate a potential relationship between the microbiome
(or specific microbes) and the brain in ASD patients; as to
whether microglia function as a mediator in this relationship
remains uncertain. However, augmenting the microbiome with a
specific microbe may be beneficial for ASD patients.

Abnormal Behavior
Microglial dysfunction is also closely associated with host
abnormal behavior(13, 102, 158). Indeed, microglia interact
with the nervous and endocrine systems during development,
in which prostaglandin E2 (PGE2), generated through the
aromatization of estradiol, plays a role (158). Additionally,
mice lacking microglia-specific genes, such as CX3CRI, a
chemokine receptor, exhibited impaired brain connectivity and
abnormal social behavior because of defective neuron-microglia
signaling (102). Of note, modifying the host microbiome with
antibiotic or probiotic treatment also has a profound effect
on the development of individuals, with long-lasting effects
on host behavior in humans and animals (137, 159-161).
Antibiotic administration during the first year of life may
result in negative neurocognitive outcomes in later phases of
life, including behavioral difficulties (137). Additionally, another
study indicated that 7-day administration of nonabsorbable
antibiotics was adequate to decrease anxiety-like behavior in
mice (21). In contrast, short-term treatment with vancomycin
failed to lead to anxiety- and depressive-like behaviors in
neonate rats (16, 162), suggesting that the effect of gut dysbiosis
on host behavior varies in different animals and depleting
the microbiome in the short-term may not always impact
behavior (162-164). In addition, compared to SPF mice, GF
mice displayed several phenotypes associated with behavior (10,
21, 165-169). Moreover, several bacterial species improved the
symptoms of stress, anxiety, and depressive-like behavior, as well
as facilitating improvements in social behavior, communication,
and cognitive function in animal models (13, 27, 163, 165, 170-
174). Notably, several probiotic strains in rodents produced
behavioral effects in a vagus nerve activation-dependent manner
(175). Given that the vagus nerve also regulates the function of
microglia at specific disease states, it may play a crucial role in
the gut-microglia connection in abnormal behavior (Figure 2).
Collectively, the gut-microglia connection is clearly
implicated in many CNS diseases, although the detailed
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mechanisms controlling many of these associations remain to
be determined. Of note, CNS disease-associated microRNAs
have been shown to be closely related to the gut microbiome
(176). MicroRNAs act as translational repressors to regulate
gene translation and have also been implicated in anxiety-
like behaviors (176). A previous study revealed that the gut
microbiome regulates microRNA expression in the amygdala,
affecting factors such as miR-183-5p and miR-206-3p, both
of which are implicated in influencing anxiety levels and the
expression of neurotrophins such as brain-derived neurotrophic
factor (176). Moreover, in a study identifying region-specific
miRNA-mRNA networks in the dorsal raphe nucleus and
amygdala of high-responder/low-responder rats, miR-206-3p
was shown to be associated with microglia and the immune
response (177). Collectively, microRNAs may be potential
mediators in the function of the gut-microglia connection
in CNS diseases. In addition, in relation to the gut-microglia
connection, HSV has clinically been associated with several
neurodegenerative diseases, such as AD and MS, with uncertain
mechanisms (106, 178). Of note, as a neurotropic virus, HSV-
1 was also found to infect enteric neurons in addition to
affecting the CNS, leading to gut dysbiosis (179). This may
increase the abundance of several NO- and APP-generating
bacteria, which remains uncertain. Consequently, NO and
APP cross the BBB to activate microglia, thereby accelerating
the progression of CNS diseases (Figure2); HSV-1 may,
therefore, be considered as a chronic risk factor for the
development of several neurodegenerative diseases, especially
AD (178).

CONCLUSIONS AND FUTURE
DIRECTIONS

Research over the past few years has revealed that the
development of a healthy brain requires crucial pre- and post-
natal events that integrate environmental cues, especially the
gut microbiome (11). The gut microbiome has been shown
to influence various aspects of CNS biology through multiple
mechanisms, including the alteration of both neurotransmitter
levels (17) and BBB permeability (18). Furthermore, gut
microbiome is closely associated with CNS diseases such as
AD, depression, PD, and even ASD (11). However, most
research to date has only demonstrated that different proportions
of bacteria genera are associated with several CNS diseases;
our understanding of the detailed signaling pathways through
which the microbiome modulates CNS diseases remains poor.
Importantly, microglia may be the crucial mediators linking
gut microbiome and CNS diseases, given that microglia are
crucial immune cells in the CNS, and their dysfunction has been
shown to be related to most CNS-associated diseases. Moreover,
emerging studies have revealed that the gut microbiome controls
the maturation and function of microglia (12, 22) although
the detailed mechanisms are yet to be elucidated. Indeed, as
summarized by this study, multiple CNS diseases, such as AD,
PD, and ASD, that are closely associated with microglia are
also related to the gut flora. Additionally, indirect evidence

supports the notion that the microbiota may affect the brain
by modulating the microglia. For example, prostaglandin D2,
which is produced by microglia, acts on the DP1 receptor
in astrocytes to induce astrogliosis and demyelination (180).
Microglia are known to participate in the demyelination process
and the gut microbiome is also involved in myelination because
myelin-related transcripts were found to be increased in the
prefrontal cortex of the brains of GF mice and antibiotic-
treated mice as compared to control mice (181, 182). However,
the possibility that the gut microbiome-mediated effect on
myelination is associated with microglia cannot be excluded
and requires further research. Furthermore, just as several CNS
diseases have shown significant sexual bias—such as ASD, which
affects males at a higher rate (183, 184)—the composition of the
gut microbiome and microglia also exhibits sexually dimorphic
properties. Thus, it is essential to determine whether the gut-
microglia connection contributes to the progression of CNS
diseases with a sex bias. It is possible that the microbiome
affects CNS diseases by modulating microglia; however, extensive
research is required to confirm this. Therefore, it is critical
to determine the importance of the gut-microglia connection
in CNS diseases and to clearly define the specific mechanisms
involved. Furthermore, understanding the interactions between
specific microbial species and microglia would be significant
for developing a novel therapeutic strategy for the treatment
of neurological disorders in humans. Recently, the Kallyope
company was allowed to continue its work on harnessing
the communication pathways between the gut and the brain
to develop novel therapies for various illnesses of the CNS.
However, further studies are required to determine whether
probiotics can be exploited to improve microglial function and,
ultimately, alleviate CNS diseases.
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The tumor necrosis factor (TNF) superfamily (TNFSF) is a protein superfamily of type
Il transmembrane proteins commonly containing the TNF homology domain. The
superfamily contains more than 20 protein members, which can be released from the
cell membrane by proteolytic cleavage. Members of the TNFSF function as cytokines
and regulate diverse biological processes, including immune responses, proliferation,
differentiation, apoptosis, and embryogenesis, by binding to TNFSF receptors. Many
TNFSF proteins are also known to be responsible for the regulation of innate immunity and
inflammation. Both receptor-mediated forward signaling and ligand-mediated reverse
signaling play important roles in these processes. In this review, we discuss the
functional expression and roles of various reverse signaling molecules and pathways of
TNFSF members in macrophages and microglia in the central nervous system (CNS). A
thorough understanding of the roles of TNFSF ligands and receptors in the activation of
macrophages and microglia may improve the treatment of inflammatory diseases in the
brain and periphery. In particular, TNFSF reverse signaling in microglia can be exploited
to gain further insights into the functions of the neuroimmune interface in physiological
and pathological processes in the CNS.

Keywords: tumor necrosis factor superfamily, inflammation,

neuroinflammation, neuroimmune interface

immunity, macrophage, microglia,

INTRODUCTION

Cell-to-cell communication, particularly for immune cells, occurs through either soluble
mediators or direct contact. In cases of communication through soluble mediators,
molecules, such as cytokines, chemokines, and hormones act in an autocrine, paracrine,
or endocrine manner to stimulate cell surface receptors. In contrast, direct contact
requires the interaction between cell surface molecules, such as cell adhesion molecules.
Members of the tumor necrosis factor (TNF) superfamily (TNESF) constitute a
special class of molecules that are involved in both types of cell communication.
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TNEFSF members are type II membrane proteins that are present
on the cell surface or in intracellular compartments. In their
membrane-bound form, TNFSF members can interact with
their cognate TNF receptor superfamily (TNFRSF) members
present on the cell surface or on adjacent cells. Cellular
activation increases cell surface expression and secretion of
homotrimeric forms of TNFSF members released from the cell
surface. For TNF-a, this proteolytic cleavage is carried out by
TNEF-a-converting enzyme, a member of the ADAM family of
metalloproteases. Released trimeric forms of these ligands then
act as cytokines by interacting with their cognate receptors.

Increasing evidence has demonstrated that during direct
contact within or among cells expressing TNFSF and TNFRSF
members, signals are generated from the receptor part (forward
signaling) as well as the ligand part (reverse signaling). Another
interesting feature of the interactions between TNFSF/TNFRSF
members is that there is substantial crosstalk among cognate
ligand-receptor pairs, and some receptors can also be solubilized
and released into the surrounding tissues, thereby serving as
competitive inhibitors of ligand action on receptor-bearing
cells (1, 2).

Macrophages are immune cells that express most members
of the TNFSF and TNEFRSF before and/or after activation.
Macrophages perform immunoregulatory functions at sites
of acute and chronic inflammation, pathogenesis, and
tumorigenesis. Many of the functions of macrophages are
mediated by TNFSF and TNFRSF members. Moreover, TNFSF
and TNFRSF members are expressed in brain glial cells and
mediate diverse biological effects, including neuroinflammation
and cell death. Neuroinflammation is closely associated
with diverse neuropathologies, such as CNS injury and
neurodegenerative diseases (3). Recent evidence indicates
that neuroinflammation is one of the major components
of the disease mechanisms. Under pathological conditions,
neuroinflammation and brain injury constitute a positive
feedback loop that perpetuates damages in the nervous system.
Brain glial cells, particularly microglia, play a pivotal role
in these processes. Inflammatory and neurotoxic mediators
produced from excessively activated microglia contribute to
neurodegeneration. Intracellular and intercellular signaling
of microglia has been proposed as a therapeutic target to
dampen deleterious microglial activation and to protect
neurons from microglial neurotoxicity (4-6). In that vein,
TNESF and TNFRSF members expressed in brain microglia
may provide insights into the intercellular signaling of
microglia, and shed light on the regulatory mechanisms of
microglia-mediated neuroinflammation.

To date, many reviews have summarized the roles of
forward signaling in various processes associated with normal
immunity and the pathogenesis of cancer and other conditions.
Therefore, in this review, we will focus on reverse signaling
initiated from membrane-bound form of TNFSF with an
emphasis on recent developments. Especially, members
of TNEFSF that are expressed in macrophage/microglial
lineage cells, such as BAFF/APRIL, LIGHT, GITRL, FasL,
TWEAK, and CD137L (4-1BBL), will be the main topic of
this review.

B-CALL ACTIVATION FACTOR OF THE TNF
FAMILY (BAFF)/A
PROLIFERATION-INDUCING LIGAND
(APRIL)

BAFF (also known as TALL-1, THANK, and TNFSF13B), a B-
cell survival factor, and its close relative APRIL (also known
as TNFSF13) are expressed in both membrane-bound and
soluble forms in various cells lineages, including myeloid cells
(monocytes, macrophages/microglia, neutrophils, and dendritic
cells [DCs]), stromal cells within lymphoid organs, and
osteoclasts (7-10). APRIL shares ~30% sequence identity with
BAFF in the TNF domain (11). BAFF interacts with three types
of receptors: transmembrane activator and a calcium-modulating
cyclophilin ligand interactor (TACI), B-cell maturation antigen
(BCMA), and BAFF receptor (BAFFR and BR3; Figure 1). These
receptors can be found in lymphoid cells (i.e., B cells and plasma
cells, but also in some subsets of T cells) and myeloid cells
(8, 10). Although BAFF-R interacts with only BAFE, TACI, and
BCMA interact with both BAFF and APRIL. Studies of APRIL
and BAFF transgenic/knockout mice have revealed that these
molecules are essential for B-cell survival, T-cell costimulation,
autoimmune diseases, and cancer (8-11). Moreover, ligation of
BAFEFR activates B-cell survival through activation of the nuclear
factor (NF)-kB pathway and downstream anti-apoptotic genes
(12, 13). Although both BAFF and APRIL are required for B-
cell maturation and survival, BAFF has major effects on pre-
immune B cells, whereas APRIL acts on antigen-experienced B
cells (14).

Both BAFF and APRIL contain a short cytoplasmic region
of ~30 amino acids, a transmembrane domain (TMD), and
a 200-residue extracellular domain consisting of a stalk and a
TNF domain (11, 15-17). In macrophages, both are capable of
inducing reverse signaling, which triggers inflammatory changes
for the induction of various inflammatory mediators, including
matrix-degrading enzymes and pro-inflammatory cytokines
(18, 19). Treatment of either primary mouse macrophages or
human macrophage-like cell lines with the TACIL:Fc fusion
protein or anti-BAFF/APRIL-specific monoclonal antibodies
(mAbs) stimulates the cells to express various pro-inflammatory
markers while suppressing cytoskeletal rearrangement associated
with phagocytosis and transmigration (18-21). Furthermore,
co-incubation with Ramos cells, which express both TACI
and BCMA, results in pro-inflammatory activation of THP-
1 cells in a BAFF- or APRIL-dependent manner, indicating
that cell-to-cell interactions can stimulate BAFF- or APRIL-
mediated reverse signaling (18, 21). These pro-inflammatory
responses initiated by BAFF are mediated by the mitogen-
activated protein kinase (MAPK) extracellular signal-regulated
kinase (ERK) and NF-kB, and suppression of cytoskeletal
rearrangement is mediated by phosphatidylinositol 3-kinase
(PI3K)/AKT and Rac-1, a Rho-family GTPase. Interestingly,
BAFF-mediated signaling shows significant crosstalk with Toll-
like receptor (TLR) 4-mediated signaling such that simultaneous
treatment with anti-BAFF mAbs and lipopolysaccharide (LPS)
results in a synergistic response with respect to pro-inflammatory
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FIGURE 1 | Interactions among members of the TNFSF and TNFRSF. Filled circles represent the expression of each member of the TNFSF in macrophages and
microglial cells. Functions of reverse signaling in the activities of macrophages and microglial cells are listed on the right.

activation. The cellular response is mediated by PI3K/AKT and
MAPK/Mitogen- and stress-activated protein kinase 1 (MSKI)
pathways, which culminate at the formation of a trimeric
complex containing NF-kB, cyclic AMP-response element
binding protein (CREB), and CREB binding protein. This
trimeric complex is responsible for the synergistic activation of
NEF-kB and, consequently, pro-inflammatory responses of the cell
(22). The involvement of ERK in pro-inflammatory activation
has been further confirmed in studies showing the existence of
crosstalk between BAFF-mediated signaling and signals initiated
from immune receptor expressed on myeloid cells 1 (IREM-
1, CD300F) (23-25). IREM-1 is an immunoreceptor tyrosine-
based inhibition motif (ITIM)-containing cell surface molecule

that exerts its inhibitory effects through interaction of its ITIMs
with SH2-containing tyrosine phosphatase (SHP)-1. Via its
phosphatase activity, SHP-1 suppresses cellular signals associated
with PI3K, Janus kinase 2, MAPKs, signal transducers and
activators of transcription, and NF-kB (26, 27). Simultaneous
stimulation of BAFF and IREM-1 results in suppression of BAFF-
mediated ERK activation owing to IREM-1-mediated activation
of SHP-1 (22). These findings indicate that it is necessity to
re-evaluate the role of BAFF in diseases in which BAFF is
overexpressed in macrophages.

Despite the similarities in their extracellular domains and
receptors, BAFF and APRIL have quite different intracellular
domains (ICDs; Figure2). On the other hand, the ICD in
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each member is highly conserved in among different species,
supporting the importance of their intracellular domains for the
generation of reverse signaling.

BAFF/APRIL and their receptor systems are believed to
be involved in the pathogenesis of various autoimmune
diseases. Accordingly, serum BAFF levels have been shown
to be abnormally upregulated in patients with systemic lupus
erythematosus (SLE), rheumatoid arthritis (RA), and Sjogren’s
syndrome (28-31). The mAb-based therapeutic belimumab
(LymphoStat-B) was approved by the US Food and Drug
Administration for the treatment of SLE in 2011 (32). Belimumab
was developed by screening of a phage-display library and
consists of two heavy chains and two light chains with
specificity against BAFF; this antibody blocks BAFF-mediated
activation of its receptors and subsequent cellular activation
(33). Although belimumab interacts with soluble BAFF and not
with the membrane-bound form of BAFF (34), the antibody
may crosslink with and thus activate the membrane bound-
form of BAFF on cells of monocyte lineage. Another mAb-
based therapeutic currently being evaluated in clinical trials
is tabalumab (35), an anti-BAFF human mAb that has been
reported to neutralize both membrane-bound and soluble
forms of BAFF (36). Because tabalumab binds the membrane-
bound form of BAFE, exploring whether this antibody induces
reverse signaling from BAFF in various cell types could
be beneficial for the future development of agents targeting
BAFF or APRIL.

BAFF and its receptors are widely expressed in brain glial cells
(Figure 3). Microglia express BAFF, BAFFR, and TACI (37). In
contrast, astrocytes and neurons only express BAFF and BAFFR,
respectively (38, 39). Microglial expression and release of BAFF is
increased by ganglioside mixture treatment (37) and brain injury
(38). In particular, cerebral ischemia and reperfusion injury
enhance microglial BAFF and neuronal BAFFR expression,
suggesting important roles of the BAFF/BAFFR interaction in
brain injury conditions (38). Neuronal survival was promoted
by BAFF/BAFFR ligation under ischemic stress conditions in
vitro as well as middle cerebral artery occlusion in vivo.
Interactions between microglial BAFF and neuronal BAFFR seem
to exert neuroprotective effects in brain ischemia injury and
may represent a promising therapeutic target for patients with
stroke. BAFF released from microglia has been proposed to act
on microglia themselves or B cells infiltrated into the brain to
regulate central nervous system (CNS) inflammation (37). A
previous study by Krumbholz et al. identified astrocytes as a main
cellular source of BAFF in multiple sclerosis plaques, suggesting
that BAFF produced by brain astrocytes may be involved in B-
cell survival under inflammatory conditions (39). BAFF has also
been reported to have a different functional role in experimental
autoimmune encephalomyelitis (EAE); specifically, BAFFR gene-
deficient mice show increased peripheral inflammatory cytokines
and higher disease severity compared with wild-type animals,
suggesting alteration of macrophage activation and immune
responses in the absence of BAFFR (40).

Reverse signaling of BAFF has not been specifically
investigated in microglia or other glial cell types. Nevertheless,
the wide distribution of BAFF and its receptors in various

neural cell types indicates that BAFF/BAFFR signaling may be
important for interglial crosstalk or neuron/glia interactions.

APRIL has been shown to be expressed by astrocytes in areas
of gliosis and by several glioblastoma cell lines (Figure 3) (41).
Under inflammatory conditions, astrocytes act like microglia,
producing pro-inflammatory cytokines, chemokines, and nitric
oxide. Astrocytic expression of APRIL has been shown to be
increased in the brains of patients with multiple sclerosis (41).
Thus, APRIL expressed in reactive astrocytes may participate
in the regulation of neuro-inflammatory responses and gliotic
scar formation in multiple sclerosis and other pathological
conditions. Notably, in this previous study, microglia were
negative for APRIL expression. However, the role of APRIL in
glioblastoma cells is still not clear.

Further evidence of the role of BAFF and APRIL in CNS
inflammation was obtained from a marmoset monkey model
of multiple sclerosis (42). Indeed, administration of antibodies
against either human BAFF or APRIL delayed EAE development
via different mechanisms.

LIGHT

The expression of LIGHT (also known as TNFSF14 or
CD258) has been observed in activated T and B lymphocytes,
monocyte/macrophages, granulocytes, natural killer (NK) cells,
and DCs (43-46). LIGHT can interact with three types
of receptors, ie., herpes virus entry mediator (HVEM),
lymphotoxin f receptor (LTBR), and decoy receptor (DcR3)
(43, 47). HVEM or LTBR mediates LIGHT-induced T-cell
costimulation and/or subsequent cytokine production (48-52),
whereas DcR3, which is a soluble receptor without a TMD, works
as a competitive inhibitor of LIGHT-induced cellular responses
(43, 47, 53). HVEM (also known as TNFRSF14, LIGHTR, or
TR2), which was initially identified as a cellular coreceptor
for herpes simplex virus (HSV) entry (54), has a wide tissue
distribution, including lymphoid tissues, and is expressed on
peripheral blood leukocytes, such as T and B lymphocytes and
monocytes (55, 56). Similar to other members of this receptor
superfamily, HVEM stimulation leads to the activation of
transcription factors, including NF-kB and activator protein (AP-
1) (56). The expression of LTBR has been detected on endothelial,
epithelial, and myeloid cells (57). LTBR functions as a mediator of
cancer-associated inflammation (58, 59), regulator of lymphoid
organ development (60, 61) and homeostatic stimulator of
DC expansion (62, 63). LTpR-mediated signaling induces the
classical NF-«kB pathway via TNF receptor-associated factor 2/5
(TRAF2/5) (64, 65) or the non-canonical NF-kB pathway via
TRAF3 (66, 67). LTBR can also interact with and be stimulated
by LTa1p2, which is expressed on the surface of the cell. Because
HVEM also interacts with the homotrimer of LTa (LTa3) (57,
64), there seems to be extensive crosstalk between LIGHT/HVEM
and LT/LT receptor systems (Figure 1).

The possibility of LIGHT-mediated reverse signaling has
been reported in T cells, in which stimulation of LIGHT has
costimulatory effects; indeed, treatment with anti-LIGHT mAbs
enhances responses induced by T-cell receptor ligation. These
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microglia, astrocytes, oligodendrocytes, and neurons as indicated. In particular, motor neurons have been shown to express LIGHT and LTBR.
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responses include cell proliferation, cytokine production, and
cytotoxic activity via MAPK activation. Although treatment of
mice with DcR3-Fc downregulates graft-vs.-host responses and
ameliorates the rejection of mouse heart allografts, it is not
clear whether these effects are mediated by direct stimulation
of membrane-bound LIGHT or perturbation of LIGHT-induced
activation events (68, 69). Reverse signaling in macrophage
lineage cells was demonstrated when the human macrophage-
like cell line THP-1 was treated with a LIGHT-specific
agonistic mAb. Cells responded by inducing the expression
of pro-inflammatory mediators, such as interleukin (IL)-8 and
matrix metalloproteinase (MMP)-9 while suppressing phagocytic
activity. The signaling pathway initiated by LIGHT is mediated
by the MAPK ERK and by PI3K, leading to activation of the major
inflammatory transcription factor NF-kB (70).

Sequence analysis of the LIGHT ICD indicated a high level
of conservation among different species. However, there were no
similarities with currently known protein motifs (Figure 2).

LIGHT/HVEM/LTBR expression has not been thoroughly
investigated in brain microglia or astrocytes. Instead,
oligodendrocytes have been shown to express HVEM (71),
and motoneurons express LIGHT and LTBR (Figure 3) (72). In
an amyotrophic lateral sclerosis animal model, interferon (IFN)-
y secreted from astrocytes was found to induce LIGHT/LTBR
signaling in motoneurons, thereby stimulating non-cell
autonomous neurotoxic pathways (72). Moreover, researchers
found that astrocyte/neuron crosstalk contributed to the
elimination of motoneurons expressing both LIGHT and LTBR
under pathological conditions. Microglia may also participate in

the non-cell autonomous motoneuron selective death pathways
by communicating with astrocytes or motoneurons. The study
further suggested that IFN-y/LIGHT/LTBR pathways may be
useful therapeutic targets in motoneuron disease.

Although less is known about the glial expression of
LIGHT/HVEM/LTBR, a previous study by Mana et al
investigated the role of LIGHT in CNS inflammation (73).
In the EAE model, LIGHT was found to be involved in
restraining macrophages and microglia, thereby limiting disease
progression and nerve damage. However, further studies are
required to elucidate the cell type-specific roles of LIGHT in
autoimmune CNS inflammation because only conventional
LIGHT-deficient mice have been evaluated.

HVEM expression has been found in oligodendrocytes (71).
This study, however, focused on the role of HVEM as a
receptor for viral entry during HSV-1 infection in a human
oligodendrocytes. They observed the colocalization of HVEM
and nectin-1 with HSV-1 particles, implying that HVEM may be
a major viral receptor functioning in these cells.

GLUCOCORTICOID-INDUCED
TNFR-RELATED PROTEIN (GITR) LIGAND
(GITRL)

GITR (also known as AITR or TNFRSF18) was originally
identified in activated T-lymphocytes, functioning as a regulator
of T-cell receptor-mediated cell death (74). Later, its expression
was detected in regulatory T cells (Tregs), effector T cells,
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macrophages, and microglia (75-79). The ligand of GITR
(GITRL) is mainly expressed in immature and mature DCs,
B cells, endothelial cells, macrophages, and microglia (75, 80,
81). Forward signaling initiated from GITR acts to costimulate
CD25-effector T cells, which respond through proliferation and
cytokine production. This GITRL-induced forward signaling is
mediated TRAFs and NF-kB (82-85). In human macrophage-
like THP-1 cells, ligation of GITR results in the expression
of pro-inflammatory mediators via activation of MAPK and
PI3K (77). The GITRL/GITR system has also been implicated in
various processes, including suppression of CD4TCD25% Tregs,
antiviral and antitumoral responses, leukocyte extravasation, RA
development, and chronic lung inflammation (79, 86-88).

Reverse signaling through GITRL has been the subject of
intense investigations. GITR ™/~ mice show decreased numbers
of leukocytes in inflamed areas (89, 90), and treatment of
experimental animals with GITR-Fc fusion protein ameliorates
the symptoms of autoimmune or chronic inflammatory diseases
(91). These effects may be due to induction of GITRL-mediated
reverse signaling or blockage of GITR signaling (neutralizing
GITRL). Additional studies have indicated that both of these
mechanisms are possible. Some reports have favored the reverse
signaling mechanism. For example, adherence of GITR™/~
murine splenocytes or HL60 human monocytic cells to
endothelial cells was found to be enhanced when the cells were
treated with the GITR-Fc fusion protein. Moreover, stimulation
with GITRL triggers the upregulation of intracellular adhesion
molecule (ICAM)-1 and vascular cell adhesion molecule-1 (80).
In contrast, other reports have favored the neutralizing effect of
the fusion protein. Indeed, analysis of a spinal cord injury model
in GITR™/~ mice indicated that the GITR-Fc fusion protein
failed to alter the disease severity in the knockout mice but
decreased disease severity in wild-type mice (92).

Stimulation of murine primary macrophages or human
macrophage-like THP-1 cells with GITR-Fc fusion protein or
anti-GITRL mAbs induces pro-inflammatory mediators (e.g.,
MMP-9, IL-8, monocyte chemotactic protein-1, TNFa, and
IL-B) and upregulates ICAM-1 expression. GITRL-mediated
activation signals were found to be mediated by ERK and NF-
kB (93). Treatment of murine monocytic cells with recombinant
soluble GITR (rsGITR) in combination with IFN-y results in
synergistic induction of inducible nitric oxide (NO) synthase
(iNOS), cyclooxygenase (COX)-2, and MMP-9. Analysis of the
signaling mechanisms indicated the involvement of tyrosine
phosphorylation and NF-kB (94-96).

Both GITR and GITRL are expressed at the same time in some
cell types, particularly macrophages and microglial cells (75-
77). Clusters of macrophages/microglia can be easily observed in
lesion areas in atherosclerotic plaques, synovium of patients with
RA, and amyloid plaques in Alzheimer’s brain. Activation signals
initiated from both the receptor and ligand, which can occur
within one cell or among adjacent cells, may cause synergistic
pro-inflammatory activation.

GITRL-mediated reverse signaling is also involved in
osteoclastogenesis. When osteoclast precursors are treated with
receptor activator of NF-kB ligand (RANKL) and macrophage
colony-stimulating factor (M-CSF), the expression of both GITR
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FIGURE 4 | Reverse signaling through GITRL in brain microglia. Although both
GITR and GITRL are expressed on microglia, only GITRL participates in the
inflammatory activation of microglia. Upon ligation of GITRL, MAPKs (such as
JNK and p38) and NF-kB are activated, and consequently, the expression of
iINOS, COX-2, CD40, and MMP-9 genes is induced with concurrent NO
production.

and GITRL is induced. Additional treatment with rsGITR
enhances osteoclastogenesis, which is blocked by neutralizing
anti-GITRL antibodies. This effect is related to rsGITR-induced
production of prostaglandin E, via COX-2. Prostaglandin E,
then downregulates the steady-state level of osteoprotegerin
(OPG), which has anti-osteoclastogenic effects (97).

Reverse signaling through GITRL has been well-characterized
in microglia (Figures 3, 4). Hwang et al. first reported the
expression of both GITR and GITRL in brain microglia and
showed that reverse signaling through GITRL in microglia
induces inflammatory activation, as determined by NO
production and pro-inflammatory gene expression, such as
iNOS, MMP-9, COX-2, and CD40 (Figure 4) (75). Furthermore,
they demonstrated that GITRL-mediated microglial activation
is executed by canonical inflammatory signaling, such as
NF-kB and MAPK pathways. These results indicate that the
GITR/GITRL system, particularly GITRL reverse signaling, may
play a regulatory role in microglia-mediated neuroinflammation.

FAS LIGAND (FasL)

Fas (CD95), a type I transmembrane protein with characteristic
cysteine-rich domains, works as a receptor for FasL
(CD95L/CD178) (98, 99). Ligation of Fas induces caspase-
dependent apoptotic cell death through its death domain, which
is found in the ICD (100-103). Constitutive expression of Fas
has been detected in many cell types, although FasL expression
is restricted to CD4™ T helper cells, activated CD8* cells, NK
cells, and macrophages (104). Developmental stage-dependent
expression of Fas during hematopoiesis has also been reported
(105). Alternative splicing of Fas mRNA generates seven
isoforms, which include soluble forms that can serve as DcRs
(106). Activation of T cells leads to upregulation of cell surface
expression of FasL, which then interacts with Fas on the same
or adjacent cells. This interaction triggers apoptotic cell death,
called activation-induced cell death (107). NK cells and CD8"

Frontiers in Immunology | www.frontiersin.org

30

February 2019 | Volume 10 | Article 262


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Leeetal.

TNFSF in Neuroimmune Interface

cytotoxic T lymphocytes use Fas/FasL interaction as one of
the two main pathways that are responsible for their cytotoxic
effector functions (108). Cells in immune-privileged sites and
some tumor cells constitutively express FasL for the suppression
of immune responses against them (109, 110).

In addition to its apoptosis-inducing properties during
tissue injury and organ dysfunction (111-113), Fas also works
as an enhancer of pro-inflammatory responses (114, 115)
though caspase-independent and myeloid differentiation factor
88 (MyD88)-dependent signaling pathways (116-118). MyD88
serves as cross point for the crosstalk between the Fas-mediated
signaling pathway and IL-1R1 and/or TLR4-mediated signaling
pathways (119). Fas also enhances the proliferation of fibroblasts
and T cells (120-122), which are involved in caspase activation
without cell death (123-126). In THP-1 cells, treatment with
anti-Fas mAbs or incubation with FasL-expressing cells results in
pro-inflammatory activation of these cells through activation of
ERK and NF-kB (127). These reports indicate that Fas-mediated
signaling pathways are under complex regulation and provoke
various responses in different cell types.

Unlike other members of the TNFSE FasL has a long
ICD containing around 80 amino acids with a high level of
conservation across different mammalian species. The ICD of Fas
contains two casein kinase I (CKI) binding sites and a proline-
rich region that contains multiple binding sites for the SH3
domain (2). The CKI phosphorylation motif can be found in
five other members of the TNFSF and is required for the FasL-
mediated activation of nuclear factor of activated T cells (NFAT)
and costimulation of T cells (104) (128). Possible interactions of
this ICD with SH3-containing signaling adapters, such as Grb2,
Fyn, and PI3K, have been reported (129, 130). The proline-rich
sequence is also required for the storage of FasL in specialized
secretory vesicles and the translocation of FasL to the plasma
membrane upon activation (131). This intracellular localization
appears to be regulated by the interaction of the proline-rich
region with the SH3-containing adapter protein PSTPIP, which
further interacts with the tyrosine phosphatase PTP-PEST (132).

Reverse signaling initiated from FasL, particularly via its
proline-rich sequence, is involved in costimulation of CD8*
T cells, optimal thymocyte maturation, and antigen-driven
proliferation of mature T cells (133-138). Upon activation,
increasing fractions of FasL have been reported to be localized
in lipid rafts, sphingolipid- and cholesterol-enriched dynamic
membrane microdomains required for some of signaling
and trafficking processes (133, 139). Along with increased
localization in lipid rafts, activated FasL associates with SH3-
containing proteins. The proline-rich domain is required for
phosphorylation of FasL itself and other signaling molecules,
including AKT, ERK, and c-Jun N-terminal kinase (JNK). These
signaling events then activate transcription factors (NFAT and
AP-1) and enhance IFN-y production (1, 128, 133). Interestingly,
FasL with an alteration in the proline-rich region (deletion of
amino acids 45-54) abolishes its costimulation activity without
affecting its death-inducing activity, indicating the separation of
functional domains for different functions (128).

Although various functions of FasL have been well-
documented in T cells, its roles in other cell types have not

been extensively investigated. In breast cancer cell lines,
IFN-y treatment induces the translocation of pre-existing
FasL to the cell membrane, and treatment with Fas-Fc fusion
protein induces apoptotic cell death (140). In the human
macrophage-like cell line THP-1, treatment with either anti-
FasL mAbs or Fas-Fc fusion protein induces the production
of pro-inflammatory mediators (e.g, MMP-9, TNF-a, and
IL-8) and promotes phagocytic activity. This pro-inflammatory
activation is mediated by MAPKs and NF-kB. In addition,
FasL-mediated inflammatory activation is blocked by triggering
of IREM-1 (141).

Fas and FasL are expressed in both microglia and astrocytes
(Figure 3). As recently reviewed by Jha et al., microglia/astrocyte
crosstalk constitutes an important component of neural cell
communication, orchestrating a range of physiological and
pathological processes in the CNS, such as brain development
and neurological dysfunction (142). The bi-directional
communication between microglia and astrocytes is mediated
by either secreted or cell surface proteins. Fas/FasL expressed in
microglia and astrocytes may mediate such crosstalk. Moreover,
a previous study by Badie et al. suggested a role of the Fas/FasL
interaction in microglia/glioma crosstalk (143). The authors
reported that expression of the membrane-bound form of FasL
is increased in the glioma environment and that FasL-expressing
microglia may contribute to the local immunosuppressive
environment of malignant glioma. However, the precise role of
microglia in glioma biology remains unclear.

Fas is expressed at low levels and is upregulated upon TNEF-
a or IFN-y treatment in primary mouse microglia cultures (144,
145). Moreover, Fas is expressed constitutively on astrocytes and
is upregulated by treatment with IL-1, IL-6, or TNF-a. FasL is
expressed on fetal and adult astrocytes and on microglia (144,
145). Thus, glial Fas/FasL may have a role in the induction of
apoptosis in the CNS (144). Interestingly, however, the Fas/FasL
interaction results in different signals in microglia vs. astrocytes.
For example, Fas mediates cell death signaling in microglia, but
transmits an inflammatory signal in astrocytes (145). Wang et al.
have reported that astrocytic FasL mediates the elimination of
autoimmune T cells in the CNS, contributing to recovery from
EAE (146). This regulatory role of FasL expressed in astrocytes
was demonstrated using glial fibrillary acidic protein/Cre FasL
(/1) mice in which the FasL gene was selectively deleted in
astrocytes. In contrast, a study by Okuda et al. showed a tissue
destructive role of FasL in the acute phase of EAE (147). When
neutralizing antibodies against FasL were injected intrathecally,
the disease severity was attenuated, and neuroinflammation and
myelin damage were reduced in the CNS.

TNF-LIKE WEAK INDUCER OF APOPTOSIS
(TWEAK)

As a member of TNFRSE, fibroblast growth factor-inducible 14
(FN14) is expressed in various cell types, including lymphocytes,
macrophages, endothelial cells, fibroblasts, and keratinocytes,
particularly under conditions, such as inflammation and
malignancy. Its ligand, TWEAK, is expressed in lymphocytes,

Frontiers in Immunology | www.frontiersin.org

31

February 2019 | Volume 10 | Article 262


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Leeetal.

TNFSF in Neuroimmune Interface

macrophages, NK cells, renal tubular epithelial cells, and
glomerular mesangial cells (148-150). Interestingly, both
TWEAK and FN14 are widely distributed among many tissue
types after exposure to inflammation (151). As a result, the
TWEAK/EN14 system has been shown to be involved in
inflammation, angiogenesis, cell proliferation, and apoptosis
and in various diseases, including SLE, renal damage, RA,
cancer, and conditions associated with cutaneous inflammation
(152-154). FN14-mediated forward signaling leads to NF-«kB
activation (155, 156).

TWEAK-mediated reverse signaling has not been reported.
However, a naturally occurring fusion protein between
the ICD of TWEAK and the receptor binding domain of
APRIL, called TWE-PRIL (157-159), has been reported.
Analysis of APRIL™/~ mice (which lack APRIL and TWE-
PRIL) demonstrated the involvement of TWE-PRIL reverse
signaling in suppression of sympathetic axon growth and tissue
innervation (160).

TWEAK mRNA expression has been detected in both
microglia and astrocytes (161). FN14 expression has been
reported in astrocytes; however, its expression has not been
detected in brain microglia. The TWEAK/FN14 interaction
has been implicated in CNS inflammation. Proliferation of
FN14-expressing astrocytes is increased upon exposure to
recombinant TWEAK protein. Moreover, TWEAK mRNA
expression is enhanced in spinal cords during EAE, and disease
severity is increased in transgenic mice overexpressing TWEAK.
These results indicate that the TWEAK/Fnl4 interaction in
spinal glia is involved in CNS autoimmune inflammatory
responses and can be targeted for EAE and MS therapy.
Consistent with this, treatment of cultured human astrocytes
with  TWEAK increases ICAM expression and IL-6/IL-8
secretion, inducing reactive astrocyte-like characteristics
(162). TWEAK also induces C-C motif chemokine ligand
2 (CCL2) release from astrocytes and endothelial cells
in culture. Blockade of TWEAK/FN14 signaling inhibits
TWEAK-induced CCL2 production and ameliorates EAE (163).
Furthermore, administration of anti-TWEAK neutralizing
antibodies reduces leukocyte infiltration and disease severity
in EAE animals (164). These results are consistent with the
pro-inflammatory and disease-promoting effects of TWEAK in
CNS inflammation.

CD137L (4-1BBL)

CD137 (4-1BB), originally identified as a T-cell costimulatory
molecule, is expressed in activated T cells, B cells, NK cells,
neutrophils, macrophages, and DCs and functions to promote
their effector functions (165-167). The ligand of CD137
(CD137L, 4-1BBL) was found to be expressed in B cells,
macrophages, and DCs (168, 169). Although CD137- or CD137L-
knockout mice show no severe defects, they have a higher
sensitivity to viral infection (170). Treatment with agonistic
anti-CD137 antibodies or CD137L-Fc fusion protein results in
expansion of tumor-specific T cells and ameliorates experimental

autoimmune encephalomyelitis through modulation of the
balance between Th17 and Tregs (171, 172).

For CDI137L-mediated reverse signaling, most studies have
been conducted using monocytes/macrophages. Stimulation
of peripheral blood monocytes or bone marrow-derived
macrophages with anti-CD137L mAbs or CD137-Fc fusion
protein triggers a robust proliferative response, enhances
cell adhesion, and/or stimulates pro-inflammatory activation
associated with phosphotyrosine-mediated signaling (173, 174).
This proliferation-inducing effect of CD137L has been reported
to be mediated by the AKT/mammalian target of rapamycin
(mTOR) pathway, resulting in reprogramming of glucose
metabolism in a way that supports energy demand and biomass
production. CD137L stimulation increases glucose uptake and
upregulates enzymes involved in glucose transport/lysis and
lactate production. Expression of genes involved in the pentose
phosphate pathway and lipogenesis is also enhanced (175).

Bone marrow macrophages can be differentiated
into osteoclasts by M-CSF and RANKL treatment. This
osteoclastogenic process is inhibited by additional treatment with
immobilized CD137L-Fc fusion protein or recombinant CD137
(176). Various experiments investigating this reverse signaling
pathway have indicated that the signaling pathway is mediated by
MAPKs, AKT, mTOR, PI3K, PKA, C/EBP, and CREB, resulting
in induction of IL-6 and TNF expression (174, 177-179).
Recombinant CD137 treatment also inhibits phagocytosis and
oxidative burst (180). Interestingly, the extracellular domain of
CD137L has been reported to directly interact with TNFR1, and
this interaction appears to be required for CD137L-mediated
reverse signaling. As a consequence, treatment of monocytes
with TNF augments CD137-induced IL-8 expression, and
inhibition of TNFRI using TNFRI1-neutralizing antibodies
results in inhibition of CD137L-mediated responses, such as
cell adhesion, apoptosis, CD14 expression, and IL-8 production
(181). Using a two-hybrid system in a mouse macrophages, a
novel transmembrane protein TMEM126A was found to interact
with CD137L, and knockdown of TMEM126A was shown to
abolish CD137L-mediated induction of tyrosine phosphorylation
and pro-inflammatory cytokines (182). These results suggested
the complex nature of CD137L-mediated reverse signaling.
Further studies are needed to fully elucidate these mechanisms.

CD137L-mediated reverse signaling enhances DC maturation
and potentiates the ability of DCs to stimulate T cells (180,
183). In contrast, a recent report showed that blockade of
CD137L-mediated reverse signaling resulted in promotion of
intratumoral differentiation of IL-12-producing CD103* DCs
and type 1 tumor-associated macrophages, which are required for
the generation of IFN-y-producing CD8™ T cells (184).

Most recently, CD137-CD137L signaling has been implicated
in the hypothalamic interglial crosstalk under obese conditions
(185). Mice fed with high-fat diet (HFD) showed an enhanced
expression of CD137 and CD137L in the brain hypothalamus
(186). Treatment of cultured glial cells with obesity-related
molecules including free fatty acid and glucose promoted the
expression of CD137 in astrocytes and CD137L in microglia,
respectively (186). While forward signaling through CD137
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in astrocytes increased their reactivity, reverse signaling
through CD137L in microglia augmented the secretion of
proinflammatory mediators, such as MCP-1. These recent
findings suggest that CD137-CD137L signaling mediates
microglia-astrocyte crosstalk in hypothalamic inflammatory
responses under obese conditions, and CD137L reverse signaling
in microglia might be a potential therapeutic target for the
suppression of obesity-induced hypothalamic inflammation and
related metabolic diseases.

REVERSE SIGNALING INITIATED FROM
OTHER TNFSF MEMBERS

The list of TNSF members that can induce reverse signaling
is increasing as more studies focus on this aspect of the
TNESE/TNFRSF system. In the case of TNE, its ICD contains a
nuclear localization signal sequence that can be liberated upon
stimulation of the membrane-bound form of TNF (mTNF) with
anti-TNF antibodies. This cleaved 10-kD fragment containing
the ICD and TMD were found to be localized to internal
membranes and nuclear fractions (187). Stimulation of mTNF
with soluble TNFR increases intracellular calcium levels in
RAW264.7 mouse monocytes (188). Additionally, soluble TNFR
treatment causes changes in mTNF phosphorylation status, and
casein kinase, which can phosphorylate the serine residues in
the ICD of mTNE, has been implicated in this reverse signaling
mechanism (188-190).

In monocyte/macrophage lineage cells, stimulation of mTNF
with mAbs or soluble receptors leads to activation of MAPKs,
particularly ERK, and the cells have been shown to be resistant to
subsequent stimulation with LPS (191, 192). Other investigators
have shown that stimulation of mTNF with anti-TNF antibodies
results in internalization of the mTNF/anti-TNF complex into
early endosomes and then lysosomes in macrophages and
DCs (193). In addition, stimulation of synovial macrophages
in RA joints with chimeric anti-TNF mAbs (infliximab) or
soluble TNFR (etanercept) results in the induction of caspase-
independent apoptotic cell death (194-196).

Some members of the TNFSF/TNFRSF show major crosstalk
among ligand/receptor pairs. For example, DcR3, which is the
counterpart of LIGHT, TNF-like ligand 1A (TL1A), and FasL,
contains three conserved cysteine-rich domains characteristic
of a TNFR (47, 197-199). Originally, DcR3 was thought to
neutralize these members of the TNFSF through competition
with their receptors. However, treatment of DCs with DcR3
modulates the differentiation and activation of DCs, which
then directs naive T cells to differentiate into a Th2 phenotype
(200). In addition, monocytes and THP-1 cells respond to
DcR3 treatment with induction of actin reorganization and
enhancement of adhesion. Analysis of this reverse signaling
revealed the involvement of protein kinase C (PKC), PI3K,
focal adhesion kinase, and Src kinases (69). Additionally,
the involvement of DcR3 in osteoclast development was also
reported. When cells of monocyte/macrophage lineage were
treated with DcR3, osteoclastogenesis was induced through
MAPK signaling and TNF-a expression. These responses

enhanced the development of osteoclast phenotypes, such
as polynuclear giant morphology, bone resorption, and
expression of tartrate-resistant acid phosphatase, CD51/61, and
MMP-9 (201).

Of the three counterparts (LIGHT, TL1A, and FasL) of DcR3,
reverse signaling has been reported for LIGHT and FasL, but
not in TL1A. To date, there is no direct evidence supporting
the generation of reverse signaling from TL1A. However, the
expression of full-length TL1A has been shown to be correlated
with the senescence of endothelial cells, and knockdown of TL1A
expression has been shown to reverse the senescence phenotype
(202). In a murine colitis model, cell surface expression levels
of TL1A were found to be related to the suppressive activity
of Tregs in a DR3-dependent manner, suggesting that the
strength of signaling initiated from TL1A closely regulates Treg
activity (203).

0X40 (CD134) is mainly expressed in activated T cells and
acts as a costimulatory molecule for receiving activation and
survival signals (204-206). The ligand of OX40 (OX40L) is
mainly expressed in T and B cells, activated macrophages and
DCs, and endothelial cells (207-209). The OX40/OX40L system
has been implicated in T-cell costimulation, Treg generation, cell
adhesion, and extravasation of T cells (210-214).

When B cells are co-incubated with OX40-expressing
T cells or stimulated with soluble OX40, OX40L-mediated
reverse signaling is induced, and the B cells undergo terminal
differentiation into plasma cells. Because T cells are also activated
through this interaction, the OX40/OX40L interaction appears to
induce bidirectional signaling events (215, 216). A recent analysis
of OX40L expression levels in B cells from patients with allergic
rhinitis indicated that OX40L expression is positively correlated
with allergic markers, such as serum levels of IgE and IL-4 (217).

In freshly isolated human blood DCs, mAb-mediated
crosslinking of OX40L enhances CD40L-mediated expression
of IL-12. In DCs derived from monocytes with IL-4 and
granulocyte-macrophage CSF treatment, ligation of OX40L
enhances the production of pro-inflammatory cytokines (e.g.,
TNF-a, IL-12 p40, IL-1f, and IL-6) and the expression of
DC activation markers (e.g., CD83, CD80, CD86, CD54,
and CD40) (218). Although the signaling pathway has
not been elucidated, these data clearly support the role
of OX40L-mediated reverse signaling in DC activation
and maturation.

As a ligand of CD40, CD40L (CD154, gp39) is expressed in
and activates T cells, B cells, DCs, macrophages, smooth muscle
cells, endothelial cells, and platelets. CD40 expression has been
detected in B cells, monocyte/macrophages, DCs, mast cells,
fibroblasts, and endothelial cells (219-221). The CD40/CD40L
system is important for activation of B cells and subsequent
differentiation of these cells into plasma cells and stimulation
of immunoglobulin class switching. In addition, this system
is also involved in T-cell priming, T cell-mediated effector
functions, macrophage/NK cell/endothelial cell activation,
organ-specific autoimmune diseases, graft rejection, and
atherosclerosis (222-225).

CD40L-mediated reverse signaling has been studied in CD40-
knockout mice, in which defective germinal center development
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and antibody production were restored by soluble CD40
treatment. Additionally, reverse signaling was also found to
be required for acquisition of B-cell activating potential (226).
Although its ICD is only 22 amino acids, this region is highly
conserved across various species and generates signaling through
Lck, Racl, MAPKs, and PKC in T cells (227-229). The presence
of CD40 and CD40L in lipid rafts has also been reported
and could explain the ability of these proteins to generate
signaling (230, 231).

The expression of RANK has been detected mainly in
osteoclasts and their precursors, DCs, and activated T and B
cells. In addition, RANK expression has also been detected in
a wide variety of tissues. The ligand of RANK (RANKL, also
known as TRANCE) has been detected at osteoblasts, T cells,
and stromal cells (232). The interactions between RANK and
RANKL can be regulated by the decoy receptor OPG, which has
affinity for both RANKL and TNF-related apoptosis-inducing
ligand (233, 234). The RANK/RANKL/OPG system is involved in
osteoclast differentiation/activation, bone remodeling, immune
cell function, lymph node development, thermal regulation, and
mammary gland development (235-238).

A few reports have provided evidence of RANKL-mediated
reverse signaling. The expression of both RANK and RANKL
has been detected in B chronic lymphocytic leukemia cells.
Treatment of these cells with RANK-Fc fusion protein, but not
with RANKL-Fc fusion protein, results in potent enhancement
of IL-8 expression (239). Additionally, immobilization of RANK-
Fc fusion protein augments IFN-y secretion by Thl cells in a
p38 MAPK-dependent manner. Addition of RANK-Fc fusion
protein during coculture of Thl cells with antigen-presenting
cells results in suppression of IFN-y expression from Thl
cells, probably by blocking the interaction between RANK and
RANKL (240). Moreover, osteoblasts, which express RANKL,
regulate the differentiation and activation of osteoclasts and
their precursors through the interactions of RANK and RANKL.
Recent reports, however, have shown that reverse signaling
initiated from RANKL is also possible. Soluble RANK treatment
enhances p38-mediated mineralization of osteoblasts, which
is abolished by knockdown of RANKL. When co-incubated
with osteoclasts, osteoblasts respond by increasing p38 MAPK
phosphorylation levels, and this response is blocked by abundant
soluble RANKL (241).

CD30 is expressed in activated T and B cells and is a clinical
marker for Hodgkin’s lymphoma and related malignancies (242,
243). Interestingly, crosslinking of surface CD30 can activate
latent human immunodeficiency virus in T cells (244, 245).
CD30-mediated signaling has costimulatory effects in T and B
cells, and serum levels of soluble CD30 serve as a prognostic
marker of Hodgkin’s disease and acquired immunodeficiency
syndrome (246-248). The ligand of CD30 (CD30L, CD153) is
expressed in activated T cells, B cells, and neutrophils. When
peripheral blood neutrophils were stimulated with CD30L-
specific mAbs or CD30-Fc fusion protein, cells responded by
IL-8 production and oxidative burst. Peripheral blood T cells
also responded to anti-CD3 and anti-CD30L antibody co-
treatment by increasing metabolic activity, proliferation, and
IL-6 production (249). According to a recent report, IgD"

IgM™ B cells express CD30L after activation with CD40L, IL-
4, and specific antigen. Additional treatment with anti-CD30L
antibodies or CD30-Fc fusion protein inhibits CD40-mediated
signaling through TRAF2 and NF-kB, which results in reductions
in class switch DNA recombination and subsequent production
of IgG, IgA, and IgE (250).

The expression of CD27L (the ligand of CD27, CD70) has
been detected in T cells, B cells, and NK cells. CD27 serves as
a T-cell costimulatory molecule that enhances T-cell receptor-
mediated signaling, proliferation, differentiation, and effector
functions. The ligand of CD27 (CD27L, CD70) can be detected in
lymphocytes, NK cells, and subsets of DCs (251-255). There have
been numerous reports on the role of CD27-mediated forward
signaling in the activation of T cells, B cells, and NK cells;
however, few reports have demonstrated the existence of CD27L-
mediated reverse signaling. In a study that explored the immune
surveillance function of NK cells in cancer, B cells expressing
cytoplasmic deletion mutant of CD27 were implanted in a B-cell
acute lymphoblastic leukemia xenotransplant model. Expression
of a truncation mutant in malignant cells increased the number
of tumor-infiltrating IFN-y-producing NK cells. Further analysis
indicated that signaling mediated by CD70 on NK cells was
transduced by AKT signaling and enhanced the survival and
effector function of NK cells (256). In an earlier investigation,
a subset of leukemic B cells was found to express CD27L,
and stimulation with this ligand using specific mAbs resulted
in enhanced cell proliferation. Furthermore, the proliferative
response was synergistically enhanced by CD40 ligation (257).

FUTURE PERSPECTIVES

Although many studies have demonstrated the existence of
reverse signaling initiated from TNESE it is still unclear how
such signals are actually generated. The main reason for this
is the short ICDs of these molecules, which usually lack any
known signaling motifs. One exception is FasL, which contains
several known protein motifs that can interact with multiple
signaling adaptors. Although most members of TNFSF has
short ICDs with lack of known signaling motifs, the high
level conservation of ICD among various mammalian species
and its uniqueness in each members of the TNFSF supports
that these ICDs are involved in signal generation through yet
unidentified mechanism. Bidirectional activation and possible
crosstalk among signaling generated from these molecules are
expected to generate a complex signaling network that regulates
macrophage activity. Further studies are needed to explore this
aspect of macrophage regulation.

Many antibody-based therapeutic approaches target the
ligand part of TNFSF/TNFRSF system and aim for the blocking
of receptor-mediated forward signaling. Some of these agents
were proven to be effective for blocking the interaction between
cognate ligand and receptor and thus the induction of forward
signaling, which manifested in the alleviation of the severity
of target disease(s). However, agents targeting the ligand itself
or mimicking soluble receptor have the risk of activating
membrane-bound form of ligands and, subsequently, generate
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the reverse signaling. These unwanted effects may degrade
the therapeutic potential of the agents and may be able to
explain some of the side effects observed during clinical trials.
Additionally, it is also possible to develop agents that aim for the
blockage of reverse signaling in the future.

Finally, the roles of the TNFSF/TNFRSF in CNS inflammation
are complex and can be pro-inflammatory or anti-inflammatory
depending on the context. Different members of the TNFSF
and their receptors are expressed in distinct types of brain
glial cells and neurons and exert context-dependent effects on
neuroinflammation. Because the expression of these TNEFSF
members is dynamically regulated under a diverse CNS
milieu, their functional roles may be modulated accordingly,
with spatiotemporal regulation of the crosstalk of different
TNEFSF/TNFRSF members. Given the critical role of these
TNESE/TNFRSF members in regulating neuroinflammation,
TNFSF/TNFRSF members and related signaling pathways can
be potential drug targets for the control of neuroinflammation
and the treatment of related diseases in the CNS. However, the
benefits and challenges of such an approach must be weighed
carefully given the multiple cell-cell interactions that might be
affected. Compared with forward signaling of the TNFRSE little
is known about the reverse signaling through the TNFSF. Thus,
further studies are needed to better understand reverse signaling
pathways in brain glial cells and to determine the therapeutic
applications of these pathways in the field of CNS inflammation.
Finally, targeting forward and reverse signaling may have its own
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Microglia are resident macrophages of the central nervous system and significantly
contribute to overall brain function by participating in phagocytosis during development,
homeostasis, and diseased states. Phagocytosis is a highly complex process that
is specialized for the uptake and removal of opsonized and non-opsonized targets,
such as pathogens, apoptotic cells, and cellular debris. While the role of phagocytosis
in mediating classical innate and adaptive immune responses has been known for
decades, it is now appreciated that phagocytosis is also critical throughout early neural
development, homeostasis, and initiating repair mechanisms. As such, modulating
phagocytic processes has provided unexplored avenues with the intent of developing
novel therapeutics that promote repair and regeneration in the CNS. Here, we review the
functional consequences that phagocytosis plays in both the healthy and diseased CNS,
and summarize how phagocytosis contributes to overall pathophysiological mechanisms
involved in brain injury and repair.

Keywords: phagocytosis, microglia, macrophage, neurodegeneration, neuroinflammation

INTRODUCTION

Phagocytosis is the process through which cells recognize, engulf, and digest large particles (>0.5
microns), including, but not limited to, bacteria, apoptotic cells, and cell debris. Phagocytosis
is a receptor-mediated process involving three major steps: “find me,” “eat me,” and “digest
me,” with each of these steps being regulated by multiple receptors, unique molecules, and
signaling pathways. Specific receptors involved in phagocytosis can be either opsonic (i.e., Fc
receptors, complement receptors) or non-opsonic (i.e., C-type lectin receptors, phosphatidylserine
receptors). Following recognition by phagocytic receptors, the plasma membrane extends around
the phagocytic target in an actin-dependent manner, with particles ultimately being enclosed
within a vesicular phagosome. Following formation, this nascent phagosome proceeds through a
series of maturation steps, culminating in fusion with lysosomes (phagolysosome) for the eventual
destruction of the phagocytosed particles. Importantly, following destruction, byproducts must be
effectively dealt with by the phagocytic cell, either through storage, recycling or efflux mechanisms.
The basic cell biology of phagocytosis has been extensively reviewed elsewhere (1).

Adding additional complexity to phagocytosis is the requirement for specific outcomes in the
context of different phagocytic targets. For example, while recognition and phagocytosis of bacteria
requires rapid induction of proinflammatory responses, a similar reaction to apoptotic cells induces
detrimental autoinflammation (2). As such, specific immune responses to phagocytic targets are
tailored to by a variety of context-dependent signals, including the engagement of phagocytic
receptors that utilize distinct inflammatory signaling pathways (pro vs. anti-inflammatory) and
microenvironment-derived signals that promote quiescence or inflammation (3, 4).
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Phagocytosis in the CNS

Within the CNS, phagocytosis is a critical process required for
proper neural circuit development and maintaining homeostasis.
To assist in maintaining homeostasis in the CNS, synapses,
apoptotic cells, and debris must be continuously removed
to maintain optimal neural function. While phagocytosis is
primarily attributed to microglia (the professional phagocytes
in the CNS), non-professional phagocytes (e.g., astrocytes or
oligodendrocytes) may also participate (5). Arising from discrete
pathologies, specific phagocytic targets, such as insoluble protein
aggregates or myelin debris add further burden to the phagocytic
machinery within the CNS. It has been hypothesized that failures
during phagocytic processes may actually promote inflammation
and/or neurodegenerative processes. Herein, we review how
phagocytosis contributes to both the maintenance of homeostasis
and disease within the CNS (Figure 1).

PHAGOCYTOSIS IN CNS DEVELOPMENT
AND HOMEOSTASIS

Synapse Elimination

Within the developing CNS, phagocytosis is necessary for the
refinement of synaptic connectivity, as the developing CNS
overproduces both neurons and synapses (6). Furthermore,
the removal of unwanted synapses refines neural networks,
thus contributing to learning and memory (7). Microglia are
important cells that execute the pruning of synaptic connections,
utilizing immune signaling pathways, such as the complement
pathway, although other signaling pathways also contribute
(8). Microglia continuously survey the brain’s parenchyma (9)
and make frequent physical contacts with synapses that are
mediated in part by sensing neuronal activity via nucleotides,
such as ATP or ADP, and suggest that nucleotides may act as
“find me” signals that guide microglial processes toward active
synapses (10, 11). Studies investigating synapse pruning have
relied extensively on the developing visual system, which is a
well-defined sensory system that allows for easy manipulation.
Modulation of neuronal activity within the visual system
using visual deprivation (to reduce the frequency of action
potentials) has demonstrated that neuronal activity is essential
for synaptic pruning by microglia (12). Consistent with the
role of nucleotides serving as a “find me” signal within the
CNS, mice lacking the ADP receptor P2Y12, or pharmacological
blockade of P2Y12 signaling, result in impaired synapse
pruning within the developing visual cortex (13). Additionally,
CX3CR1 knockout mice demonstrate increased hippocampal
spine density during development (14), suggesting CX3CL1
may also act as a “find me” signal regulating synapse pruning.
However, CX3CL1 is dispensable for synapse pruning within
the developing visual system (15). In regards to recognition
and engulfment of synapses, the classical complement system
has been extensively studied. Briefly, the classical complement
system functions via tagging of targets with C1q, which catalyzes
the production of C3 convertase. C3 convertase subsequently
cleaves C3 producing both C3a (a pro-inflammatory mediator)
and C3b, an opsonin that triggers phagocytosis via complement
receptors on phagocytes. Early reports demonstrated that the

classical complement components Clq and C3 tag synapses
for phagocytosis and are required for proper refinement of the
developing lateral geniculate (16). Additional reports observed
that microglial complement receptor 3 (CR3) is required for
the clearance of complement tagged synapses (17). Highlighting
the relevance of complement in synapse pruning during
development, mice lacking Clq exhibit spontaneous seizure
activity as a result of impaired synapse removal (18). The
importance of Clq in tagging synapse (19) for elimination
is supported by the finding of local apoptotic mechanisms
within presynaptic elements that results in Clq accumulation
(20). Recent work leveraging the power of correlative light and
electron microscopy (CLEM) and live-cell imaging demonstrated
that microglia frequently contact synapses within the healthy
brain and can be seen engulfing presynaptic, but not post-
synaptic, elements via a specialized form of phagocytosis
termed trogocytosis, which results in the partial removal of cell
constituents (21). While supporting the notion that microglia
remove synaptic elements, this study fails to demonstrate that
microglia actively phagocytose entire synapses, and further, the
authors observed no role for the receptor CR3 in this process.
In addition to the classical complement system, both TREM2
and CD47-SIRPa signaling contribute to synapse pruning by
microglia (22, 23), although these pathways have been less
extensively studied.

In addition to microglia, astrocytes also participate in refining
synaptic connectivity (24, 25). It was initially reported that
astrocytes participate in the phagocytosis of synapses utilizing
the receptors MerTK and MEGF10, whereby astrocyte-specific
deletion of these receptors results in a failure to refine synapses
in the developing visual system (26). Furthermore, the ability
of human astrocytes to phagocytose synapses in dissociated
cultures and cerebral organoids has been demonstrated (27, 28),
suggesting astrocytes actively prune synapses in the human CNS.
Additionally, the Alzheimer-associated gene ApoE regulates the
phagocytic capacity of astrocytes and Clq accumulation on
synapses during aging (29). It has also been reported that sleep
deprivation causes increased synaptic pruning by astrocytes,
likely mediated by MerTK (30).

Removal of Apoptotic Cells

Apoptotic cells are constantly generated and phagocytosed
throughout the nervous system during both development
and homeostasis. Within the subgranular zone (SGZ) and
subventricular zone (SVZ), the major regions containing neural
progenitor cells (NPCs), microglia are required to constantly
phagocytose apoptotic NPCs throughout the lifespan of the
organism. Despite the majority of newborn cells in neurogenic
niches undergoing apoptosis, identification of apoptotic cells
is difficult due to their rapid clearance by microglia. During
inflammatory insult, increased apoptosis of NPCs is coupled
to increased phagocytosis by SGZ microglia, suggesting that
microglia continue to remove apoptotic progenitors regardless
of inflammatory status (31). Mechanistically, the phagocytosis of
apoptotic NPCs appears to depend on the TAM family receptors
MerTK and AXL, as evidenced by a buildup of apoptotic within
the SVZ when these receptors are genetically deleted (32).
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FIGURE 1 | Microglial Phagocytosis in the CNS. During development, microglial phagocytosis is essential for the refinement of excessive synapses, as well as the
removal of apoptotic neurons and oligodendrocytes that are overproduced during development. Homeostatic microglia in the adult brain constantly survey the brain’s
parenchyma, contributing to synaptic plasticity and phagocytosing apoptotic progenitor cells. With advanced age, microglia undergo senescence, display impaired
debris clearance, and excessively prune synapses. In diseases, such as Alzheimer’s or multiple sclerosis, microglia act as key contributors to pathology, which is
partially mediated by phagocytosis of substrates, such as amyloid-g or myelin debris (made in ©BioRender - biorender.com).
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TABLE 1 | Current evidence of phagocytosis alterations resulting from variants in disease-associated genes expressed in microglia.

Gene Associated diseases Models Alterations to phagocytosis References
TREM2 Primary microglia from Decreased phagocytosis of A relative to WT (52)
Alzheimer’s disease (48, 49) TREM2—/~ mice microglia
Frontotemporal dementia (50) . .
Parkinson’s disease (50) Reduced upﬁake of AB—Ilpoproter/ Eomplexes (53)
Nasu-Hakola disease (51) compared with WT and TREM2
Reduced uptake of E. coli particles compared with (54)
WT controls
Human monocyte-derived Reduced uptake of AB-lipoprotein complexes (53)
macrophages from compared with non-carriers
heterozygous carriers of the
TREM2 R62H
AD-associated variant
shRNA knockdown of Reduced uptake of apoptotic neuronal membranes (36)
TREM2 expression in vs. control shRNA treated cells
primary mouse microglia
Immunohistochemical Decreased levels of AB within microglial (55, 56)
analysis of phagosomes vs. WT. Haplodeficient TREM2t/~
5XFAD/TREM2~/~ mice mice showed no significant reductions in A uptake
Increased A load in hippocampus of TREM2 (52)
knockout mice
Immunohistochemical Decreased AB load in hippocampus of TREM2 (57)
analysis of knockout mice vs. WT at 2 months
APPPS1-21/TREM2~/~
mice
Decreased AB load in hippocampus of TREM2 (58)
knockout mice vs. WT at 4 months
Increased A load in hippocampus of TREM2
knockout mice vs. WT at 8 months
Immunohistochemical No difference in AB plaque load between WT and (59)
analysis of TREM2*/~ mice at 3 or 7 months old
APPPS1-21/TREM2H/~
mice
iPSC-derived microglia-like Decreased uptake of apoptotic neurons by TREM2 (60)
cells from carriers of TREM2 variant cells than by controls
T66M and W50C variants
Non-phagocytic CHO cells TREM2-CHO cells were capable of phagocytosing 61)
transfected with TREM2 apoptotic neuronal cells
CD33 Alzheimer’s disease (62, 63) Primary microglia from Increased uptake of AB compared with WT microglia (64)
CD33~/~ mice
CD33 overexpression in Decreased uptake of AB compared with control BV2 (64)
BV2 mouse microglial cell cells
line
Frontal cortex samples from Decreased formic acid-soluble AB42 levels in (64)
carriers of protective minor carriers of rs3865444 minor (T) allele than in major
allele SNP rs3865444 allele carriers
TM2D3 Alzheimer’s disease (65) CRISPR-Cas9 knockout in Decreased uptake of A and synaptosomes (66)
primary human compared with WT
macrophages and U937
human myeloid cell line
PU.1 Alzheimer’s disease (67) siRNA knockdown of PU.1 Reduced phagocytosis of AB compared with (68)
in adult human microglia controls
a-Synuclein Parkinson’s disease (69) Human iPSC-derived Increased release of a-synuclein and reduced (70)
macrophages from PD phagocytosis capability compared with controls
patients carrying SNCA
triplication mutations
(Continued)
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TABLE 1 | Continued

Gene Associated diseases Models Alterations to phagocytosis References
Progranulin Frontotemporal dementia Microglia specific Decreased microglial phagocytosis of fluorescent (75)
(71, 72), Alzheimer's disease progranulin knockout in AD beads in acute brain slices and increased

(73, 74) mice hippocampal Ap plaque-load vs. WT progranulin AD
(Grflox/1oX/PDAPPg, 1 mice
J20)
DAP12 Nasu-Hakola disease (51) Primary mouse microglia Mutant DAP12 microglia phagocytosed less (36)
transfected with mutant apoptotic neuronal material than control cells
DAP12 (lack ITAM signaling
motif)
Bone marrow-derived Reduced phagocytosis of bacteria (76)
macrophages from
DAP12~/~ mice
LRRK2 Parkinson’s disease (77, 78) Microglia and BMDMs from Reduced uptake of latex beads and E. coli (79)
Lrrk2~/~ mice bioparticles by primary microglia and BMDMs from
knockout mice vs. WT.
Decreased uptake of beads after injection into
midbrain in Lirk2~/~ mice compared with controls
MerTK Multiple sclerosis (80, 81) in vitro human microglia and Pharmacological blockade of MerTK inhibits myelin (82)
macrophages phagocytosis in vitro
MS patient macrophages display reduced (83)

expression of MerTK

Interestingly, NPCs may also participate in the phagocytosis of
neighboring apoptotic cells and may be required for efficient
neurogenesis (33). Apoptotic neurons and oligodendrocytes
are also generated throughout development, and phagocytosis
is required to clear these cells (34-36). The phagocytosis of
apoptotic neurons depends on receptors including TREM2,
CD11b, BAIl and TIM-4, as well as the v-ATPase transporter
that is required for the degradation of apoptotic corpses (36-39).
Importantly, recent work has identified a novel microglia subset
associated with developmental white matter that is specialized
for the phagocytosis and removal of apoptotic oligodendrocytes
(40). Thus, it appears that microglia may acquire distinct
phenotypes that are required for region-specific phagocytic
functions which may not be extrapolated from one region
to another.

Phagocytosis During Aging

Within the aging CNS, there is abundant synapse loss and myelin
degeneration which is believed to contribute to age-related
cognitive decline (41, 42). Microglia- and complement-
mediated synapse elimination has been suggested to underlie
excessive synapse elimination during normal aging. Increases
in complement protein C1q are observed throughout the aged
brain, and knockout of Clq prevents age-related cognitive
decline, suggesting that excessive synapse pruning during
aging potentiates cognitive decline (19). Genetic deletion
of the complement component C3 reduces synapse loss
and cognitive decline in aged mice, further implicating
excessive complement-dependent synapse elimination as
a key contributor to age-related cognitive impairment
(43). In regards to myelin degeneration, ultrastructural
analysis and in vivo imaging has demonstrated that large

amounts of myelin debris are generated during normal
aging, and this debris is continuously phagocytosed by
microglia (44, 45). With advanced age, clearance of myelin
debris becomes impaired, resulting in insoluble intracellular
aggregates (lipofuscin granules) within microglia and microglial
senescence (46). This microglial dysfunction is exacerbated
by increased production of myelin debris or impairment
of lysosomal processing; indicating pathways downstream
of engulfment are essential to effectively deal with myelin
debris in the healthy CNS. While microglial phagocytosis
appears to be an important contributor to the aging brain,
further investigations are needed to confirm and expand on
these findings.

PHAGOCYTOSIS IN DISEASE STATES

As we begin to understand the
in the development and homeostasis
has become increasingly evident that changes in the
key functions of these highly active cells can exert
significant effects on the progression of multiple CNS

diseases (47) (Table 1).

roles of microglia
of the CNS, it

Acute Injury

The cellular response to acute CNS injury, such as traumatic
brain injury (TBI), spinal cord injury (SCI), and stroke is
multiphasic and has been studied in a range of models.
The initial phase involves rapid activation of CNS-resident
microglia (9, 84, 85) resulting in pro-inflammatory cytokine
release and recruitment of peripheral immune cells,
including neutrophils, monocytes, and monocyte-derived
macrophages (MDMs), to the lesion site (86, 87). This
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early response by microglia limits the spread of the lesion
(85, 88, 89) but also generates inflammatory cytokines and
reactive oxygen species (ROS), which may be detrimental
to recovery and contribute to secondary injury if not
resolved (90).

Phagocytosis, initially performed by microglia and
subsequently by recruited MDMs, acts to restore homeostasis
and minimize chronic activation (91). Phagocytosis of apoptotic
cells prevents the release of cytotoxic and immunogenic
intracellular contents (92, 93) and the removal of damaged
myelin has been shown to be important for axon regeneration
and remyelination (94-96). Additionally, live neurons may
be phagocytosed by microglia during injury (97), inducing
a form of cell death termed phagoptosis, which contributes
to neuronal cell death during pathological states (98, 99).
Importantly, the presence of “don’t eat me” signals, primarily
CD47-SIRPa or CD200-CD200L signaling, from neurons to
microglia suppresses aberrant phagocytosis and 1is critical
for maintaining microglia in a quiescent state [reviewed in
(100)].

Recruited MDMs play an important role in post-injury
clearance. In a model of cerebral ischemia in mice, MDMs,
once localized to the site of injury, have been shown to have
a higher phagocytic capacity than microglia (101). However, as
demonstrated in a SCI model, recruited MDMs are less capable
of processing phagocytic material intracellularly and are also
more susceptible to apoptotic and necrotic cell death (102).
Therefore, although peripherally-derived MDMs take up more
debris post-injury, the inefficient processing of phagocytosed
material results in cell stress, which ultimately contributes to the
inflammatory milieu.

Whether the activity of infiltrating MDMs following CNS
injury is beneficial for repair or a detrimental contributor
to inflammation is still disputed (103-106). Following
disease onset in models of stroke and SCI, infiltrating
MDMs have been found to alter microglial gene expression,
downregulating both beneficial (phagocytosis) and neurotoxic
(pro-inflammatory) functions (102, 107, 108). Indeed, blockade
of MDM infiltration or MDM ablation has been shown
to be beneficial in SCI (109-111) and TBI (112, 113).
Conversely, other models suggest that preventing the
infiltration and functioning of certain MDMs populations
in CNS injury results in worsened outcomes (107, 114-116).
Contradictory data may be due to inconsistent spatial and
temporal assessment of inflammation, phagocytic activity and
outcomes in the various models (117) as well as difficulties
in differentiating CNS-resident from infiltrating myeloid
cells. The use of double transgenic models, such as the
Cx3cr19FP/+Cer2®P/+ mouse, enable improved
distinction between phagocytosis performed by resident
microglia and infiltrating monocytes, as used to differentiate
these myeloid cell types in studies of stroke (118, 119), SCI (105)
and inflammation (120).

would

Multiple Sclerosis
Destruction of myelin sheaths within the CNS, as occurs in
multiple sclerosis (MS), produces degenerating myelin at sites

of injury and inflammation. This degenerating myelin, termed
myelin debris, must be cleared from sites of injury to promote
timely repair. CNS (but not PNS) myelin acts as a potent
inhibitor of oligodendrocyte differentiation (121), and the
introduction of exogenous myelin into demyelinated lesions
halts oligodendrocyte differentiation at the pre-myelinating
stage (122). The removal of myelin debris within MS lesions and
experimental animal models, such as experimental autoimmune
encephalomyelitis (EAE) or cuprizone-induced demyelination,
is primarily mediated by microglia and macrophages.
Resident microglia and peripheral macrophages are capable
of phagocytosing and degrading large quantities of myelin
as highlighted by rapid clearance of myelin debris in animal
models, although myelin debris can persist in MS patient lesions
(123). Microglia and macrophages differ in their ability to
uptake myelin. Specifically, resident microglia demonstrate a
greater ability to engulf myelin then peripheral macrophages
(124-126), and are more resistant to apoptosis following myelin
phagocytosis (102), indicating microglia are more efficient at
both engulfing and degrading myelin debris. The mechanism
underlying this difference is unknown, although both ontogeny
and exposure to the CNS microenvironment likely contribute.
For example, astrocyte-conditioned media has been shown to
promote myelin phagocytosis by macrophages and microglia
in vitro (127, 128), suggesting the CNS microenvironment
programs myeloid cells for efficient myelin phagocytosis. The
phenotype of myeloid cells (pro-inflammatory vs. reparative)
also has a large influence on the phagocytic ability of myeloid
cells, as inflammatory myeloid cells (e.g., LPS stimulated) display
reduced myelin phagocytosis in comparison to reparative,
anti-inflammatory myeloid cells (e.g., IL-4 stimulated) (126).
Early investigations into myelin phagocytosis examined
the effects of opsonization, demonstrating that both
immunoglobulins and complement proteins promote the
phagocytosis of myelin, and blocking Fc or complement
receptors reduced myelin phagocytosis in vitro (125, 129, 130).
In addition, evidence from MS lesions suggests that Fc receptors
and complement play active roles in myelin phagocytosis
(131). Interestingly, myelin debris is capable of activating
complement in the absence of myelin reactive antibodies (132).
Furthermore, myelin phagocytosis in vitro relies on scavenger
and C-type lectin receptors for recognition and internalization
of myelin debris (125, 133). More recently, the TAM family
receptors MerTK and AXL, which bind phosphatidylserine via
the bridging molecules Protein S and Gas6, respectively, have
been identified as essential regulators of myelin phagocytosis.
Within the EAE animal model, deletion of AXL results in
increased clinical severity and impaired myelin clearance, while
delivery of exogenous Gas6 is protective (134). Loss of AXL/Gas6
during cuprizone-induced demyelination results in increased
neuroinflammation and impaired remyelination, indicating
that signaling via the apoptotic cell receptor AXL is required to
promote the resolution of inflammation following demyelination
(135). Studies utilizing human macrophages and microglia
have demonstrated that MerTK is an essential phagocytic
receptor for myelin, expression of MerTK correlates with myelin
phagocytosis in vitro, and MerTK levels are reduced within MS
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patient macrophages (82, 83). Polymorphisms within the MerTK
gene are associated with MS susceptibility, suggesting MerTK
plays an important role in the development of MS (80, 81).
Finally, TREM2 has also been implicated in myelin phagocytosis.
TREM2 binds myelin lipids directly to facilitate internalization,
and studies using the EAE animal model observed that blockade
of TREM2 increases EAE severity, while TREM2 overexpression
is protective, in part mediated by effects on clearance of myelin
debris (136-138). Moreover, TREM2 KO mice display faulty
myelin debris clearance and remyelination in the cuprizone
model of toxic demyelination, with TREM2 knockout microglia
failing to upregulation genes associated with phagocytosis and
lipid metabolism (138, 139).

In addition to myeloid cells, astrocytes have been observed
to engulf myelin debris. Within MS lesions, hypertrophic
astrocytes contain myelin inclusions (140), and astrocytes
have been demonstrated to uptake myelin debris in vitro
(141). Transcriptomic analysis of astrocytes reveals expression
of several complete phagocytic pathways and apoptotic cell
receptors, such as MerTK, AXL and LRP1 (142). This is
supported by the description of neurotoxic “Al” astrocytes,
which downregulate phagocytic receptors including MerTK and
show impaired myelin phagocytosis in vitro (143). Astrocytes
phagocytose myelin at quantities several-fold lower than myeloid
cells (144), questioning the functional significance of astrocyte-
mediated myelin phagocytosis in vivo. Recently, phagocytosis of
myelin by astrocytes has been shown to induce the expression of
multiple chemokines both in vitro and in vivo (145), suggesting
that astrocytes sense myelin debris and respond by recruiting
professional phagocytes to sites of injury. These results are in line
with the demonstration that astrocyte ablation impairs myeloid
cell recruitment and phagocytosis in the cuprizone model, partly
due to lack of CXCL10 expression (146).

Alzheimer’s Disease and CNS
Phagocytosis During Aging

Alzheimer’s disease (AD) is characterized by the accumulation of
extracellular plaques of toxic amyloid-beta (AB) and intracellular
neurofibrillary tangles. The amyloid cascade hypothesis posits
that an imbalance between the production and the clearance
of AP initiates the pathological cascade of synapse loss, neuron
death, and brain atrophy found in AD (147). The contribution
of microglia to AD pathogenesis is becoming increasingly
recognized as genome wide association studies (GWAS) and
transcriptomic analyses highlight links between microglial genes
and AD risk, as well as between microglial signaling pathways and
disease progression (47).

In the case of the more common, late onset AD (LOAD), it
has been argued that impairment in the clearance of AP has a
greater impact on disease progression than its overproduction
(148). As the primary resident phagocytes of the CNS, microglia
play an important role in preventing the accumulation of this
toxic protein through both phagocytosis and the production
of degrading intra- and extracellular enzymes (149). In vitro,
AP initiates cell stress responses, synapse loss, mitochondrial
dysfunction, and neuronal apoptosis. In the early stages of AD,

microglial function is neuroprotective, acting to clear apoptotic
cells and pathological protein aggregates (150) as well as forming
a barrier around plaques to restrict their growth and diffusion
of synaptotoxic AP oligomers (151, 152). However, long term
exposure to AP induces chronic microglial activation-associated
dysfunction known as reactive microgliosis (153), in which
phenotypic changes result in the adoption of a continuous pro-
inflammatory status and compromised phagocytosis (154-156).

It is important to note that many in vitro and in vivo
phagocytosis assays rely heavily on determining the uptake,
but not measuring the subsequent degradation, of pathogenic
proteins. In order to prevent intracellular accumulation of A,
it must be appropriately degraded and cleared through the
endosome-lysosomal pathway (157, 158). The uptake of fibrillar
and soluble AP has been reported in multiple models of microglia
in vitro and in vivo, however, whether complete degradation of
this protein, in particular the fibrillar (f) form, occurs remains
disputed. Following in vitro culture of control microglia with fAf,
phagosomes have been found to contain incompletely degraded
AB for up to 20 days (159-161). It has been reported that
acidification of microglial lysosomes, for example by treatment
with MCSE, can improve the efficiency of intracellular fAf
breakdown (162, 163).

The presence of complement activation in AD pathology
has been observed for several decades (164, 165) however, it is
only recently that genetic analyses have identified complement
components as playing a role in AD pathogenesis (166-169). As
discussed previously, complement-mediated pruning of synapses
is a key microglial function during development and, whilst
complement factors aid plaque clearance (170, 171), phagocytosis
of synapses appears to become dysregulated during AD. Synapse
loss has been identified early on in AD and correlates strongly
with cognitive decline (172, 173). Inhibition or knockout of
the complement components Clg, C3, and CR3, required for
microglial synapse refinement during development, reduced the
synapse loss found in mouse AD models (174-176).

GWAS studies have identified the rare variant R47H in the
gene encoding the phagocytic receptor TREM?2 as a risk factor
for the development of LOAD (48, 49). TREM2 expression is
necessary for the phagocytosis of a range of particles (36, 53, 54);
TREM2 knockout microglia are less efficient at phagocytosing A
than WT microglia (53, 55) and mutations in TREM2 affect the
detection of damage-associated lipids by microglia (56), which
may explain their reduced ability to take up apoptotic cells (60,
61, 177). It has recently been suggested that TREM2 drives the
expression of the scavenger receptor CD36, via the upregulation
of C/EBPa (52), augmenting phagocytosis. TREM2 knockout
AD models have produced contrasting results regarding amyloid
burden (56-59), however it can be argued that this is an indirect
measure of microglial phagocytosis of A, as amyloid burden can
be altered by other reported TREM2-mediated effects including
microglial migration and plaque barrier formation (55, 178, 179).

The ApolipoproteinE-e4 allele is the greatest genetic risk
factor for the development of LOAD (180). APOE has been
found to be an endogenous TREM2 ligand (53, 181), suggesting
an interaction between the two most significant AD genetic
risk factors on the surface of microglia. APOE binds to both
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AP (181, 182) and apoptotic cells (181) and therefore may
facilitate the detection and phagocytosis of AB and apoptotic cells
by TREM2-expressing microglia. The TREM2-APOE signaling
pathway has been reported to suppress the homeostatic signature
of microglia in several CNS disease models, inducing a shift to
a neurodegenerative phenotype (183). Therefore, this signaling
axis may exert effects on both beneficial and detrimental
microglial functions.

Single-cell RNA-sequencing has identified a new subset of
highly phagocytic, AD-associated microglia (DAM) surrounding
the plaques in an AD mouse model (184). Interestingly, this
subset of microglia was also found in models of aging and
ALS so may represent a generalized response to age-related
neurodegeneration, or loss of homeostasis, rather than to a
specific disease-associated protein. Whether this adoption of a
highly phagocytic phenotype is beneficial or deleterious for AD
progression has not yet been established.

It has been argued that aging and the expression of genetic
risk factors, either independently or in combination, limit the
ability of microglia to prevent or slow the pathogenesis of
neurodegenerative diseases (185). Age is the single biggest
risk factor for the development of LOAD and the recent
identification of a unique phenotype of aged human microglia,
in which susceptibility genes for both AD and MS were found
to be enriched (186), suggests that age could significantly
impact microglial function. In the aged brain, microglia exhibit
marked changes in their morphology and activity; compared
to young cells there is an increase in soma size, a loss of the
characteristic tiled tissue distribution, and shorter, less dynamic
processes (187-189). Primary mouse microglia demonstrate
age-dependent, substrate-specific decreases in phagocytosis of
fibrillary AP (190) and a-synuclein oligomers (191). Age-
related phagocytic activation of microglia, which correlated with
cognitive impairment, was reported in aged rhesus monkey
brain (192). In this study, immunohistochemical analysis of
white matter regions indicated that with age, increasing numbers
of microglia simultaneously expressed galectin-3, a phagocytic
marker, and HLA-DR MHC II, a marker of microglial activation.
However, in another study, the presence of large, heterogeneous
intracellular inclusions suggested that increased uptake, but
inefficient lysosomal digestion, of particles may be associated
with aged microglia (193). Poor A protein degradation is also
found in aged mouse microglia (188, 194). Therefore, age-
related changes may increase the susceptibility to abnormally
folded proteins and accumulating debris, resulting in a loss of
homeostasis and the persistence of cytotoxic conditions.

Other Neurodegenerative Diseases

Microglial phagocytosis has been implicated in a range of other
neurodegenerative diseases (195), in particular proteopathic
diseases in which the balance of protein production, clearance
and degradation becomes dysregulated. In prion disease, the
pathogenic form of prion protein (PrPsc) is not taken up by
microglia (196), and alters the uptake of other particles (197),
resulting in the accumulation of pathology. Multiple studies have
demonstrated the ability of a-synuclein (a-SYN), the pathogenic
protein found in Lewy bodies in Parkinson’s disease (PD), to

alter microglial phagocytosis, although this is conformation
and expression-level dependent (198). Mutations in LRRK2 are
the most commonly found variants in familial PD and recent
work has demonstrated that LRRK2 influences myeloid cell
phagocytosis via interactions with the actin remodeling protein
WAVE2 (79). LRRK2 deficiency in mouse microglia attenuated
phagocytosis of beads, whereas expression of PD-associated
LRRK2-G2019S augmented phagocytosis in mouse microglia
and patient-derived macrophages, which may result in neuronal
damage due to overactive phagocytosis during disease (79).

The TREM2 R47H variant associated with AD has also been
found to be a risk factor for PD and frontotemporal dementia
(FTD), suggesting a common role for TREM2 dysfunction in
multiple neurodegenerative diseases (50). Nasu-Hakola disease
(NHD) is a progressive, presenile dementia in which phagocytic
alterations are a primary cause of pathology. Rare but lethal,
NHD is caused by a loss of function of TREM2 or its signaling
partner DAP12 (51). Significant demyelination is found in
patient brains (199) and in mouse models (200, 201), however
signs of AB and tau pathology are limited, despite the role of
TREM2 in AD (202). Overactive microglial phagocytosis is also
a driver of the pathology found in FTID; loss of expression of
functional progranulin results in increased C1q production and
complement-mediated synapse loss during aging (203).

MODELING PHAGOCYTOSIS IN THE CNS

CNS phagocytosis can be modeled and studied using a range of
in vitro and in vivo techniques. Flow cytometry and microscopy
are frequently and easily utilized to assess the uptake by cell
lines or primary cells in vitro of fluorescently-labeled synthetic
or physiological particles, including latex, AB, myelin, zymosan,
and dextran (204). Flow cytometry allows the rapid assessment of
large numbers of cells, whereas microscopy provides additional
information on the motility and morphology of the cells as they
perform this actin-associated function. Time-lapse microscopy
allows the monitoring of the clearance or, in the case of some
pathogenic proteins, the persistence of phagocytosed material
within the cells. The ability to fluorescently label a range
of particles enables disease- or context-specific analysis of
phagocytosis, however, in order to ensure the identity of the
phagocytic cell, these experiments are frequently performed in
monoculture. Monocultures of primary cells are valuable for
understanding the morphological changes and cellular pathways
of specific substrate uptake during phagocytosis but do not
provide information on the interactions between different cell
types during this process. It has also been shown that the isolation
and culture of microglia rapidly alters their transcriptomic
signature (205), so in vitro assays may not accurately recapitulate
CNS phagocytosis.

In vivo, phagocytosis can be inferred in tissue by the
expression of phagocytic markers, such as CD206 and CD68, or
live cell imaging either transcranially or organotypic cultures.
Using acutely prepared and organotypic slices, microglial
phagocytosis of apoptotic neurons has been observed (206,
207). These techniques preserve the structure and physiological
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conditions within the tissue, and, when combined with
fluorescent labels, such as lectin, and two-photon or confocal
time lapse imaging, allow the study of interactions between
different cell types (208). Transgenic mouse lines in which
enhanced green fluorescent protein (EGFP) is expressed under
the control of myeloid cell-specific gene promoters, including
CX3CR1 (209), Ibal (210), and Cfslr (211), allow live fluorescent
imaging of microglial migration and phagocytosis (12).

Species-specific differences between mouse and human cells
have been found with respect to phagocytosis (212) so, in
the case of investigating human diseases, human studies are
necessary. Primary human microglia can be obtained from
fetal or post-mortem samples, however these resources can be
difficult to obtain particularly within acceptable post-mortem
delay conditions. The recent development of methods for the
generation of induced pluripotent stem cell-derived microglia-
like cells (iMGLs) allow the study of human microglia function
in vitro (70, 213-215). Mimicking scarce primary human
microglia, iMGLs are capable of phagocytosing synaptosomes,
as found during development, and also disease-associated Af
and tau (213). This model system is valuable for investigating
interactions between genetic risk factors and pathogenesis,
as recently demonstrated by iMGLs carrying patient-derived
TREM2 variants phagocytosing less apoptotic cell material
than controls (60), whilst avoiding the caveats associated with
mouse models of human disease. It should be noted that these
cells have never been exposed to cues arising from the CNS
microenvironment, which may alter the differentiation and
function of the iMGLs.

Until recently, markers for
from monocytes were lacking,
determine whether phagocytosis
by CNS resident microglia
cells. The discovery of microglia-specific proteins,
such as TMEMI119 (216), will allow more accurate
investigations of the microglial-specific  contributions

distinguishing microglia
making it difficult to
was being performed
or infiltrating myeloid
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A Corrigendum on

Phagocytosis in the Brain: Homeostasis and Disease

by Galloway, D. A., Phillips, A. E. M., Owen, D. R. ]., and Moore, C. S. (2019). Front. Immunol.

10:790. doi: 10.3389/fimmu.2019.00790

In the original article, there was a mistake in Figure 1, as well as its legend, as published. It
was incorrectly stated that microglia remove “apoptotic oligodendrocyte progenitor cells (OPCs)”
instead of “apoptotic oligodendrocytes.” The corrected Figure 1 and its legend appears below.

The authors apologize for this error and state that this does not change the scientific conclusions

of the article in any way. The original article has been updated.
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FIGURE 1 | Microglial Phagocytosis in the CNS. During development, microglial phagocytosis is essential for the refinement of excessive synapses, as well as the
removal of apoptotic neurons and oligodendrocytes that are overproduced during development. Homeostatic microglia in the adult brain constantly survey the brain’s
parenchyma, contributing to synaptic plasticity and phagocytosing apoptotic progenitor cells. With advanced age, microglia undergo senescence, display impaired
debris clearance, and excessively prune synapses. In diseases, such as Alzheimer’s or multiple sclerosis, microglia act as key contributors to pathology, which is
partially mediated by phagocytosis of substrates, such as amyloid-g or myelin debris (made in ©BioRender - biorender.com).
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Multiple sclerosis (MS) is a demyelinating autoimmune disease in which innate and
adaptive immune cells infiltrate the central nervous system (CNS) and damage the myelin
sheaths surrounding the axons. Upon activation, infiltrated macrophages, CNS-resident
microglia, and astrocytes switch their metabolism toward glycolysis, resulting in the
formation of a-dicarbonyls, such as methylglyoxal (MGO) and glyoxal (GO). These potent
glycating agents lead to the formation of advanced glycation endproducts (AGEs) after
reaction with amino acids. We hypothesize that AGE levels are increased in MS lesions
due to the inflammatory activation of macrophages and astrocytes. First, we measured
tissue levels of AGEs in brain samples of MS patients and controls. Analysis of MS
patient and non-demented control (NDC) specimens showed a significant increase
in protein-bound N®-(5-hydro-5-methyl-4-imidazolon-2-yl)-ornithine (MG-H1), the major
AGE, compared to white matter of NDCs (107 + 11 vs. 154 4+ 21, p < 0.05).
In addition, immunohistochemistry revealed that MGO-derived AGEs were specifically
present in astrocytes, whereas the receptor for AGEs, RAGE, was detected on
microglia/macrophages. Moreover, in cerebrospinal fluid from MS patients, a-dicarbonyls
and free AGEs correlated with their respective levels in the plasma, whereas this was
not observed for protein-bound AGEs. Taken together, our data show that MG-H1
is produced by astrocytes. This suggests that AGEs secreted by astrocytes have
paracrine effects on RAGE-positive macrophages/microglia and thereby contribute to
the pathology of MS.

Keywords: multiple sclerosis, neuroinflammation, «-dicarbonyl, advanced glycation endproducts, astrocytes

INTRODUCTION

Multiple sclerosis (MS) is an inflammatory disease of the central nervous system (CNS) and is the
major cause of disability in young adults in Western countries (1). Although the exact trigger of MS
remains unidentified, an autoimmune response against the myelin sheaths is widely-considered
involved in disease onset and progression. This autoimmune response is caused by an interplay
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between the innate immune system and the adaptive immune
system (2). Autoreactive T-lymphocytes are recruited to the
CNS and reactivated by myelin phagocytosing macrophages
and microglia, thereby promoting neuroinflammation and
neurodegeneration (3). In addition to immune cells, CNS-
resident astrocytes contribute to the neuroinflammatory
response by secreting pro-inflammatory cytokines and
chemokines (4). Most patients (85%) present with the relapsing-
remitting MS disease course in which relapses result in episodes
of disability with full recovery between the relapses (1). Over
half of these patients enter the secondary progressive phase after
5-15 year of diagnosis which is characterized by progression of
the disease without full recovery caused by axonal damage (5).

The pro-inflammatory activation of immune and glial cells
such as macrophages, CNS-resident microglia and astrocytes
induces a switch in metabolism favoring glycolysis (6-8).
During glycolysis, methylglyoxal (MGO) is produced from
glyceraldehyde-3-phosphate and dihydroxyacetone phosphate,
and glyoxal (GO) directly from glucose (9, 10). MGO and GO
are major precursors in the formation of advanced glycation
endproducts (AGEs) (10). The interaction of MGO with arginine
leads to the formation of methylglyoxal-derived N®-(5-hydro-
5-methyl-4-imidazolon-2-yl)-ornithine (MG-H1), whereas its
interaction with lysine leads to the formation of N®-(1-
carboxyethyl)-lysine (CEL) (11). Furthermore, interaction of
GO with lysine leads to the formation of N°®-(carboxymethyl)-
lysine (CML) (11). Degradation of protein-bound AGEs results
in single modified amino acids. AGEs, both in their free and
protein-bound form, are able to bind the surface receptor for
advanced glycation endproducts (RAGE). This leads to the
activation of downstream signaling pathways inducing oxidative
stress and NF-kB activation, which in turn results in the
production of pro-inflammatory cytokines (12, 13). To protect
our body against increased levels of MGO and GO, the glyoxalase
system, consisting of glyoxalase 1 (GLOI1) and glyoxalase 2
(GLO2), degrades MGO, and GO (14), thereby limiting RAGE
activation and subsequent inflammation.

Previous research shows that AGEs accumulate in the adipose
tissue during obesity (15), in atherosclerotic plaques (16, 17)
and in the retina during diabetes (16, 18), diseases which are
all characterized by inflammation. AGEs also accumulate in the
brain during neurodegenerative and neuroinflammatory diseases
such as in Parkinson’s patients (19), and in the cerebrospinal
fluid (CSF) of Alzheimer’s patients (20). Furthermore, Sternberg
and colleagues have revealed that AGEs and RAGE are
present in the hippocampus of MS patients (21). They also
found that plasma protein-bound CEL levels are increased
in MS patients (22). More recently, we have revealed that
AGEs are increased in the spinal cord of mice subjected to
experimental autoimmune encephalomyelitis, an inflammatory
animal model of MS (23). Based on the above findings,
we hypothesize that AGE levels are increased in MS lesions
due to the inflammatory activation of macrophages and
astrocytes. In this study, we determined the cellular distribution
and quantitated tissue levels of AGEs in brain samples
of MS patients. In addition, we determined whether the
levels of a-dicarbonyls and AGEs in the CSF correlate with

plasma and elucidated whether these levels correlate with
disease parameters.

MATERIALS AND METHODS

Sample Collection CSF Study Population
CSF and paired plasma samples of MS patients (n = 18) were
obtained from the University Biobank Limburg, Belgium. The
group of MS patients consist of 9 relapsing remitting MS, 8
secondary progressive MS and 1 clinically isolated syndrome
patient. Medication use included the use of Tysabri® (n = 1),
Gilenya® combined with Methotrexate® (n = 1), Endoxan® (n
=1), Copaxone® (n = 1), and Methotrexate® (n = 2). Twelve
MS patients were untreated. The study protocol was approved
by the Medical Ethical committee of the Jessa Hospital and of
Hasselt University, Hasselt, Belgium.

Sample Collection and Preparation of

MS Lesions

Frozen post-mortem tissue blocks containing brain lesions (n
= 15) of MS patients and white matter (n = 10) of non-
demented controls (NDCs) were obtained from the Netherlands
Brain Bank. The samples were matched for age and gender. MS
lesions were characterized by the Netherlands Brain Bank as
active, chronic active and chronic inactive (n = 5/group). Patients
diagnosed with type I or II diabetes mellitus were excluded from
this study. The study protocol was approved by the Medical
Ethical committee of Hasselt University and of the Jessa Hospital,
Hasselt, Belgium.

The post-mortem brain tissues containing brain lesions of
MS patients and white matter of NDCs were homogenized in
0.1 M sodium phosphate buffer, pH 6.8, containing 0.02% Triton-
X (VWR International, Radnor, USA) and protease inhibitor
cocktail (Roche, Basel, Switzerland). Tissue lysates were used to
measure a-dicarbonyls, AGEs and GLO1 enzyme activity.

a-Dicarbonyl and AGE Measurements
a-Dicarbonyls methylglyoxal (MGO), glyoxal (GO), and 3-
deoxyglucosone (3DG), and AGEs N®-(carboxymethyl)lysine
(CML), N¥-(1-carboxyethyl)lysine (CEL), and N®-(5-hydro-5-
methyl-4-imidazolon-2-yl)-ornithine (MG-H1) were analyzed in
the plasma, CSE, and post-mortem tissue samples using ultra-
performance liquid chromatography tandem mass spectrometry.
Protein bound AGEs were corrected for the amount of lysine,
determined with the same measurement and in the same samples,
as a measure for the amount of total protein, as described
previously (24, 25).

Immunohistochemistry
Paraffin sections of MS lesions and white matter of NDCs
were sectioned 7pum thick using a Leica microtome (Leica,

Abbreviations: 3DG, 3-deoxyglucosone; AGEs, Advanced glycation endproducts;
CEL, N°®-(1-carboxyethyl)lysine; CML, N°®-(carboxymethyl)lysine; CNS, Cental
nervous system; CSE, Cerebrospinal fluid; EDSS, Expanded disability scale score;
GLO1, Glyoxalasel; GLO2, Glyoxalase2; GO, Glyoxal; MG-H1, N®-(5-hydro-
5-methyl-4-imidazolon-2-yl)-ornithine; MGO, Methylglyoxal; MS, Multiple
sclerosis; NDCs, Non-demented controls; RAGE, Receptor.
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Wetzlar, Germany). Sections were deparaffinised using xylene
and rehydrated following a decreasing ethanol range. Incubation
for 10 min at 37°C with citrate buffer (1.6 mM citric acid and
8.4 mM trisodium citrate, pH 6.0) was used as antigen retrieval
method. Thereafter, sections were blocked using 1% BSA (Sigma-
Aldrich, Saint Louis, USA) in phosphate buffered saline (PBS).
Anti-MGO-derived AGEs [1:12.5 custom made, 1:84 biotin
labeled, custom made (16)], anti-GFAP (1:500, Sigma-Aldrich,
Saint Louis, USA), anti-Ibal (1:500, Wako Chemicals, Neuss,
Germany), and anti-neurofilament (1:750, Sigma-Aldrich, Saint
Louis, USA) were used as primary antibodies. After washing
with PBS, sections were incubated for 1h with the appropriate
FITC and TRITC fluorescently labeled secondary antibodies
(1:600, Invitrogen, Carlsbad, USA). DAPI staining, 10 min at
room temperature, was used to visualize cell nuclei. Sections
were photographed using Leica fluorescent microscope (Leica,
Wetzlar, Germany) at 40x magnification.

Frozen MS lesions were cryosectioned at 5pm thickness.
Sections were air-dried for 30 min, fixed for 10 min in acetone
and subsequently washed in PBS. Anti-RAGE (1:50, Santa Cruz
Biotechnology, Dallas, USA), anti-Ibal (1:500, Wako Chemicals,
Neuss, Germany), and anti-GFAP (1:300, Dako-Agilent, Santa
Clara, USA) were used as primary antibodies. After washing with
PBS, sections were incubated for 1h with the appropriate FITC
and TRITC fluorescent labeled secondary antibodies (1:600,
Invitrogen, Carlsbad, USA). DAPI was used to stain cell nuclei.
Sections were photographed using Leica fluorescent microscope
(Leica, Wetzlar, Germany) at 40x magnification.

GLO1 Activity Assay

GLOL1 activity was measured in protein lysates of human tissue
as described previously by McLellan et al. (26). In short,
GLO1 activity was measured using a spectrophotometry analysis
by determining the formation of S-D-Lactoylglutathione from
MGO at an absorbance of 240 nm during 30 min.

Statistical Analysis

Statistical analysis were performed using SPSS Statistics software,
version 24 (IBM Corporation, Armonk, USA) or GraphPad
Prism version 7 (GraphPad Software, La Jolla, USA). Baseline
characteristics of post-mortem samples from NDCs and MS
patients were analyzed using one-way ANOVA with Tukey’s
multiple comparisons test (GraphPad Prism). a-dicarbonyl and
AGE levels of the post-mortem material were analyzed using
one-sided unpaired t-test (GraphPad Prism), based on our
previous results obtained from our mouse model (23). Partial
correlation analysis was used to determine CSF a-dicarbonyls
and AGEs and disease parameters expanded disability scale score
(EDSS), number of relapses and disease duration. These data
were corrected for age, gender, medication use and glucose
concentration in the CSF using SPSS statistics. Linear regression
analysis was used to determine associations between plasma
a-dicarbonyls and AGEs and CSF a-dicarbonyls and AGEs
(GraphPad Prism). All data are presented as mean & SEM. P <
0.05 was considered statistically significant.

RESULTS

MG-H1 Is Increased in the Lesion Area of
MS Patients

To determine whether the levels of a-dicarbonyls and AGEs
are increased in the lesions of MS patients compared to white
matter of NDCs, post-mortem lesions of 15MS patients and
10 white matter samples of NDCs were obtained (Table 1) and
levels of MGO, GO and free and protein-bound CML, CEL,
and MG-H1 were measured. The MS lesions were subdivided
into three categories: active lesions, chronic active lesions, and
chronic inactive lesions. Post-mortem delay (until storage) was
significantly higher for the chronic inactive lesions (Table 1).
However, there was no correlation between post-mortem delay
and a-dicarbonyl, protein-bound, and free AGE levels, arguing
that post-mortem delay did not affect the measurements
(Supplemental Figure 1). Levels of MGO and GO were not
altered in MS lesions compared to white matter of NDCs
(Figure 1A). Interestingly, protein-bound MG-H1, the major
MGO-derived AGE, was significantly higher in MS lesions (p
< 0.05), whereas CML and CEL were not different (Figure 1B).
Free AGE levels did not differ between MS lesions and brain
tissue of NDCs (Figure 1C). GLO1 activity was unaltered in
MS lesions compared to controls (Figure 1D). Together, these
data demonstrate that MG-H1 accumulates in the lesions of MS
patients, irrespective of the activity of GLOL.

MGO-Derived AGEs Are Present in

Astrocytes in MS Lesions

To determine which «cell type mainly contributes to
AGE production in the CNS, fluorescent double staining
was performed on MS lesions to localize MGO-derived
AGEs combined with cell makers for astrocytes (GFAP),
macrophages/microglia (Ibal), and neurons (neurofilament).
MGO-derived AGE was detected in sections that contained
both lesion and NAWM. These stainings revealed that MGO-
derived AGEs are present in MS lesions and normal appearing
white matter of MS patients and primarily co-localize with
GFAPT™ astrocytes (Figure 2A, indicated by the white arrows).
MGO-derived AGEs did not show co-localization with Tbal™

TABLE 1 | Baseline characteristics of post-mortem material of MS patients (n =
15) and NDCs (n = 10).

Active MS Chronic Chronic NDCs
lesion active MS inactive MS (n=10)
(n=25) lesion lesion
(n =5) (n =5)
Age 69+5 65.4+7 58.8+4 71.1+£0.8
Female, % 40% 60% 40% 70%
Post-mortem 549 + 36 543 + 47 606 + 39* 427 + 39

delay (minutes)

*p < 0.05 compared to NDCs.
Data is presented as mean + SEM and analyzed using one-way ANOVA and Tukey’s
multiple comparisons test.
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FIGURE 1 | Protein-bound MG-H1 is increased in post-mortem MS lesions compared to white matter of NDCs. a-dicarbonyls MGO and GO (A), protein-bound (PB)
CML, CEL, and MG-H1 (B), free CML, CEL, and MG-H1 (C), and GLO1 activity (D) was determined in white matter post-mortem samples obtained from
non-demented controls (NDCs), and in post-mortem samples of MS lesions. Data is presented as Mean + SEM. Data is analyzed using one-sided unpaired t-test.

macrophages/microglia (Figure 2B) or with neurofilament™
neurons (Figure 2C). In addition to MS lesions and NAWM,
we performed these stainings in white matter of NDCs and
confirmed that MGO-derived AGE was only present in the
GFAP™ astrocytes (Supplemental Figure 2).

In addition to AGE localization, RAGE distribution was
examined with fluorescent double staining to identify the

cell types capable of responding to AGE formation in the
CNS. RAGE was detected in sections that obtained both MS
lesion and NAWM. RAGE expression co-localized with Ibal™
macrophages/microglia (Figure 3A) while GFAPT astrocytes
were not positive for RAGE (Figure 3B). Moreover, we observed
no presence of RAGE on neurons using DAB-staining (data
not shown).
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FIGURE 2 | MGO-derived AGE accumulates predominantly in astrocytes. Staining of MGO-derived AGE (red, TRITC) combined with GFAP (green, FITC) (A), Ibal
(green, FITC) (B), and neurofilament (FITC) (C) show that MGO-derived AGE accumulates in astrocytes in normal appearing white matter and lesions of MS patients
as indicated by the white arrows. Nuclei were stained with DAPI (blue). Representative of n = 4 staining.

Merged

FIGURE 3 | Iba1 cells express the receptor of AGEs. Staining of RAGE (red, TRITC) combined with Iba1 (green, FITC) (A) and GFAP (green, FITC) (B) show that
RAGE is present on Iba1t macrophages/microglia and absent on GFAPt astrocytes in the normal appearing white matter and lesions of MS patients. Nuclei were
stained with DAPI (blue). Representative of n = 4 staining.

a-Dicarbonyls and AGEs in CSF Do Not (Table 3). Interestingly, a significant negative correlation was
Correlate With Disease Parameters of MS found between free MG-H1 in CSF and disease duration
To assess whether a-dicarbonyl and AGE levels in the CSF are (P < 0.05), and between protein-bound MG-H1 and EDSS
correlated with disease parameters of MS, partial correlation (p < 0.05) (Table 3).

analysis was performed. CSF samples of MS patients were . .

obtained from the University Biobank Limburg. Baseline o-Dicarbonyls and Free AGEs in CSF
characteristics of the study population are shown in Table2. Correlate With Plasma Levels

No correlation was found between CSF AGE levels and  To determine whether AGE levels in plasma and CSF correlate,
EDSS, the number of relapses, and duration of the disease a-dicarbonyl, free AGEs, and protein-bound AGEs were
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TABLE 2 | Baseline characteristics from MS patients (7 = 18) included in the CSF
study population.

MS patients (n = 18)

Age 43.8+3
Gender (female), % 78%
[glucose] csF, mg/dL 61.3+1
Medication use, % 33%
Clinically isolated syndrome, % 6%
Relapsing remitting MS, % 50%
Secondary progressive MS, % 44%
EDSS 4.2+06
Duration of disease, years 6.4+2
Number of relapses 26+0.3

Duration of disease is determined as time between diagnosis and sampling of CSF. Data
is presented as Mean + SEM or as percentage of the total group.

TABLE 3 | Correlation of CSF a-dicarbonyl and AGE levels with MS disease
parameters.

Correlations (R?)

EDSS Number of relapses  Disease duration, years

MGO -0.175 —0.023 -0.153
GO -0.378 0.213 0.008
3-DG —0.242 —0.062 0.082
Free CML 0.125 —0.209 -0.357
Free CEL -0.32 -0.134 —0.165
Free MG-H1 0.284 0.014 —0.542*
PB CML -0.18 0.377 —0.152
PB CEL —0.099 0.306 —0.452
PB MG-H1 -0.551* 0.029 -0.12

‘p < 0.05. Correlation is determined between MGO, GO, and 3DG, protein-bound (PB)
CML, CEL, and MG-H1, and free CML, CEL, and MG-H1 in the CSF with EDSS, number
of relapses and disease duration. Data is analyzed using partial correlation analysis and
corrected for age, gender, medication use, and [glucose]csr.

determined in paired plasma and CSF samples of MS patients.
Plasma MGO (p = 0.005), GO (p = 0.02), and 3DG (p = 0.03)
levels significantly correlated with CSF levels (Figure 4A). In
addition, the free AGEs levels of CML (p = 0.009), and CEL
(p = 0.005) in plasma significantly correlated with their CSF
counterparts, and plasma levels of MG-H1 (p = 0.06) tended
to be correlated with CSF levels (Figure 4B). However, plasma
protein-bound CML, CEL and MG-H1 did not correlate with
CSF levels (Figure 4C).

DISCUSSION

In this study we showed that MGO-derived MG-H1 is
significantly increased in MS lesions and is mostly present in
astrocytes. In addition, we revealed that a-dicarbonyl and AGE
levels in the CSF do not correlate with disease parameters, but do
correlate with plasma levels.

AGE levels were measured in post-mortem samples of NDCs
and MS patients. This analysis revealed that protein-bound MG-
H1 levels were increased in MS lesions compared to the levels in
the white matter of NDCs. Protein-bound CML and CEL levels
and free AGE levels were comparable between MS lesions and
white matter of NDCs. Since MG-H1 is the major MGO-derived
AGE (11), the higher levels of MG-H1 suggest enhanced MGO
production in the lesions of MS patients. However, MGO levels
were not different in MS lesions compared to NDCs. Possibly,
the highly reactive MGO that is formed intracellularly rapidly
interacts with cellular proteins to form protein-bound AGEs. In
addition, excessively formed MGO may also rapidly leave the
cell due to simple diffusion given its small molecular weight. In
addition, we and others have previously shown that inflammation
decreases GLO1 activity (17, 23). The activity of GLO1, the major
MGO detoxifying enzyme, was similar between the white matter
of NDCs and MS lesions. These results indicate that the increased
levels of MG-H1 are likely due to increased MGO formation and
not due to decreased degradation by GLOL.

We found that MGO-derived AGEs mainly accumulate
in GFAPT astrocytes in human MS lesions and in white
matter of NDCs. Moreover, in accordance with the findings
of Barateiro et al. (27), double staining of GFAP and Ibal
with RAGE showed that RAGE was expressed on Ibal™
microglia/macrophages in MS lesions, and not on GFAP*
astrocytes. These data indicate that AGEs are produced in
activated glycolytic astrocytes and could exert paracrine effects by
binding RAGE on microglia/macrophages. Activation of RAGE
results in the activation of NF-kB, which in turn induces the
production of pro-inflammatory cytokines and oxidative stress
(12, 13). It is known that RAGE expression is low under
physiological conditions and will increase its expression in an
inflammatory environment (28), suggesting that RAGE levels
are high in MS lesions. NF-kB activation, which plays a major
role in MS pathology, is present in and around MS lesions,
predominantly in the glial cells and infiltrated macrophages (29).
Moreover, it has been suggested that there is a link between
NF-kB related gene expression and clinical relapses (30, 31).
Although AGEs in the CSF did not correlate with disease
progression, we postulate that microglial and macrophage RAGE
activation contribute, at least partly, to the increased NF-kB
activation seen in MS lesions. This will in turn contribute to the
inflammatory state of the microenvironment of the CNS.

Linear regression analysis showed no positive correlations
between a-dicarbonyls and free AGEs with markers related
to disease progression, and the same holds true for protein-
bound AGEs. In fact, free MG-H1 in the CSF was negatively
correlated with disease duration and protein-bound MG-H1 in
the CSF was significantly negatively correlated with EDSS. One
explanation for the decreased MG-H1 levels, free and protein-
bound, with increasing disease progression and disability might
be that patients in the progressive phase of the disease, which
have most often a longer disease duration and score higher on
the EDSS, experience less relapses and thus less inflammation
(32). This could subsequently affect the MG-H1 levels in the CSF.
An important factor to take into account is that free MG-H1
may be able to cross the blood-CSF barrier seen by the strong
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CEL, and MG-H1 (B) and free CML, CEL, and MG-H1 (C) in the CSF and in the plasma. Data is analyzed using linear regression analysis and shows regression line
with 95% confidence band.

correlation between plasma and CSF free MG-H1. However, it is
unclear whether free MG-H1 in the CSF origins from MS lesions
and leaks into the periphery or whether free MG-H1 originates
from the periphery and enters the CSF. This needs to be further
investigated. It should also be mentioned that, although we
corrected for medication use in our statistic model, most of these
MS patients take anti-inflammatory treatments. These treatments
inhibit the inflammatory component of the disease and may
therefore interfere with the production of AGEs. Moreover,
whether or not patients experience a relapse at the moment
of CSF collection may have a significant impact on their AGE
levels, as active inflammation is present during relapses, inducing
AGE. Unfortunately, information whether patients experience a

relapse at the time of sample collection is not available. Another
explanation for the lack of correlation between a-dicarbonyl and
AGE levels with disease progression markers of MS could be
that a-dicarbonyls and AGEs reside in the CNS, intracellularly,
and are not released into the CSF. Altogether, our findings
indicate that use of AGE levels in the CSF as marker for disease
progression is limited.

CSF a-dicarbonyls and free AGEs, but not protein-bound
AGEs, correlate with their respective levels in the plasma. These
results suggest that there is a lack of exchange of protein-bound
AGEs between the plasma and CSF while a-dicarbonyls and free
AGEs are easily exchanged between the plasma and CSF. CSF is
produced in the CNS by the choroid plexus (33), which comprises
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the major part of the blood-CSF barrier and ensures separation of
blood and CSF. The passage of solutes and nutrients is controlled
by tight-junctions (34), and by various transporters (35). The
crossing rate across the blood-CSF barrier is inversely correlated
with the molecular weight of the substance, meaning the bigger
the substance, the less crossing over the blood-CSF barrier occurs
(36). This suggests that the small a-dicarbonyls and free AGEs,
consisting of single modified amino acids, are able to pass the
blood-CSF barrier more easily in contrast to the protein-bound
AGEs. This may explain why we did not found correlations
between protein-bound AGEs in the CSF and in the plasma.

In conclusion, we show that protein-bound MG-HI is
increased in MS lesions compared to white matter of NDCs
and is present in activated GFAP™ astrocytes. This indicates
that MGO-derived AGEs formed in glycolytic astrocytes may
activate RAGE-positive microglia/macrophages in MS lesions
and contribute to the inflammatory microenvironment. Further
research is needed to elucidate whether lowering MG-H1
production in MS lesions is a therapeutic option for MS.
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