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Alzheimer’s disease (AD) is the most prevalent neurodegenerative disease worldwide,
characterized by progressive neuron degeneration or loss due to excessive accumulation
of b-amyloid (Ab) peptides, formation of neurofibrillary tangles (NFTs), and
hyperphosphorylated tau. The treatment of AD has been only partially successful as the
majority of the pharmacotherapies on the market may alleviate some of the symptoms. In
the occurrence of AD, increasing attention has been paid to neurodegeneration, while the
resident glial cells, like microglia are also observed. Microglia, a kind of crucial glial cells
associated with the innate immune response, functions as double-edge sword role in
CNS. They exert a beneficial or detrimental influence on the adjacent neurons through
secretion of both pro-inflammatory cytokines as well as neurotrophic factors. In addition,
their endocytosis of debris and toxic protein like Ab and tau ensures homeostasis of the
neuronal microenvironment. In this review, we will systematically summarize recent
research regarding the roles of microglia in AD pathology and latest microglia-
associated therapeutic targets mainly including pro-inflammatory genes, anti-
inflammatory genes and phagocytosis at length, some of which are contradictory and
controversial and warrant to further be investigated.

Keywords: alzheimer’s disease, microglial cells, neuroinflammation, anti-neuroinflammation, molecular therapy
1 INTRODUCTION

Alzheimer’s disease (AD) is the most common neurodegenerative disease, beginning with gradual
memory and cognitive impairment, abnormal behavior, and progressive social dysfunction.
Pathologically, AD is characterized by severe neuronal degeneration or loss mainly resulting
from excessive production of senile plaques comprising b-amyloid (Ab) proteins, and
neurofibrillary tangles formed by hyperphosphorylated tau protein deposition. Furthermore,
Lewy-related pathology and presynaptic protein a-synuclein (a-syn), which are primarily
involved in dementia with Lewy bodies (DLB), Parkinson’s disease (PD), and multiple system
atrophy (MSA), were discovered to participate in the eliciting several parts of the pathophysiology of
AD. Although compelling studies on the pathological mechanism of AD have been carried out for
decades, still no effective curative treatment for AD is available. At this present, the mechanism by
which drugs used in the clinical treatment of AD are mainly targeted at cholinergic neurons,
eliminating or inhibiting the toxicity of Ab or tau proteins to neurons, and reducing the oxidative
stress of neurons. Unfortunately, these drugs approved by the FDA for treatment of AD are all
org April 2022 | Volume 13 | Article 8563761
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symptomatic treatment drugs, and are still unstable in
suppression of the disease process, thus reflecting the
imperious demands for effective treatments. Likewise, in
molecular pathology studies, more attention has not only been
paid to the neuron activities, but also the effects of microglial
cells, and their abnormal changes in AD are also observed.
Increasing studies have evidenced that microglial-mediated
neuroinflammation also plays pivotal roles in the pathogenesis
of AD. Therefore, the development of drugs that target microglia
may be crucial to reverse the process of AD. This article will
systematically review the latest progress of the pathogenic
mechanism of AD associated with microglia cells, which is
likely to discover valuable AD treatment targets so as to
provide a deep insight into new therapeutic approaches for AD.
2 THE PATHOLOGICAL MECHANISM
OF AD

As the leading cause of dementia in the elderly, AD is usually
characterized by memory impairment, aphasia, loss of skills and
personality, and behavioral changes, etc. (1, 2). The general
pathology of AD is marked by hippocampal atrophy as well as
the deepening and enlargement of the cerebral sulcus. The
neuroinflammatory patches, basal forebrain cholinergic
neuronal loss, and glial cell proliferation constitute the main
histopathological features of AD. The current prevailing view is
that the amyloid plaques and neurofibrillary tangles (NFTs) are
the primary pathogenic mechanism contributing to the onset of
AD (3). The causal relationship between neuronal apoptosis,
neurite dystrophy, and AD remains to be elucidated since the
progression of neurodegeneration is a chronic event and lasts a
long period of time (4). With the gradual deepening of the
investigation, the researchers gained a further understanding of
AD. First, Amyloid precursor protein (APP) is cleaved into Ab
peptides by g-secretase complex and its mutation is a primary
cause of the accumulation of Ab. Second, tau protein, a
component of neural cytoskeleton, plays an indispensable role
in the stabilization of cytoskeleton as well as neuronal transport,
and it can be phosphorylated by tau kinase, particularly GSK-3b.
Subsequently, the abnormally phosphorylated tau protein
gathers each other into paired helical filaments (PHF) which
detach from microtubules, then these dimers assemble into
oligomers, and ultimately these oligomers develop into fibrils
aggregating in neurons (5). Recent studies have shown that Ab
plaques can promote the propagating and seeding of tau in a
mouse model and tau antibodies help block tau propagation
within AD pathology (6, 7). Strikingly, amyloid plaques were not
found in the brain tissue with the Arctic or Osaka familial
mutation in APP by positron emission tomography (PET)
amyloid ligand brain scans (8). Meanwhile, NFTs were found
to be irrelevant to the memory loss and neurodegeneration (9).
Accordingly, neither the amyloid plaques nor NFTs alone can
completely elucidate the pathogenesis of AD. In the most
neurodegenerative diseases, microglia and astrocyte are high
proliferative with aberrant morphology. It has been proved
Frontiers in Immunology | www.frontiersin.org 2
that microglia, working as both phagocytic cells and innate
immunocyte, play a central role in pathogenic and
inflammatory responses in AD, and they are thought to
function in the neuroprotection of damaged neurons and
maintain homeostasis. Neuronal damage was also found to be
negatively correlated with microgliosis rather than increasing
amyloid load (10). Intriguingly, activated microglia has been
found to induce a subtype of reactive astrocytes, namely, A1
subtype which is responsible for the damage of neurons and
oligodendrocytes by the secretion of pro-inflammatory cytokines
including TNF, C1q and IL-1 via nuclear factor kB(NF-kB)-
dependent mechanisms, whereas reactive astrocytes induced by
M2 microglia results in the elevated secretion of anti-
inflammatory factors via STAT6 pathway conversely (11, 12).
Currently, a growing number of drugs including cholinergic
drugs, anti-Ab/tau drugs and even mitochondrial-targeted
drugs, have been applied for the treatment of AD and
obviously ameliorated clinical symptoms. Among them, some
drugs truly exert an anti-inflammatory effect as well (13). For
instance, galantamine, as a common clinical cholinergic agent for
improving cognitive function in elderly Alzheimer’s patients, is
found to effectively suppress the secretion of pro-inflammatory
cytokines like TNF-a and IL-1b, indicating the indispensable
role of anti-neuroinflammatory therapy in AD (14). Thus, we
summarize microglia is central in the inflammatory pathogenesis
of neurodegenerative diseases, especially AD (Figure 1). In this
review, we outline the relationship between microglia and
neuroinflammatory response in AD, as well as the definite or
potential therapeutical strategies targeting microglia of AD.
3 THE ROLE OF MICROGLIA IN AD

3.1 Physiological and Pathological
Functions of Microglia
Microglial cells, a kind of innate immune cells accounting for
approximately 5-20% of the glial cells in the CNS, are presumed
to derive frommarrowmyeloid progenitors produced by yolk sac
in embryonic period (15, 16). They widely distribute throughout
the CNS with morphological variability. Compelling studies have
shown that microglial repopulation depends upon its self-
renewal ability through multiple molecules, such as
interleukin-1 (IL-1) and NF-kB, rather than the peripheral
macrophages from bone marrow (17). Microglial cells not only
play a crucial role in both innate and adaptive immune responses
against pathogens, but also maintain the homeostasis of the CNS
by constant surveillance of extracellular microenvironment to
rapidly clear apoptotic cell remnants and other exogenous
harmful objects, which facilitate neurons survival, and the
proliferation and maturation of neuronal progenitor cells
(NPCs) (18, 19). Nevertheless, some scholars also argued that
macrophages should invade the brain tissue and differentiate into
microglia ultimately through a multi-step process when a
significant number of naturally dying neurons and axons are
surveilled. Although microglial cells have been defined as a type
of neuroglia of mesodermal origin, so far, the origin of microglial
April 2022 | Volume 13 | Article 856376
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cells in the CNS is still a matter of debate. In the healthy brain,
the residing microglial cells usually are in the quiescent state and
are easily activated with the transformation of morphology and
function following by blood-brain barrier disruption, tumor,
lesions, and neurodegenerative diseases. The severity of injury
determines the number of reactive microglial cells (20). Synapses
play a pivotal role in neuronal circuits closely associated with
neuronal communication, eliciting an appropriate reaction
regarding physical activities. There is evidence that microglial
cells are involved in the synaptic pruning for postnatal neural
circuits by complement receptor 3 (CR3), a microglia-specific
phagocytic signaling pathway, and complement cascade
components including C1q and C3 (18, 21). Not only that,
microglia exclusively express the receptor of CX3CL1 (the
chemokine fractalkine) which was positive correlation with
neuronal synaptic development and plasticity by synaptic
pruning like engulfment of postsynaptic and presynaptic
proteins (21, 22).

3.2 Microglia and Neuroinflammation
Neuroinflammation means an inflammatory reaction in the CNS
including immune cells infiltration, microglial activation and
pro-inflammatory cytokine release (23). An increasing number
of genes involved in neuroinflammation are up-regulated in
ageing brain along with cognitive decline by genome-wide gene
expression studies (24). Similarly, compelling evidence suggests
that neuroinflammation plays a fundamental role in the
pathogenesis of AD as well, and some inflammatory mediators
have been up-regulated even a longer time prior to the onset of
clinical symptoms in AD. The accumulation of activated
Frontiers in Immunology | www.frontiersin.org 3
microglia around damaged areas is one of hallmarks of the
neuroinflammation in AD. The prevalent view is that microglia
have various states in the CNS parenchyma such as the resting
(or surveying) microglia, activated microglia and phagocytic
microglia (19, 25). The resting microglia typically has oval cell
bodies, as well as long and numerous ramified processes (26).
The microglia could be activated by pathogens and abnormally
deposited proteins such as Ab in AD. Once activated, the
microglia will adopt small round soma morphology with
shorter and blunter processes than their resting state, and is
accompanied by the up-regulation of specific antigens. Hereafter,
guided by danger-associated molecular patterns (DAMPs) or
pathogen-associated molecular patterns (PAMPs), the microglia
migrate to lesion regions and exhibit amoeboid morphology (27,
28). In AD, activation of microglia is triggered after binding to
soluble Ab, which is mediated by cell surface receptors such as
CD36, CD47 and a-6/b-1 integrin etc. This process is followed
by the stimulation of intracellular Tyr kinase-based signaling
cascades which are responsible for the secretion of inflammatory
molecules and accumulation of intracellular Ab (29).
Impairment of Ab phagocytosis of microglia has been
explicated by the downregulation of Ab scavenger receptors A
(SR-A), CD36 and receptor for advanced-glycosylation
endproducts (RAGE) etc. The clearance of Ab mediated by
microglia contributes to the homeostasis maintenance of CNS
(As shown in Figure 1). However, overexpression of pro-
inflammatory cytokines such as IL-1b and tumor necrosis
factora (TNF-a) released from microglia in AD progression
period engender the detriment of neurons (30). It is widely
acknowledged that microglia are classified into various
FIGURE 1 | The role of microglia in AD progression. The clearance of Ab mediated by microglia contributes to the homeostasis maintenance of CNS. But, with the
AD progression, excessive activation of microglia would release excessive pro-inflammatory factors to compromise neurons and their synapses.
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polarization states based on their immunophenotypic profiles:
the M1 (pro-inflammatory or classically activated) and M2 (anti-
inflammatory or alternatively activated phenotype) (31).
However, there is mounting evidence that microglia are far
more diverse than these two categories. Apart from the above,
functions, morphology, ultrastructure, and gene and protein
expression features, might be used to identify microglial
subtypes. Another option is serendipitous identification, albeit
non-systematic and erratic. Satellite microglia, which are
identified by IBA1, CD11b, and CX3CR, are found on the
axonal side of neurons in the cerebral cortex of non-human
primates, and half of them extend a single process to interact
with the axon initial segment. The subtypes of microglia are less
ramified and have a lower level of monitoring (32). KSPG-
microglia, a subset of ramified microglia defined by the
expression of keratan sulfate proteoglycan (KSPG), are broadly
distributed throughout the hippocampus, brainstem, and
olfactory bulb (OB) and also express IBA1, CR3, and CD11b.
The microglia mainly contribute to axonal development and
cellular adhesion, and emerge in response to various stressors
(33). Hox8b-microglia, which are mostly resident in the cerebral
cortex and the OB, express the microglia markers IBA1 and
Cd11b. Once Hoxb8 is lost in the hematopoietic system, the
neural circuits will be destroyed, leading to anxiety-like and
abnormal grooming behavior (34). CD11c-microglia were
uncovered predominantly in the cerebellar white matter and
corpus callosum of neonatal mouse brains, and their number
decreases with age. The type of microglia plays a pivotal role in
myelination and neurogenesis. This is mainly due to an
important source of insulin-like growth factor-1 which
facilitates neural regeneration (35). Besides, there exists a new
microglial phenotype called “dark microglia”. Ultrastructural
analyses revealed that that the kind of microglia appear
gloomy mainly due to oxidative stress profiles including an
electron-dense cytoplasm and nucleoplasm. The dark microglia
mainly reside in mouse hippocampus, cerebral cortex, amygdala,
and hypothalamus, and participate in maintenance of the blood–
brain barrier and remodeling of neuronal circuits through
extensively encircling axon terminals and dendritic spines with
their highly ramified and thin processes. In general, the
microglial markers IBA1, CX3CR, and P2RY12 are all
downregulated in dark microglia, whilst CD11b is highly
expressed (18, 36). Nevertheless, M1 and M2 microglial
phenotypes are still widely applied to convey its beneficial or
detrimental effects under diverse states. M1 phenotype releases
pro-inflammatory cytokines including IL-1b, TNF-a, IL-6 and
nitrogen oxide (NOx) etc., and neurotoxic substances, which is
responsible for blocking neuronal differentiation, attenuating
microglial phagocytosis, as well as extracellular matrix damage
through the activation of nuclear factor kB and accumulation of
Ab (37, 38). Conversely, M2 phenotype is envisioned as a type of
anti-inflammatory microglia. In M2 state, the anti-inflammatory
cytokines (IL-4, IL-10, etc.) and neurotrophic factors (eg., nerve
growth factor (NGF)) might be released to suppress glial
accumulation, protect neuronal functions and enhance NSC
differentiation (31). Along with this, the anti-inflammatory or
Frontiers in Immunology | www.frontiersin.org 4
pro-inflammatory cytokines released by other cells can also elicit
microglial polarization. For instance, IL-17, a cytokine mainly
produced by T cells and NK cells, can trigger microglia to
produce inflammatory cytokines, whereas IL-4, an anti-
inflammatory cytokine, primarily produced by mature
lymphoid cells and mast cells, can polarize microglia to an
anti-inflammatory phenotype (39). Baik et al. found exposure
to Ab can trigger acute microglial inflammation and display a
breakdown in energy metabolisms dependent on mTOR-HIF-1a
pathway. Intriguingly, the inflammation caused by defective
glycolytic metabolism can be reversed by IFN-g treatment (40).
Disease-associated microglia (DAM), a new type of microglia
uncovered by Amit et al. provide a new pathway for the study of
the pathological mechanism of AD (41). Similarly, Rangaraju
et al. have revealed that DAM can also be divided into three
subgroups, namely, homeostatic, pro-inflammatory and anti-
inflammatory phenotypes by flow cytometry in mouse models.
Pro-inflammatory DAM express IL-1b, IL-12b and surface
marker CD44 etc., while anti-inflammatory DAM is
characterized by phagocytic genes such as IGF-1 and surface
marker CXCR4. Although the signature of DAM in 5xFAD
model is not really same as that of human microglia in AD, 67
hub genes in human brain proteome were found to
predominantly be mapped to the pro-inflammatory and anti-
inflammatory DAM modules in their study. The top 3 pro-
inflammatory DAM genes CD44, Cst2 and Nampt were
identified in human brain proteome which are conducive to
the clinical diagnosis of AD (42). Their activation can be initiated
in a Trem2-independent manner that includes downregulation
of microglia checkpoints (41). While, the counterpart of DAM in
humans called human AD microglia (HAM) exhibits a little
resemblance with DAM profile defined in AD mice in recent
research. Mancuso et al. validated the differences between the
responses of human and mouse microglia to oligomeric Ab (43).
Human microglia seem to display IRF8-driven gene signature
once stimulated by Ab, which is a characteristic feature in the
pathology of peripheral nerve injury rather than AD in mouse
models. Surprisingly, despite species differences, TREM2 is
necessary in both human and mouse AD (44). Srinivasan et al.
have revealed that APOE, ABCA7, GPR141, PTK2B, SPI1 and
ZYX etc. seemed to be upregulated, while MEF2C etc. remained
downregulated in HAM from AD patients when compared with
the control, in which, only APOE upregulation and SERPINF1
reduction achieved nominal genome-wide significance after
correction for multiple testing (45). These could be explained
by the differences between human and mouse innate immune
responses. Another explanation is that, the activation of healthy
microglia is likely more beneficial in the early stage of AD
models, whereas microglial activation in human AD involves
impairments (15, 41). This may be justified by the fact that
human AD microglia only mirror mouse microglia responses at
the very early stages of the AD (46). But the most acute
controversy is that human microglia live a long time,
deposition of Ab occurs over decades, and cellular functions
decrease during long-term exposure to pathogens and insults in
human life span. Therefore, aging, as the largest single risk factor,
April 2022 | Volume 13 | Article 856376
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could not be simulated in any AD mouse models (47). This is
consistent with the notion that accelerated aging response and
disease specific response such as APOE overexpression,
constitute microglial response in human AD. Intriguingly, the
expression of resting microglia module defined from DAM
increased in microglia from AD patients’ tissues, and HAM
from high AD pathology tissues showed an increase expression
in the Aging-Up gene sets. Still, human microglia do not lose the
response of DAM-like manner, and this manner such as GPNMB
upregulation is restricted in AD human brain for certain reasons
(45). Olah et al. revealed the presence of nine distinct
subpopulations of microglial cells purified from human
cerebral cortex samples. The microglial subsets involved in
homeostasis, proliferation, interferon response, and antigen
presentation are obvious examples of microglial distinct
subpopulations. Among a slew of genes expressed in AD
genes-enriched microglial cluster 7, antigen presentation gene
CD74 were depleted in the cortex of AD patients, and only
cluster 7 gene expression is altered in pathologic and dementia
diagnosed human AD cortex (48). Nevertheless, some scholars
believe that pro-inflammatory cytokines like IL-1b, IL-6 and
TNF-a help ameliorate Ab burden, implying that the innate
immune response in AD is extremely complex and this problem
still needs to be further addressed (49). In general, we hold the
view that the moderate activation of microglia binding Ab
peptide can trigger neuroinflammatory reaction in the early
stage of AD, which halts the progression of AD through
reducing the accumulation of Ab, and thus this activation acts
as a potential neuroprotective agent. Once the sustained and
immoderate production of Ab occurred, it will result in the
excessive activation of microglia, and this can exacerbate the
progress of AD instead in the process of AD.
4 MICROGLIAL CELLS-RELATED
THERAPEUTIC TARGETS IN AD

4.1 AD-Associated Inflammatory Factors
in Microglia
4.1.1 NOD-Like Receptor Pyrin Domain Containing
3 Inflammation
Inflammasome, a critical component of the innate immune
system, is a kind of protein complexes containing three main
components, the sensor/receptor proteins, the junction protein,
namely, apoptosis-associated speck-like protein (ASC), and the
downstream caspase family (50). Its most well-known function is
capable of mediating pyroptosis, and processing pro-IL-1b and
pro-IL-18 in response to microbial infection and cellular damage
through caspase-1 (51, 52). In various inflammasomes, NLRP3
inflammasome seemed more closely associated with the
pathogenesis of AD such as recognizing Ab and mediating the
microglial recruitment to exogenous Ab plaques (53, 54).
Notably, Nlrp3-/- or Casp-/- mice carrying mutations associated
with familial AD exhibit less complications such as the loss of
spatial memory and reduce the deposition of Ab, which
demonstrate the critical pathogenesis of NLRP3/caspase-1 axis
Frontiers in Immunology | www.frontiersin.org 5
in AD (54). IL-18 facilitates the deposition of Ab through
increasing APP and altering the process of APP which were
initiated by b-site APP cleaving enzyme-1 (BACE-1) and N-
terminal fragment (NTF) of presenilllin-1 (PS-1). Reversely, the
process of APP can be inhibited by IL-18 binding protein.
Likewise, IL-1b has similar but less impact on APP compared
with IL-18 (55). Intriguingly, soluble Ab and aggregated tau
activate ASC speck and NLRP3 inflammasome, leading to IL-1b
secretion (56, 57). In turn, IL-1b can further upregulate ROS
through transient receptor potential melastatin2 (TRPM2)
pathway, indicating a vicious circle in the neuron damage of
AD. Notably, MCC950, a potent and selective inhibitor of the
NLRP3 inflammasome, is able to block NLRP3 inflammasome
activation and reverses tau pathology when delivered
exogenously (58). Currently, a number of bioactive compounds
have been found to suppress the expression of NLRP3
inflammasome through multiple signaling pathways.
Dapansutrile (OLT1177), an orally available small molecule
inhibitor for NLRP3 inflammasome which can silence caspase-
1 and IL-1b and has well tolerated and free side effects in
humans, could rescue synaptic plasticity, suppress inimical
microglia, and reduce the number of plaques in APP/PS1
mouse model for AD (59). Besides, there are also certain drugs
in clinical use, for example, Stavudine. The drug is of great
benefit to patients with AD by decreasing the expression of
NLRP3 inflammasome genes to hamper the assembly of NLRP3
inflammasome, and down-regulating ERK1/2 and AKT
phosphorylation to enhance Ab autophagy (60). Another
NLRP3 inflammasome inhibitor, JC-124 can selectively block
the NLRP3 signaling pathway in TgCRND8 mice, subsequently
resulting in reduced microgliosis, Ab deposition, b-C-terminal
fragment of APP (b-CTF), oxidative stress, and increased
synaptic markers (61). Furthermore, impaired autophagy may
be another pathway for NLRP3 inflammasome activation. Also,
the deficiency of autophagy-related 16-like 1 (ATG16L1, an
autophagy protein) and BECN1/BECLIN (an indispensable
part of autophagic vesicle) actively triggers inflammasome
activation, resulting in the secretion of IL-1b and IL-18 in
microglia (Figure 2) (62, 63). In addition, the overexpression
of transcription factor EB (TFEB) protein to increase LAMP1 in
lysosome could effectively ameliorate autophagic activity by the
downregulation of caspase-1, NLRP3, and IL-1b in BV2
microglial cells (Figure 4) (64).

4.1.2 Apolipoprotein E
APOE, especially the APOE 4 allele gene, was deemed as the
critical genetic risk factor for late-onset AD, and accelerated the
intraneuronal accumulation of Ab in the brain. Compelling
evidence reveals that APOE immunoreactivity widely overlaps
with senile plaques (SPs) and neurofibrillary tangles, and more
SPs were found in patients with APOE 4 than APOE 3 (65, 66).
Conversely, APOE 2 acts as a protective factor against the
development of AD by decreasing the sedimentation of Ab,
regulating the metabolism of lipid and maintenance of the
plasticity of synapses (67, 68). In 2107, APOE was found to be
abundantly expressed in microglia by Gosselin et al. (69). Next
year, it was furthered revealed that the ability of microglia
April 2022 | Volume 13 | Article 856376
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carrying APOE 4 to intake Ab was reduced, which was
accompanied by the lengthening of primary processes in 3D-
culture systems, implying negative correlation with its ability to
phagocytose (70). In addition, APOE 4 is proved to hamper
autophagy-triggered tau clearance as well. The tau-mediated
neuroinflammation exacerbated by APOE 4 is identified to
result in neurodegeneration independently of Ab (71).
Strikingly, Krasemann et al. also revealed that APOE signaling
(not refer to APOE 4 specifically) not only suppressed the
microglial homeostatic transcriptional factors, but also induced
expression of inflammatory transcriptional factors such as
BHLHE40, TFEC, and ATF3 etc. (4). Based on a recent study,
high levels of soluble TREM2 (sTREM2) helped to ameliorate the
effects of APOE 4-carriage on the hippocampus atrophy and
cognitive decline independent of AD pathology markers in
cerebrospinal fluid (72). Increasingly, JHU-083, a glutamine
antagonist was found to alleviate AD pathogenesis and
cognitive disorder induced by excess microglial LPS-induced
glutaminase (GLS) in APOE 4 knock-in mice (73). More
interestingly, knocking down ApoE 4 in astrocytes can rescue
Frontiers in Immunology | www.frontiersin.org 6
tau pathology and engulfment of synaptic material by microglia
as well (74).

4.1.3 Prostaglandin E2
PGE2 is the most abundant eicosanoid and acts as a kind of lipid
messenger and pro-inflammatory cytokine. Its activation is
associated with suppression of Ab-stimulated microglial
phagocytic activity by preventing cytoskeletal reorganization.
In ageing microglia, PGE2 and its receptor EP2 can mediate
the transformation of glucose into glycogen, resulting in cell
energy-deficient state and pro-inflammatory responses. EP2 is
emerging as a novel target for development of anti-inflammatory
drugs for the treatment of chronic neurodegenerative and
peripheral diseases. PF-04418948, an EP2 antagonist not only
can drastically reduce pro-inflammatory cytokine in
hippocampus, but also ameliorate long-term memory function
via downstream AKT signaling pathway (Figure 3) (75). In
addition, the deficits of novel object recognition (NOR) and
spatial memory are effectively ameliorated, and the level of
insulin-like growth factor 1 (IGF1) is elevated in EP2 knockout
FIGURE 2 | NLRP3 inflammasome and IDE in microglia of AD. The NLRP3 inflammasome accelerates microglial inflammation and can be inhibited by various
substances. The secretion of IDE helps degrade Ab and is regulated by diverse drugs.
April 2022 | Volume 13 | Article 856376
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mouse model in parallel with down-regulation of pro-
inflammatory factors (76). Likewise, Cyclooxygenase 2 (COX2)
is a key enzyme in the synthesis process of prostaglandin E2. S-
ibuprofen, a type of selective COX2 inhibitor, can rescue the
phagocytic response triggered by Ab in microglia after
incubating with IL-1b overnight. Nevertheless, some specific
nonsteroidal anti-inflammatory drugs (NSAIDs) like ibuprofen
and indomethacin were identified to directly affect Ab deposition
by altering g-secretase activity rather than COX activity (77).

4.1.4 IL-1b and IL-6
IL-1 family proteins are mainly involved in innate immunity
with a broad spectrum of diseases, and normally mediate the host
response to infections, injury, and immunologic challenges.
Frontiers in Immunology | www.frontiersin.org 7
Once triggered uncontrolledly, they are more likely to produce
detrimental side effects. Currently, the IL-1 family is comprised
of 11 members and some of which play a dual role in
inflammatory response. Among them, IL-1a is constitutively
present inside normal epithelial, mesenchymal and stromal cells
besides microglia, whereas IL-1b, a potent pro-inflammatory
cytokine, is predominantly produced under disease conditions by
macrophages/microglia, monocytes and dendritic cells (78).
Biologically, IL-1 (not merely IL-1b) is selectively expressed by
activated, plaque-associated microglia of brain tissue in the
patients with AD (79). The pathology is initiated and driven,
in part, by early and sustained overexpression of IL-1 and
consequent overexpression of products of IL-1-driven cascades.
The secretion of mature IL-1b needs the activation of NF-kB
FIGURE 3 | NF-kB pathway in microglia of AD. NF-kB signal pathway plays a central role in microglia-mediated neuroinflammation. This figure introduces multiple
drugs mentioned in this review above, and their effects on microglia at length via NF-kB signal pathway.
April 2022 | Volume 13 | Article 856376
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signaling cascades, ultimately causing the upregulation of the
transcription and inflammasome to process pro-IL-1b protein
(80). Apart with the above-mentioned, IL-1 is also responsible
for the reactive gliosis for its stimulating other pro-inflammatory
cytokines, for example, TNF-a and IL-6. Similarly, Essential oil
(SEO), a drug for microbial infections and inflammation could
inhibit p38 activation which results in anti-AD effects by
modulating neuroinflammation through the NF-kB/MAPK
signaling pathway, and ultimately improve animal cognitive
capacity and histopathological changes in AD model. In
addition, the anti-inflammatory effects of SEO were replicated
in BV-2 microglial cells (81). Of note, Ab in serum also triggers
ATP-mediated IL-1b release from microglia (82). In contrast,
several studies have revealed that the successive expression of IL-
1b in the hippocampus of APP/PS1 mice decreases Ab plaque
Frontiers in Immunology | www.frontiersin.org 8
load and enhances Ab clearance, which mainly attributes to an
increase in the ability of microglia to proliferate and the up-
regulation of phagocytosis-related genes caused by IL-1b (83).
To date, however the mechanisms of IL-1b-induced plaque
clearance remain poorly understood.

IL-6, a prototypic cytokine is not only associated with
inflammation and infection responses, but also involved in the
regulation of metabolic, regenerative, and neural processes. In
pro-inflammation response, IL-6 can increase the amount of
hyperphosphorylated tau protein, which results in the
pathogenesis of all inflammatory diseases (84). Notably, due to
lack of IL-6R in microglia, the involvement of both signaling
modes (trans-signaling and classical) in the biology of IL-6 is
responsible for pro-inflammatory or anti- inflammatory
responses. Namely, IL-6 first binds to soluble IL-6R (sIL-6R)
FIGURE 4 | Microglial phagocytosis and autophagy in AD. Microglia eliminate Ab load through phagocytosis and autophagy. This figure displays the regulatory
mechanism of this process.
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with low affinity to form an IL-6/sIL-6R complex, and
subsequently combines with gp130 on the surface of cells,
which leads to a pro-inflammatory response, while IL-6 classic
signaling is required for anti-inflammatory activities via the
activation of STAT3-mediated signaling pathways (85).
Regarding the IL-6-mediated activities, there is always a
considerable controversy. That is to say, IL-6 has been widely
regarded as a pro-inflammatory cytokine, and also has many
regenerative or anti-inflammatory activities. Interestingly, a
recent study showed that the repopulating microglia can
stimulate the generation of neurons, modulate local
microenvironment and mitigate spatial learning deficits
through IL-6 trans-signaling pathway (86). Similarly, there are
also some evidences that IL-6 can induce massive gliosis to
suppress Ab deposition. Although, the mechanisms underlying
involvement of IL-6 are too complex and have yet to be studied,
this does not abate the fact that IL-6 is still a potential target
for AD.

4.1.5 Interferon-g
IFN-g, an inflammatory cytokine mainly released by activated
natural killer (NK) cells and T helper type 1 (Th1) lymphocytes,
was originally assayed as an antiviral chemokine. Its activities
depend largely on the constitutive expression of membrane IL-
1a (78). In general, neuroinflammation driven by IFN-g and
microglial activation has been associated with neurological
disease. It was reported that IFN-g causes reduced adult
hippocampal neurogenesis, behavior despair, anhedonia, and
cognitive impairment by microglial priming and polarization
to M1 phenotype which leads to the release of pro-inflammatory
cytokines (87). There is also evidence that IFN-g paired with
ligands of Toll-like receptors (TLRs) in microglia causes
neuronal network dysfunction with NO release (88). Some
drugs like glycine can reverse the pro-inflammatory markers in
BV-2 microglial cells treated with IFN-g dose-dependently (89).
Of importance, another study demonstrated that rhinacanthin C
(RC) could inhibit IFN-g-mediated IL-6 and TNF-a secretion,
and abrogate the activation of NF-kB and ERK signaling
pathway in BV-2 microglia, which is relevant to the protection
of neurons and stimulation of neurite outgrowth against Ab
toxicity (23). More interestingly, a recent study demonstrated
that intraperitoneal injection of IFN-g alleviated Ab load both in
hippocampus and cortex by initiating microglial autophagy in
APP/PS1 mice, which were accompanied by the rescue of
cognitive deficiency and synaptic impairments (90). Therefore,
targeting microglia by modulating levels of IFN-g in the brain
may be a therapeutic strategy for neurodegenerative diseases and
psychiatric disorders.

4.1.6 Tumor Necrosis Factor-a
TNF-a plays pleiotropic roles in CNS including tumor killer, cell
proliferation and inflammatory response. Physiologically, TNF-a
is mainly expressed in microglia. Once microglia are activated by
Ab, its expression will be increased. Of note, TNF-a has an
intimate relationship with other cytokines since it can result in
the up-regulation of pro-inflammatory cytokines IL-1 and IFNs.
Strikingly, the up-regulation of TNF-a is reported to suppress
Frontiers in Immunology | www.frontiersin.org 9
long-term-potentiation (LTP) at hippocampal glutamatergic
synapses associated with learning and memory. Intriguingly, this
effect is effectively reversed by anti-TNF-a antibody in young
Trem2R47H/R47H rats (91). In addition, TNF-a can directly
stimulate Ab deposition by the elevation of b-Site APP cleaving
enzyme 1 (BACE1) expression (92). Adiponectin (APN), an anti-
inflammatory and vasculoprotective adipokine, can halt or reverse
the inflammatory morphological changes in microglia through
inhibiting the secretion of TNF-a when co-cultured with Ab
(Figure 3). As a result, when cultured with APN, the viability of
HT-22 neuronal cells is protected against the microglial
cytotoxicity induced by Ab (93). Besides, TNF-a can be
suppressed by IL-10 via down-regulating the expression of nitric
oxide synthetase (iNOS) and cyclooxygenase 2 (COX-2) (94).
Apart from the aforementioned, flavonoids like Luteolin and
Isoflavone also exert the neuroprotection in reducing TNF-a
secretion from microglia, attenuating neuronal cell death (95).
The evidence above shows that blocking TNF-a is more
conductive to anti-neuroinflammation therapeutic strategy in AD.

4.2 AD-Associated Anti-Inflammatory
Factors in Microglia
4.2.1 Triggering Receptor Expressed on Myeloid
Cells 2
TREM2, a single pass transmembrane receptor, is specially
expressed on monocyte-derived dendritic cells, osteoclasts and
microglia. In vivo, microglia that express TREM2 can increase
the phagocytosis of debris from apoptotic or damaged neurons,
which influences immune functions involved in inflammation,
microglial proliferation, survival and cytoskeleton remodeling in
the CNS (96). When TREM2 signal is activated by its adapt
protein, namely, DNAX-binding protein of 12 kDa (DAP12)
through immunoreceptor tyrosine-based activation motif
(ITAM) signaling pathway, it will lead to greater clearance of
cell debris (97, 98). It has been proved that TREM2 mediates Ab
degradation by proteasome degradation pathways and the
proteasome is interconnected with lysosome through
autophagosomes (99) . More notably , the TREM2-
haplodeficiency microglia markedly fail to cluster and insulate
around Ab fibrils and plaques, downregulate the SDF-1a/
CXCR4-mediated chemotaxis, and lose the ability of
nourishing axons, thus resulting in enhanced Ab accumulation
and axonal dystrophy (100). CXCR4, a chemoattractant receptor,
is vital for microglial migrating towards Ab. Activated CXCR4
helps to rescue the ability of microglial migration. As a result, it is
likely to be a potential target for AD treatment as well (100).
Besides, AL002c, an anti-hTREM2 agonistic mAb, provokes
TREM2-mediated beneficial roles of microglia in the mice
carried with the arginine-47-histidine (R47H) mutation of
Trem2 which is associated with a substantial increase of AD
risk. As a result, the systemic administration of AL002c could
alleviate the load of Ab and neurite dystrophy, impact behavior
of 5xFAD mice, and temper microglial inflammatory response.
Although a first-in-human phase I clinical trial of AL002
demonstrated that AL002 was generally safe and well tolerated
with no serious adverse effects, and can be traced by sTREM2
and sCSF-1R. There is also evidence contrary to the view that the
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master regulators SPI1, SMAD3 and SALL1 of the homeostatic
microglia can be restored through deleting TREM2, leading to
repression of TREM2-apolipoprotein E (APOE) signaling
pathways (4, 97). Similar to the report, There is another
evidence that TREM2 has multiple roles at diverse stages of
AD. Wang et al. revealed Trem2-/- 5XFAD mice had higher Ab
burden than wild type (WT) in 8.5 month-old, but Jay et al.
demonstrated that TREM2-deficient mice exhibited reduced
Iba1+ cells, neuroinflammation and Ab deposition at 4 months
of age, indicating that TREM2 plays detrimental role at the early
stages of AD and beneficial role at late stages (96, 101). Besides,
Ab is able to potentiate the interaction between TREM2 and
DAP12 and bind TREM2 directly to increase the expression of
pro-inflammatory cytokines including IL-6 and MIP-1a in WT
microglia, while TREM2 KO microglia show no change in
response to Ab stimulation (102). Therefore, genetic therapy
targeting TREM2 could be a potential avenue for AD therapy.

4.2.2 IL-2 and IL-4 Etc
IL-2 is a 15.5 kDa cytokine that is expressed by cells, B cells,
dendritic cells, eosinophils, and macrophages/microglia. It is
reported that IL-2 can nourish neurons and glia in the CNS,
and further promote neurite branching such as dendrite arbors
and dendritic spines (103). Unfortunately, the level of IL-2 in
hippocampal of the patients with AD is remarkably reduced
(104). Strikingly, the administration of IL-2 via an adeno-
associated virus (AAV)-IL-2 vector improves memory
retention, synaptic plasticity, and spine density in APP/PS1E9
mice, implying IL-2 importance in AD occurrence and therapy.
In addition, IL-2 serves as an immune-modulating agent for CNS
(104). In recent clinical trials, administration of low-dose IL-2
has been shown to result in the expansion of regulatory T cells
(Tregs) which are inflammation-resolving mediators that
regulate the microglial response to Ab deposition and facilitate
in controlling inflammation and autoimmune diseases (105).
Besides, low-dose IL-2 has been shown to be safe, well tolerated,
and can provide immunoregulation with few side effects (106).
Therefore, it is likely that the regulatory T cells stimulated by IL-
2 effectively control Ab deposition in the brain of patients
with AD.

IL-4, also known as B cell-stimulatory factor-1, is a
monomeric Th2 cytokine that shows pleiotropic effects during
immune responses. Currently, it has been shown that IL-4
promotes cell proliferation, survival, and immunoglobulin class
switch. In the CNS, IL-4 enhances polarization of microglia/
macrophages from the pro-inflammatory to the anti-
inflammatory subtype, and is closely associated with tissue
repair from microglia/macrophages, which suppress the
pathological inflammation, and elevate expression of IL-10,
TGF-b and arginase-1 (107). More importantly, it has been
demonstrated that the injection of IL-4 and IL-13 decreases the
density of Ab plaque in the hippocampal of APP/PS1 mice via
the Ab degrading enzymes neprilysin (NEP) and CD36 (108,
109). Furthermore, in the follow-up experiment, the delivery of
IL-4 was proven to improve cognitive performance and alleviate
tau pathology by increasing arginase-1 positive microglia cells in
the 3xTg AD mice (Figure 3) (110).
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IL-10 was first reported as an inhibitory factor of cytokine
synthesis by Fiorentino et al. in 1989 (111). In the CNS, IL-10 is
mainly produced by astrocytes, microglia, and neurons, and it is
capable of attenuating the expression of pro-inflammatory
cytokines such as IL-1b, IL-12, TNF-a, adhesion molecules, as
well as co-stimulatory molecules including CD86 and CD54 (94).
IL-10 plays a critical role in the regulation of immune and
inflammatory responses. In this process, IL-10 acts primarily as
an inhibitor of the nuclear factor kappa B (NF-kB), and activator
of transcription 1 (STAT1) signaling pathways (112, 113). Recent
studies showed that once loss of IL-10, LPS could elicit higher tau
hyperphosphorylation, neurotoxicity and IL-6 overexpression in
mice, thereby leading to aggravation of insults to animals (114).
Regarding up-regulation, compelling evidence reveals that
Curcumin, an efficient pharmacological component of
turmeric, has been proved to protect against neuronal loss by
increasing the production of IL-10 in glial cells via the PI3K
pathway (94) (Figure 3). Moreover, as a kind of anti-
inflammatory leukocyte that secretes IL-10, the development of
regulatory T cells (Tregs) may be aided by IL-10 (115).
Therefore, IL-10 is of paramount importance in targeting
therapy for neurodegenerative diseases.

IL-33, a branch of the IL-1 family and a kind of pro-
inflammatory protein, is structural homology with IL-1 family
cytokines. Similar to IL-1, IL-33 can be cleaved in vitro by
caspase−1, generating an N−terminal fragment that is slightly
shorter than the C−terminal fragment. IL-33 can be sequestered
and blocked by soluble tumorigenicity 2 (sST2), an IL-33 decoy
receptor, thereby curtailing pro-inflammatory response.
However, numerous studies reveal a higher amount of serum
sST2 in patients with mild cognitive impairment, suggesting that
impaired IL-33/ST2 signaling may contribute to the pathogenesis
of AD. Intriguingly, the exogenous administration of IL-33 has
been shown to increase microglial recruitment and Ab
phagocytic activity via activating membrane-bound ST2
receptors and their downstream p38. This downstream cascade
results in the suppression of pro-inflammatory genes and the
polarization of microglia into anti-inflammatory phenotypes,
which contributes to the secretion of the enzyme arginase 1
(ARG1) and the found of inflammatory zone 1 (FIZZ1) (116,
117). To sum up, anti-inflammatory cytokines are potential
therapeutic agents for AD patients.

4.2.3 Transforming Growth Factor b
The transforming growth factor-b (TGF-b) belongs to an
evolutionarily conserved cytokine superfamily, and acts as
cellular switches that regulate processes such as immune
function, proliferation and epithelial−mesenchymal transition.
Alternatively, it is closely pertinent to the cell differentiation and
apoptosis (118). Notably, TGF-b deficiency in mice can lead to
loss of microglia and the absence of a typical ramified
morphology of microglia, indicative of a milieu molecule for
TGF-b required for microglia function (119). In addition, TGF-b
also regulates microglial homeostatic molecular and functional
signature in the brain. It antagonizes specific cytokines such as
IL-1 to inhibit both Th1 and Th2 reactions, preventing these
cytokines from pro-inflammation in immune responses (120).
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Notably, TGF-b also functions as neurotrophic factor-promoting
effects including differentiation, neuronal function maintenance,
synapse plasticity, and memory formation (121). More
importantly, TGF-b released primarily by microglia in response
to CNS lesions protects neurons from toxins, ischemia, and Ab
aggregates, particularly via the phosphatidylinositol-3-kinase
pathway in AD (122). Additionally, TGF-b helps to attenuate
microglia clustering at neuritic plaques through SMAD2
phosphorylation and down-regulation of CCL5, ameliorating to
the neuroinflammation caused by microglia in AD. As a result,
the concomitant release and production of pro-inflammatory
mediators and reactive oxygen species as critical contributing
factors in AD pathology were further abrogated in the
overactivated microglia (123). On the basis of an interesting
study, 1,7-bis (4-hydroxy-3-methoxyphenyl) heptane-3,5-dione
(tetrahydrocurcumin, THC) enhances the secretion of TGF-b in
APP/ps1 mice. Subsequently, the study revealed that Ab-induced
reduced cell viability, cell cycle arrest and spatial memory
impairment were rescued in mice by delivery of THC (124).
Therefore, TGF-b may provide insights into microglial biology
and the possibility of targeting microglia for the treatment of
AD (Figure 3).

4.3 Microglial Phagocytosis, Autophagy
and Ab Degradation
As previously stated, AD is characterized as the deposition of Ab
and NFTs; thus, increasing microglial phagocytosis and
autophagy to remove the overproduction of neurotoxic
proteins is likely to be a promising treatment strategy.

4.3.1 Scavenger Receptors Family
The SRs family was first described as a high-affinity, trypsin-
sensitive, surface binding site of acetylated low-density
lipoprotein (LDL) on macrophages of patients (125). Although
the SRs family was initially considered to be closely related to
lipid metabolism, its role in AD has been established, particularly
for scavenger receptor class A (SR-A), CD36 and receptor for
advanced end glycation products (RAGE) (30). Therefore, the
critical molecules will be systematically reviewed as follows.

4.3.1.1 Scavenger Receptor Class A
SR-A belongs to a large family of scavenger receptors consisting
of at least 6 classes, all mediating the uptake of modified LDL.
Until now, SR-A has been shown to be important in the
inflammatory response in host defense, cellular activation,
adhesion, and cell-cell interaction. An interesting recent study
found that although SR-A and CD36 were the main receptors
responsible for Ab clearance, SR-A rather than CD36 mediated
oligomeric Ab internalization via adhesion to Ab coated
surfaces, and that the oligomeric Ab was completely degraded
within 30 minutes by cathepsin B, a cysteine protease in
lysosomes (126). Therefore, the deficiency of SR-A causes the
reduced uptake of Ab. More than that, the decreased expression
of SR-A is conducive to release of pro-inflammatory cytokines in
the CNS, and reduces anti-inflammatory cytokines in plasma,
which increases the inflammatory environment (127). In
contrast, there is also evidence that SR-A plays a critical role in
Frontiers in Immunology | www.frontiersin.org 11
innate immune responses like inflammatory responses by
combining with exotic pathogens or endogenous ligands,
resulting in M1 polarization and secretion of ROS. As a result,
the brain tissue may be damaged by pro-inflammatory cytokines
due to overexuberant immune responses (128). Unfortunately,
the drugs targeting SR-A of microglia was not hitherto
discovered for AD treatment. Nevertheless, we are still
optimistic about seeking an ideal target drug of molecular
therapy for AD in the future.

4.3.1.2 CD36
CD36, a membrane protein also known as SR-B2, is enriched in the
monocyte-macrophage system and endothelial cells. As a member
of SRs family, CD36 facilitates fatty acid uptake and intracellular
trafficking of cholesterol for packaging into lipoproteins, which
independently regulate the secretion of Ab and tau via a druggable
CYP46A1 (cholesterol 24-hydroxylase) -CE (cholesteryl esters) -tau
axis (129, 130). Kunjathoor et al. demonstrated that Ab promoted
the accumulation of pro-inflammatory lipid peroxides by inhibiting
CD36. This state will form vicious circle in AD, implying the
aggravation of AD. In addition, CD36 is involved in mediating
inflammatory processes by regulating macrophage migration,
phagocytosis, and the formation of foam cells (131). Along with
this, CD36 can also recognize Ab and trigger Toll-like receptor 4
(TLR4)-TLR6 signaling, which shares the same route as activator
oxidized low density lipoprotein (oxLDL). Strikingly, TLR4-TLR6
signaling could promote the mRNA encoding of pro-inflammatory
cytokines like pro-IL-1b, thereby priming the activation of
inflammasome and the secretion of nitric oxide and ROS.
Accordingly, the disruption of CD36-TLR4-TLR6 signaling in
microglia can effectively protect neurons against inflammatory
toxicity resulting from Ab (132). Nevertheless, another study
found that CD36 can be up-regulated by a selective PPAR
agonist, DSP-8658, then leading to accumulation of microglia in
and around Ab plaques and an increase in microglial Ab
phagocytosis. This event was verified by the rescue of spatial
learning in APP/PS1 transgenic mice (133). On the other side, the
upregulation of CD36 can alleviate microglia phagocytosis
deficiency and spatial learning impairment of AD mice by
intranasal administration of a kind of lentiviral vector encoding
human nuclear factor erythroid 2-related factor 2 (LV-NRF2) which
is a transcriptional activator to up-regulate CD36 expression (134).
In general, AD therapeutic strategies targeting CD36 have two main
focuses: CD36 blockade with neutralizing antibodies or other small
molecules to suppress the inflammatory response of microglia, and
upregulating the expression of CD33 to lower the Ab burden,
respectively. The exact mechanisms involved and specific
equilibrium points between the two approaches have yet to
be investigated.

4.3.1.3 Receptor for Advanced End Glycation Products
RAGE is a member of the immunoglobulin superfamily of cell
surface molecules. As a pattern-recognition receptor, it acts as a
pro-inflammatory mediator by pairing with its ligands including
advanced glycation end products (AGE), high mobility group
box 1 (HMGB1) and Ab oligomers. Critically, it also mediates
plasma Ab across blood brain barrier (BBB). Given that
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HMGB1-RAGE axis triggers pro-inflammatory microglia
activation through RAGE-NF-kB signaling pathway, targeting
the HMGB1/RAGE/NF-kB signaling pathway may be a potential
strategy for the treatment of AD (135). Likewise, the activated
microglia enhance the secretion of RAGE ligands, leading to
neuronal cell oxidative stress and death in rats or mice and
creating a vicious cycle as well (136). Soluble RAGE (sRAGE), a
decoy receptor of AGE that lacks the transmembrane domain,
may participate in conservation of CNS homeostasis by dint of
blocking the combination of RAGE and AGE based on its well
contributions to the removal/neutralization of circulating AGE
ligands (137). Subsequently, evidence for an important role of
RAGE from a study demonstrated that, a flavoring agent vanillic
acid (VA), could antagonize RAGE-mediated c-Jun N-terminal
kinase (JNK). It exhibits a number of attractively biological
activities including anti-inflammatory, antioxidant and
neuroprotection. Of importance, VA treatment attenuates
synapse loss and memory deficits of AD markers like APP,
BACE1 and Ab induced by LPS (138). Notably, non-specific
neuroinflammation and M1 polarization could be suppressed via
inhibiting RAGE-NF-kB signaling pathway, implying VA
potential as a therapeutic agent to target AD (139). Regarding
involvement of RAGE in AD target therapy, there is now
evidence that Ab dependent impairments like dependent
behavior and damaged dendritic spine morphology in the
entorhinal cortex (EC) are rescued in transgenic mice with
silenced RAGE of microglia via prohibiting kinases JNK and
p38 mitogen-activated protein kinase (p38MAPK). Alternatively,
the EC, a brain area crucially involved in learning and memory, is
one of the most susceptible to neurodegenerative disorders such
as AD due to the vulnerability of superficial neurons and its
number reduces significantly in the early stage of AD. Therefore,
inhibiting the RAGE of microglia in EC is likely to be another
sensitive therapeutical target in AD (Figure 3) (140).

4.3.2 Peroxisome Proliferator Activated Receptor
PPAR is a type of nuclear receptor that collaborates with PPAR
response elements in the promoter region of genes to regulate
glucose, lipid metabolism, as well as inflammatory processes. It
has been proved that PPARa promotes the recruitment of
microglia, and is closely associated with microglial Ab
phagocytosis. Nowadays, PPARa activation by its agonists
Gemfibrozil and Wy14643, can improve a variety of
pathological and behavioral phenotypes of AD. PPARa
agonists showed an additive enhancement of the autophagy of
microglia and structural neuroplasticity in APP-PSEN1DE9 mice
(141). Therefore, PPARa activators that efficiently cross the
blood–brain barrier may be considered as future therapeutics
for AD. However, PPARg appears an opposite effect. PPARg
antagonists can result in an overall reduction of Ab levels and
improved spatial memory performance. Evidence indicates that
PPARg antagonist T0070907 promotes microglia autophagy via
Liver kinase B1 (LKB1)-adenosine 5’-monophosphate-activated
protein kinase (AMPK) signaling pathway (Figure 4).
Intriguingly, whether M1 to M2 polarization is involved in the
process as well should be also concerned (142).
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4.3.3 Microtubule-Associated Protein Light Chain 3
LC3 is a component of the autophagosomal membrane,
characterized as an autophagy marker, and primarily
participates in the formation of autophagosomes. Autophagy-
related gene 4 (ATG4) is essential for autophagy by affecting full
length LC3 (pro-LC3) to the soluble form LC3-I. In general, LC3
is cleaved at its C-terminus by ATG4 to form LC3-I which is
distributed in the cytosol. For autophagy, LC3-I covalently binds
to phosphatidylethanolamine and is converted to LC3-II on
autophagosome membranes. This process is mediated by the
ATG12-ATG5-ATG16L complex, followed by the formation of
autophagy precursors (143). The expression of LC3 proteins
could be upregulated when nuclear factor erythroid 2-related
factor 2 (NRF2), a factor is dissociated from Kelch-like ECH-
associated protein 1 (KEAP1), and then translocates into the
nucleus and binds to antioxidant responsive element (ARE)
(144). There have been evidence that LC3-associated
endocytosis (LANDO) not only reduces the deposition of Ab
and tau pathology, but also inhibits the secretion of
inflammatory cytokines in activated microglia induced by Ab.
Concurrently, it also rescues memory and behavioral
impairment of 5xFAD mice by maintaining neuronal
homeostasis (145). In addition, the b-Asarone has been shown
to promote autophagy by virtue of increasing the expression of
LC3-I and LC3II (Figure 4) (146). Consistent with the finding,
IL-4 is found to rapidly increase the expression of LC3-I and
LC3II in BV2 microglia and increase the uptake and degradation
of Ab. But the inhibition of IL-4-pretreated microglia M1
phenotype switching induced by Ab is independent on this
autophagy (147). Along with the above-mentioned, use of
some anti-inflammatory drugs like dimethyl fumarate (DMF),
a potent Nrf2 activator may be considered as a potential
therapeutic strategy by up-regulating LC3 to promote
autophagy of microglia (148).

4.3.4 Insulin Degrading Enzyme
Currently, pharmacological activation of the Ab-degrading
molecules represents a novel therapeutic strategy for the
treatment of AD. Extracellular and intracellular degradation of
Ab depends mainly on two proteases, namely, neprilysin and
insulin degrading enzyme (IDE) in vitro (149). IDE is a
downstream region of insulin receptor signaling and mainly
distributed in cytosol. The transport outside cells of IDE
mainly relies on exosomes and extracellular vesicles.
Compelling studies showed that decreased activity of any of
these enzymes due to genetic mutation may increase the risk for
AD. Farris et al. verified that mutations in IDE increased risk of
developing AD in type 2 diabetes (T2D) (150). It is speculated
that insulin resistance and overexpression compete with Ab
binding to IDE, resulting in IDE devitalization, which is
responsible for impaired Ab degradation and clearance in
brain, and thereby promotes the pathogenesis of AD. Even
more to the point, a slight overexpression of IDE remarkably
alleviates Ab deposition to a large extent in APP transgenic mice,
implying that IDE may be an effective therapeutic target for AD
(151). Statins including lovastatin and simvastatin which act as
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inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-
CoA) reductase (HMGR), play an important role in lowering
serum cholesterol levels and are extensively used in the treatment
of hypercholesterolemia (152). Surprisingly, Walter et al. found
that lovastatin can stimulate the secretion of IDE in mouse
microglia cell lines (BV-2 and N9 cells) in vitro, and the level
of IDE in serum is significantly elevated following the delivery of
lovastatin to mice as well (153). There is some evidence that
somatostatin stimulates microglia to express and secrete IDE too
(154). Apart from lovastatin, metformin, a derivative of
biguanide, has been widely used for the treatment of type 2
diabetes (T2D) for almost all country. Intriguingly, an interesting
study revealed that metformin, could also be a potential
therapeutic agent for AD since it accelerates the expression of
IDE by the activation of the AMPK signaling pathway (155).
Consistently, administrating metformin orally also improves Ab
deposition, oxidative stress, and learning and memory functions
in APP/PS1 mice (156). In short, it is possible to propose a new
strategy for the targeted IDE-based therapeutical target for
AD (Figure 2).

4.4 M1 to M2 Switch
As mentioned above, the M2 phenotype of microglia plays a
relatively beneficial role in the maintenance of neurological
homeostasis. Thus, increasing the M2 polarization of microglial
cells may be a potential strategy for treatment of AD. It is
reported that when TAK-242, a specific inhibitor of toll-like
receptor 4 (TLR4), is administered, the levels of M1-markers
(TNF and iNOS) are markedly reduced while M2-markers
(TREM-2 and Arg-1) are increased conversely. In addition,
TAK-242 potentiates microglial phagocytosis via the MYD88/
NF-kB/NLRP3 signaling pathway, and it is capable of
p r om o t i n g A b c l e a r a n c e a n d i n h i b i t i n g t a u
hyperphosphorylation, while it effectively ameliorates the
learning and memory impairments (157). Besides, resveratrol
is a natural polyphenolic phytochemical with a variety of
bioactivities associated with health promotion. It effectively
promotes microglia polarization into the M2 phenotype via
proliferator-activated receptor coactivator-1 (PGC-1), while
inhibiting NF-kB and activating STAT3 and STAT6 to
increase M2 markers (158). Moreover, some non-drug
treatments, for example, low-dose ionizing radiation (LDIR),
may also affect the phenotype of microglia, increase TREM2
and CD206 expression in LPS-induced BV2 microglial cells,
and attenuate Ab deposition and cognitive decline ultimately
(159). In addition, the LKB1–AMPK signaling pathway is not
only involved in energy homeostasis, metabolic stress, but
mediates M1 to M2 switch. Similar to drug, T0070907, an
agonist of the peroxisome proliferator-activated receptor g
(PPARg), also triggers M1-to-M2 polarization and abrogates
the inhibition of LPS-induced autophagy by suppressing LKB1–
AMPK signaling pathway (142). Other substances with similar
effects on microglia polarization have been identified including
L-cysteine-derived hydrogen sulfide (H2S) and CaMKK
inhibitor, STO-609 (160, 161). Apart from that, several
signaling pathways including mTOR, Rho/Rho-kinase, and
the NOTCH signaling pathways, also involved in microglia
Frontiers in Immunology | www.frontiersin.org 13
polarization, implying a plethora of potential therapeutic
targets in microglia polarization of AD (162–164). Numerous
studies have shown that M2 polarization also helps to alleviate
persistent neuropathic pain (NP) and AD-related behavior
impairment in a doxycycline-induced mouse AD model
(165). These evidences presented above demonstrate the
significance of M2 polarization for the treatment of AD.
5 CONCLUSIONS AND
FUTURE EXPECTATIONS

In summary, microglia are crucial mediator and effector in the
pathology of AD, but a slew of mysteries surrounding the
interactions between microglia and AD remain unsolved.
Neurodegeneration has been linked to microglia-associated
inflammatory factors such as TNF-a, IFN-g, and IL-1b. In this
state, microglia fail to endocytose pathological Ab and tau, and
Ab and tau deposition contributes to inflammatory activation,
resulting in a vicious cycle in AD pathology. On the contrary,
anti-inflammatory factors secreted by microglia such as IL-2, IL-
4, IL-10 and TGF-b, and activation of certain receptors such as
TREM2, aid in the restoration of learning and memory deficits in
AD via various signaling pathways and mechanisms.
Furthermore, phagocytosis and autophagy of microglia
mediated by some critical receptors such as SR-A and CD36
are responsible for the degradation of deposited Ab and tau in
AD. The detailed potential interaction mechanism underlying a
variety of molecular events orchestrated by microglia in AD is
seen in figures mentioned above and Table 1. In the CNS, we
believe that microglia, an obligatory member of the innate
immune system, act as a protective factor against tumors,
pathogens, and abnormally deposited proteins such as Ab and
tau. Notwithstanding, once Ab and tau deposition exceeds that
of clearance by microglia, the resulting excessive activation of
microglia would release excessive pro-inflammatory factors to
compromise neurons and their synapses associated with AD. In
this review, we systemically summarized the microglia-
associated factors, mechanisms of molecular activity, and
relevant therapeutic strategies for AD that have been trialed in
cell, animal models, or Alzheimer’s patients. More research has
revealed that microglia play a critical role not just in AD, but also
in PD, ischemia, demyelinating disease, and even psychiatric
conditions such as mood disorders. Pro-inflammatory cytokines
such like TNF-a and IL-6 have been shown to be increased in
patients with depression, and human volunteers were indeed
induced anxiety and depression by the treatment with pro-
inflammatory cytokine IFN-a . Drug-induced anti -
inflammatory microglial phenotypes have been shown to
alleviate depressive-like behavior in mice (166). Taking into
account all the great advantages of microglial double-edged
sword defenses previously described, there is no doubt that
targeting expansion of the microglial various beneficial bio-
functions will hold the potential to delay disease onset and
further possibly preserve cognitive function of patient with
AD. Once we achieve great therapeutic outcomes, the
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therapeutic strategy targeting microglia would represent a
perspective strategy for suppression of the early stage of
neuropathological change in AD, and avoid the family tragedy
of end-stage AD.
AUTHOR CONTRIBUTIONS

YC and JL wrote the manuscript with support from BW, MS, and
HY. All authors contributed to the article and approved the
submitted version.
FUNDING

This work was supported by grants from the National Key R&D
Program of China (2019YFA0802600), the National Natural
Frontiers in Immunology | www.frontiersin.org 14
Science Foundation of China (81974244, 82071551, and
81570960), and the Postgraduate Research & Practice
Innovation Program of Jiangsu Province (5832013521).
ACKNOWLEDGMENTS

We try to provide readers with comprehensive and updated
reviews of recent literature. However, some studies may have
been omit ted involuntar i ly . We apologize for the
inconvenience caused to you, and hope our colleagues can
forgive us for neglecting their work. We thank BioRender
(https://app.biorender.com/) for its assistance during the
preparation of these figures. We also thank the reviewers for
their work.
REFERENCES

1. Ballard C, Gauthier S, Corbett A, Brayne C, Aarsland D, Jones E.
Alzheimer’s Disease. Lancet (2011) 377:9770–1019-31. doi: 10.1016/
S0140-6736(10)61349-9

2. Jakob-Roetne R, Jacobsen H. Alzheimer’s Disease: From Pathology to
Therapeutic Approaches. Angew Chem Int Ed Engl (2009) 48:17–3030-59.
doi: 10.1002/anie.200802808

3. Galimberti D, Scarpini E. Progress in Alzheimer’s Disease. J Neurol (2012)
259:2–201-11. doi: 10.1007/s00415-011-6145-3

4. Krasemann S, Madore C, Cialic R, Baufeld C, Calcagno N, El Fatimy R, et al.
The TREM2-APOE Pathway Drives the Transcriptional Phenotype of
Dysfunctional Microglia in Neurodegenerative Diseases. Immunity (2017)
47:3–566-81.e9. doi: 10.1016/j.immuni.2017.08.008

5. Jouanne M, Rault S, Voisin-Chiret AS. Tau Protein Aggregation in
Alzheimer’s Disease: An Attractive Target for the Development of Novel
Therapeutic Agents. Eur J Med Chem (2017) 139:153–67. doi: 10.1016/
j.ejmech.2017.07.070

6. Bassil F, Brown HJ, Pattabhiraman S, Iwasyk JE, Maghames CM, Meymand ES,
et al. Amyloid-Beta (Abeta) Plaques Promote Seeding and Spreading of Alpha-
Synuclein and Tau in a Mouse Model of Lewy Body Disorders With Abeta
Pathology. Neuron (2020) 105:2–260-75.e6. doi: 10.1016/j.neuron.2019.10.010

7. Dai CL, Hu W, Tung YC, Liu F, Gong CX, Iqbal K. Tau Passive
Immun i z a t i on B l ock s S e ed ing and Spr ead o f A l zhe imer
Hyperphosphorylated Tau-Induced Pathology in 3 X Tg-AD Mice.
Alzheimers Res Ther (2018) 10:1–13. doi: 10.1186/s13195-018-0341-7

8. Scholl M, Wall A, Thordardottir S, Ferreira D, Bogdanovic N, Langstrom B,
et al. Low PiB PET Retention in Presence of Pathologic CSF Biomarkers in
Arctic APP Mutation Carriers. Neurology (2012) 79:3–229-36. doi: 10.1212/
WNL.0b013e31825fdf18

9. Berger Z, Roder H, Hanna A, Carlson A, Rangachari V, Yue M, et al.
Accumulation of Pathological Tau Species and Memory Loss in a
Conditional Model of Tauopathy. J Neurosci (2007) 27:14–3650-62.
doi: 10.1523/JNEUROSCI.0587-07.2007

10. Edison P, Archer HA, Gerhard A, Hinz R, Pavese N, Turkheimer FE, et al.
Microglia, Amyloid, and Cognition in Alzheimer’s Disease: An [11c](R)
PK11195-PET and [11C]PIB-PET Study. Neurobiol Dis (2008) 32:3–412-9.
doi: 10.1016/j.nbd.2008.08.001

11. Xie L, Zhang N, Zhang Q, Li C, Sandhu AF, Iii GW, et al. Inflammatory
Factors and Amyloid Beta-Induced Microglial Polarization Promote
TABLE 1 | Diverse drugs, their effects and associated signal pathways.

Drugs Targets Effects Receptors Effects Pathways Subjects

Galantamine Cholinergic neuron Activate Cholinesterase Inhibit - Cells/mice
OLT1177 NLRP3 Inflammasome Inhibit Caspase-1 Inhibit - Patients/mice
Stavudine NLRP3 Inflammasome Inhibit - - AKT Cells
JC-124 NLRP3 Inflammasome Inhibit Caspase-1 Inhibit - Mice
PF-04418948 Prostaglandin E2 Inhibit EP-2 Inhibit AKT Cells
Indomethacin Ab-42 Reduce g-secretase Switch - Cells
SEO IL-1b Inhibit P38 Inhibit NF-kB Mice
Glycine IFN-g Inhibit - - - Cells
RhinacanthinC IFN-g Inhibit - - NF-kB Cells
APN TNF-a Inhibit AdipoR1 Activate AMPK-NF-kB Cells
AL002c TREM2 Activate anti-hTREM2 agonistic Activate ITAM Patients/mice
curcumin IL-10 Activate - - PI3K Rats
THC TGF-b Activate - - Ras/ERK Cells
DSP-8658 CD36 Activate PPARg Activate - Mice
V.A RAGE Inhibit - - JNK Mice
Gemfibrozil/Wy14643 PPARa Activate - - - Mice
Metformin IDE Activate - - AMPK Mice
TAK-242 M1 M1 to M2 switch TLR4 Inhibit MyD88/NF-kappaB/NLRP3 Mice
Resveratrol M1 M1 to M2 switch PGC-1a Inhibit NF-kB/STAT Cells
April 2022 | Volume 13 | A
rticle 856376

https://app.biorender.com/
https://doi.org/10.1016/S0140-6736(10)61349-9
https://doi.org/10.1016/S0140-6736(10)61349-9
https://doi.org/10.1002/anie.200802808
https://doi.org/10.1007/s00415-011-6145-3
https://doi.org/10.1016/j.immuni.2017.08.008
https://doi.org/10.1016/j.ejmech.2017.07.070
https://doi.org/10.1016/j.ejmech.2017.07.070
https://doi.org/10.1016/j.neuron.2019.10.010
https://doi.org/10.1186/s13195-018-0341-7
https://doi.org/10.1212/WNL.0b013e31825fdf18
https://doi.org/10.1212/WNL.0b013e31825fdf18
https://doi.org/10.1523/JNEUROSCI.0587-07.2007
https://doi.org/10.1016/j.nbd.2008.08.001
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Cai et al. Neuroinflammatory and Therapy in AD
Inflammatory Crosstalk With Astrocytes. Aging (Albany NY) (2020) 12:22–
22538-22549. doi: 10.18632/aging.103663

12. Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer L,
et al. Neurotoxic Reactive Astrocytes Are Induced by Activated Microglia.
Nature (2017) 541:7638–481-487. doi: 10.1038/nature21029

13. Mangialasche F, Solomon A, Winblad B, Mecocci P, Kivipelto M.
Alzheimer’s Disease: Clinical Trials and Drug Development. Lancet
Neurol (2010) 9:7–702-16. doi: 10.1016/S1474-4422(10)70119-8

14. Liu Y, Zhang Y, Zheng X, Fang T, Yang X, Luo X, et al. Galantamine
Improves Cognition, Hippocampal Inflammation, and Synaptic Plasticity
Impairments Induced by Lipopolysaccharide in Mice. J Neuroinflamm
(2018) 15:1–112. doi: 10.1186/s12974-018-1141-5

15. Hansen DV, Hanson JE, Sheng M. Microglia in Alzheimer’s Disease. J Cell
Biol (2018) 217:2–459-472. doi: 10.1083/jcb.201709069

16. Harry GJ. Microglia During Development and Aging. Pharmacol Ther
(2013) 139:3–313-26. doi: 10.1016/j.pharmthera.2013.04.013

17. Bruttger J, Karram K, Wortge S, Regen T, Marini F, Hoppmann N, et al.
Genetic Cell Ablation Reveals Clusters of Local Self-Renewing Microglia in
the Mammalian Central Nervous System. Immunity (2015) 43:1–92-106.
doi: 10.1016/j.immuni.2015.06.012

18. Schafer DP, Lehrman EK, Kautzman AG, Koyama R, Mardinly AR,
Yamasaki R, et al. Microglia Sculpt Postnatal Neural Circuits in an
Activity and Complement-Dependent Manner. Neuron (2012) 74:4–691-
705. doi: 10.1016/j.neuron.2012.03.026

19. Hanisch UK, Kettenmann H. Microglia: Active Sensor and Versatile Effector
Cells in the Normal and Pathologic Brain. Nat Neurosci (2007) 10:11–1387-
94. doi: 10.1038/nn1997

20. Nimmerjahn A, Kirchhoff F, Helmchen F. Resting Microglial Cells Are
Highly Dynamic Surveillants of Brain Parenchyma In Vivo. Science (2005)
308:5726–1314-8. doi: 10.1126/science.1110647

21. Paolicelli RC, Bolasco G, Pagani F, Maggi L, Scianni M, Panzanelli P, et al.
Synaptic Pruning by Microglia Is Necessary for Normal Brain Development.
Science (2011) 333:6048–1456-8. doi: 10.1126/science.1202529

22. Harrison JK, Jiang Y, Chen S, Xia Y, Maciejewski D, McNamara RK, et al.
Role for Neuronally Derived Fractalkine in Mediating Interactions Between
Neurons and CX3CR1-Expressing Microglia. Proc Natl Acad Sci USA (1998)
95:18–10896-901. doi: 10.1073/pnas.95.18.10896

23. Chuang KA, Li MH, Lin NH, Chang CH, Lu IH, Pan IH, et al. Rhinacanthin
C Alleviates Amyloid-Beta Fibrils’ Toxicity on Neurons and Attenuates
Neuroinflammation Triggered by LPS, Amyloid-Beta, and Interferon-
Gamma in Glial Cells. Oxid Med Cell Longev (2017) 2017:5414297.
doi: 10.1155/2017/5414297

24. Bishop NA, Lu T, Yankner BA. Neural Mechanisms of Ageing and Cognitive
Decline. Nature (2010) 464:7288–529-35. doi: 10.1038/nature08983

25. Streit WJ, Graeber MB, Kreutzberg GW. Functional Plasticity of Microglia:
A Review. Glia (1988) 1:5–301-7. doi: 10.1002/glia.440010502

26. Perry VH, Gordon S. Macrophages and Microglia in the Nervous System.
Trends Neurosci (1988) 11:6–273-7. doi: 10.1016/0166-2236(88)90110-5

27. Heneka MT, Carson MJ, El Khoury J, Landreth GE, Brosseron F, Feinstein
DL, et al. Neuroinflammation in Alzheimer’s Disease. Lancet Neurol (2015)
14:4–388-405. doi: 10.1016/S1474-4422(15)70016-5

28. Kettenmann H, Hanisch UK, Noda M, Verkhratsky A. Physiology of
Microglia. Physiol Rev (2011) 91:2–461-553. doi: 10.1152/physrev.00011.2010

29. Bamberger ME, Harris ME, McDonald DR, Husemann J, Landreth GE. A
Cell Surface Receptor Complex for Fibrillar Beta-Amyloid Mediates
Microglial Activation. J Neurosci (2003) 23:7–2665-74. doi: 10.1523/
JNEUROSCI.23-07-02665.2003

30. Hickman SE, Allison EK, El Khoury J. Microglial Dysfunction and Defective
Beta-Amyloid Clearance Pathways in Aging Alzheimer’s Disease Mice.
J Neurosci (2008) 28:33–8354-60. doi: 10.1523/JNEUROSCI.0616-08.2008

31. Varnum MM, Ikezu T. The Classification of Microglial Activation
Phenotypes on Neurodegeneration and Regeneration in Alzheimer’s
Disease Brain. Arch Immunol Ther Exp (Warsz) (2012) 60:4–251-66.
doi: 10.1007/s00005-012-0181-2

32. Baalman K, Marin MA, Ho TS, Godoy M, Cherian L, Robertson C, et al.
Axon Initial Segment-Associated Microglia. J Neurosci (2015) 35:5–2283-92.
doi: 10.1523/JNEUROSCI.3751-14.2015
Frontiers in Immunology | www.frontiersin.org 15
33. Bertolotto A, Agresti C, Castello A, Manzardo E, Riccio A. 5D4 Keratan
Sulfate Epitope Identifies a Subset of Ramified Microglia in Normal Central
Nervous System Parenchyma. J Neuroimmunol (1998) 85:1–69-77.
doi: 10.1016/s0165-5728(97)00251-8

34. Nagarajan N, Jones BW, West PJ, Marc RE, Capecchi MR. Corticostriatal
Circuit Defects in Hoxb8 Mutant Mice. Mol Psychiatry (2018) 23:9–1868-
1877. doi: 10.1038/mp.2017.180

35. Wlodarczyk A, Holtman IR, Krueger M, Yogev N, Bruttger J, Khorooshi R,
et al. A Novel Microglial Subset Plays a Key Role in Myelinogenesis in
Developing Brain. EMBO J (2017) 36:22–3292-3308. doi: 10.15252/
embj.201696056

36. Joost E, Jordao MJC, Mages B, Prinz M, Bechmann I, Krueger M. Microglia
Contribute to the Glia Limitans Around Arteries, Capillaries and Veins
Under Physiological Conditions, in a Model of Neuroinflammation and in
Human Brain Tissue. Brain Struct Funct (2019) 224:3–1301-1314.
doi: 10.1007/s00429-019-01834-8

37. Koenigsknecht-Talboo J, Landreth GE. Microglial Phagocytosis Induced by
Fibrillar Beta-Amyloid and IgGs Are Differentially Regulated by
Proinflammatory Cytokines. J Neurosci (2005) 25:36–8240-9. doi: 10.1523/
JNEUROSCI.1808-05.2005

38. He P, Zhong Z, Lindholm K, Berning L, Lee W, Lemere C, et al. Deletion of
Tumor Necrosis Factor Death Receptor Inhibits Amyloid Beta Generation
and Prevents Learning and Memory Deficits in Alzheimer’s Mice. J Cell Biol
(2007) 178:5–829-41. doi: 10.1083/jcb.200705042

39. Zhu H, Wang Z, Yu J, Yang X, He F, Liu Z, et al. Role and Mechanisms of
Cytokines in the Secondary Brain Injury After Intracerebral Hemorrhage.
Prog Neurobiol (2019) 178:101610. doi: 10.1016/j.pneurobio.2019.03.003

40. Baik SH, Kang S, Lee W, Choi H, Chung S, Kim JI, et al. A Breakdown in
Metabolic Reprogramming Causes Microglia Dysfunction in Alzheimer’s
Disease. Cell Metab (2019) 30:3–493-507 e6. doi: 10.1016/j.cmet.2019.06.005

41. Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-Natan O, Dvir-Szternfeld
R, Ulland TK, et al. A Unique Microglia Type Associated With Restricting
Development of Alzheimer’s Disease. Cell (2017) 169:7–1276-1290 e17.
doi: 10.1016/j.cell.2017.05.018

42. Rangaraju S, Dammer EB, Raza SA, Rathakrishnan P, Xiao H, Gao T, et al.
Identification and Therapeutic Modulation of a Pro-Inflammatory Subset of
Disease-Associated-Microglia in Alzheimer’s Disease. Mol Neurodegener
(2018) 13:1–24. doi: 10.1186/s13024-018-0254-8

43. Fattorelli N, Martinez-Muriana A, Wolfs L, Geric I, De Strooper B, Mancuso
R. Stem-Cell-Derived Human Microglia Transplanted Into Mouse Brain to
Study Human Disease. Nat Protoc (2021) 16:2–1013-1033. doi: 10.1038/
s41596-020-00447-4

44. Zhou Y, Song WM, Andhey PS, Swain A, Levy T, Miller KR, et al. Human
and Mouse Single-Nucleus Transcriptomics Reveal TREM2-Dependent and
TREM2-Independent Cellular Responses in Alzheimer’s Disease. Nat Med
(2020) 26:1–131-142. doi: 10.1038/s41591-019-0695-9

45. Srinivasan K, Friedman BA, Etxeberria A, Huntley MA, van der Brug MP,
Foreman O, et al. Alzheimer’s Patient Microglia Exhibit Enhanced Aging
and Unique Transcriptional Activation. Cell Rep (2020) 31:13–107843.
doi: 10.1016/j.celrep.2020.107843

46. Femminella GD, Dani M, Wood M, Fan Z, Calsolaro V, Atkinson R, et al.
Microglial Activation in Early Alzheimer Trajectory Is Associated With
Higher Gray Matter Volume. Neurology (2019) 92:12–e1331-e1343.
doi: 10.1212/WNL.0000000000007133

47. Schwabe T, Srinivasan K, Rhinn H. Shifting Paradigms: The Central Role of
Microglia in Alzheimer’s Disease. Neurobiol Dis (2020) 143:104962.
doi: 10.1016/j.nbd.2020.104962

48. Olah M, Menon V, Habib N, Taga MF, Ma Y, Yung CJ, et al. Single Cell RNA
Sequencing of Human Microglia Uncovers a Subset Associated With
Alzheimer’s Disease. Nat Commun (2020) 11:1–6129. doi: 10.1038/s41467-
020-19737-2

49. Chakrabarty P, Herring A, Ceballos-Diaz C, Das P, Golde TE. Hippocampal
Expression of Murine TNFalpha Results in Attenuation of Amyloid
Deposition In Vivo. Mol Neurodegener (2011) 6:16. doi: 10.1186/1750-
1326-6-16

50. Petrilli V, Papin S, Tschopp J. The Inflammasome. Curr Biol (2005) 15:15–
R581. doi: 10.1016/j.cub.2005.07.049
April 2022 | Volume 13 | Article 856376

https://doi.org/10.18632/aging.103663
https://doi.org/10.1038/nature21029
https://doi.org/10.1016/S1474-4422(10)70119-8
https://doi.org/10.1186/s12974-018-1141-5
https://doi.org/10.1083/jcb.201709069
https://doi.org/10.1016/j.pharmthera.2013.04.013
https://doi.org/10.1016/j.immuni.2015.06.012
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.1038/nn1997
https://doi.org/10.1126/science.1110647
https://doi.org/10.1126/science.1202529
https://doi.org/10.1073/pnas.95.18.10896
https://doi.org/10.1155/2017/5414297
https://doi.org/10.1038/nature08983
https://doi.org/10.1002/glia.440010502
https://doi.org/10.1016/0166-2236(88)90110-5
https://doi.org/10.1016/S1474-4422(15)70016-5
https://doi.org/10.1152/physrev.00011.2010
https://doi.org/10.1523/JNEUROSCI.23-07-02665.2003
https://doi.org/10.1523/JNEUROSCI.23-07-02665.2003
https://doi.org/10.1523/JNEUROSCI.0616-08.2008
https://doi.org/10.1007/s00005-012-0181-2
https://doi.org/10.1523/JNEUROSCI.3751-14.2015
https://doi.org/10.1016/s0165-5728(97)00251-8
https://doi.org/10.1038/mp.2017.180
https://doi.org/10.15252/embj.201696056
https://doi.org/10.15252/embj.201696056
https://doi.org/10.1007/s00429-019-01834-8
https://doi.org/10.1523/JNEUROSCI.1808-05.2005
https://doi.org/10.1523/JNEUROSCI.1808-05.2005
https://doi.org/10.1083/jcb.200705042
https://doi.org/10.1016/j.pneurobio.2019.03.003
https://doi.org/10.1016/j.cmet.2019.06.005
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1186/s13024-018-0254-8
https://doi.org/10.1038/s41596-020-00447-4
https://doi.org/10.1038/s41596-020-00447-4
https://doi.org/10.1038/s41591-019-0695-9
https://doi.org/10.1016/j.celrep.2020.107843
https://doi.org/10.1212/WNL.0000000000007133
https://doi.org/10.1016/j.nbd.2020.104962
https://doi.org/10.1038/s41467-020-19737-2
https://doi.org/10.1038/s41467-020-19737-2
https://doi.org/10.1186/1750-1326-6-16
https://doi.org/10.1186/1750-1326-6-16
https://doi.org/10.1016/j.cub.2005.07.049
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Cai et al. Neuroinflammatory and Therapy in AD
51. Martinon F, Burns K, Tschopp J. The Inflammasome: A Molecular Platform
Triggering Activation of Inflammatory Caspases and Processing of proIL-
Beta. Mol Cell (2002) 10:2–417-26. doi: 10.1016/s1097-2765(02)00599-3

52. Rathinam VA, Vanaja SK, Fitzgerald KA. Regulation of Inflammasome
Signaling. Nat Immunol (2012) 13:4–333-42. doi: 10.1038/ni.2237

53. Halle A, Hornung V, Petzold GC, Stewart CR, Monks BG, Reinheckel T,
et al. The NALP3 Inflammasome Is Involved in the Innate Immune
Response to Amyloid-Beta. Nat Immunol (2008) 9:8–857-65. doi: 10.1038/
ni.1636

54. Heneka MT, Kummer MP, Stutz A, Delekate A, Schwartz S, Vieira-Saecker
A, et al. NLRP3 Is Activated in Alzheimer’s Disease and Contributes to
Pathology in APP/PS1 Mice. Nature (2013) 493:7434–674-8. doi: 10.1038/
nature11729

55. Sutinen EM, Pirttila T, Anderson G, Salminen A, Ojala JO. Pro-
Inflammatory Interleukin-18 Increases Alzheimer’s Disease-Associated
Amyloid-Beta Production in Human Neuron-Like Cells. J Neuroinflamm
(2012) 9:199. doi: 10.1186/1742-2094-9-199

56. Luciunaite A, McManus RM, Jankunec M, Racz I, Dansokho C, Dalgediene
I, et al. Soluble Abeta Oligomers and Protofibrils Induce NLRP3
Inflammasome Activation in Microglia. J Neurochem (2020) 155:6–650-
661. doi: 10.1111/jnc.14945

57. Stancu IC, Cremers N, Vanrusselt H, Couturier J, Vanoosthuyse A, Kessels S,
et al. Aggregated Tau Activates NLRP3-ASC Inflammasome Exacerbating
Exogenously Seeded and Non-Exogenously Seeded Tau Pathology In Vivo.
Acta Neuropathol (2019) 137:4–599-617. doi: 10.1007/s00401-018-01957-y

58. Aminzadeh M, Roghani M, Sarfallah A, Riazi GH. TRPM2 Dependence of
ROS-Induced NLRP3 Activation in Alzheimer ’s Disease. Int
Immunopharmacol (2018) 54:78–85. doi: 10.1016/j.intimp.2017.10.024

59. Lonnemann N, Hosseini S, Marchetti C, Skouras DB, Stefanoni D,
D’Alessandro A, et al. The NLRP3 Inflammasome Inhibitor OLT1177
Rescues Cognitive Impairment in a Mouse Model of Alzheimer’s Disease.
Proc Natl Acad Sci USA (2020) 117:50–32145-32154. doi: 10.1073/
pnas.2009680117

60. La Rosa F, Saresella M, Marventano I, Piancone F, Ripamonti E, Al-Daghri
N, et al. Stavudine Reduces NLRP3 Inflammasome Activation and
Modulates Amyloid-Beta Autophagy. J Alzheimers Dis (2019) 72:2–401-
412. doi: 10.3233/JAD-181259

61. Yin J, Zhao F, Chojnacki JE, Fulp J, Klein WL, Zhang S, et al. NLRP3
Inflammasome Inhibitor Ameliorates Amyloid Pathology in a Mouse Model
of Alzheimer’s Disease.Mol Neurobiol (2018) 55:3–1977-1987. doi: 10.1007/
s12035-017-0467-9

62. Saitoh T, Fujita N, Jang MH, Uematsu S, Yang BG, Satoh T, et al. Loss of the
Autophagy Protein Atg16L1 Enhances Endotoxin-Induced IL-1beta
Production. Nature (2008) 456:7219–264-8. doi: 10.1038/nature07383

63. Houtman J, Freitag K, Gimber N, Schmoranzer J, Heppner FL, Jendrach M.
Beclin1-Driven Autophagy Modulates the Inflammatory Response of
Microglia via NLRP3. EMBO J (2019) 38:4–. doi: 10.15252/embj.201899430

64. Zhou W, Xiao D, Zhao Y, Tan B, Long Z, Yu L, et al. Enhanced
Autolysosomal Function Ameliorates the Inflammatory Response
Mediated by the NLRP3 Inflammasome in Alzheimer’s Disease. Front
Aging Neurosci (2021) 13:629891:629891. doi: 10.3389/fnagi.2021.629891

65. Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell PC,
Small GW, et al. Gene Dose of Apolipoprotein E Type 4 Allele and the Risk
of Alzheimer’s Disease in Late Onset Families. Science (1993) 261:5123–921-
3. doi: 10.1126/science.8346443

66. Rebeck GW, Reiter JS, Strickland DK, Hyman BT. Apolipoprotein E in
Sporadic Alzheimer’s Disease: Allelic Variation and Receptor Interactions.
Neuron (1993) 11:4–575-80. doi: 10.1016/0896-6273(93)90070-8

67. Shinohara M, Kanekiyo T, Yang L, Linthicum D, Shinohara M, Fu Y, et al.
APOE2 Eases Cognitive Decline During Aging: Clinical and Preclinical
Evaluations. Ann Neurol (2016) 79:5–758-774. doi: 10.1002/ana.24628

68. Chen Y, Durakoglugil MS, Xian X, Herz J. ApoE4 Reduces Glutamate
Receptor Function and Synaptic Plasticity by Selectively Impairing ApoE
Receptor Recycling. Proc Natl Acad Sci USA (2010) 107:26–12011-6.
doi: 10.1073/pnas.0914984107

69. Gosselin D, Skola D, Coufal NG, Holtman IR, Schlachetzki JCM, Sajti E,
et al. An Environment-Dependent Transcriptional Network Specifies
Frontiers in Immunology | www.frontiersin.org 16
Human Microglia Identity. Science (2017) 356:6344–. doi: 10.1126/
science.aal3222

70. Lin YT, Seo J, Gao F, Feldman HM, Wen HL, Penney J, et al. APOE4 Causes
Widespread Molecular and Cellular Alterations Associated With
Alzheimer’s Disease Phenotypes in Human iPSC-Derived Brain Cell
Types. Neuron (2018) 98:6–1141-1154 e7. doi: 10.1016/j.neuron.2018.05.008

71. Shi Y, Yamada K, Liddelow SA, Smith ST, Zhao L, Luo W, et al. ApoE4
Markedly Exacerbates Tau-Mediated Neurodegeneration in a Mouse Model
of Tauopathy. Nature (2017) 549:7673–523-527. doi: 10.1038/nature24016

72. Franzmeier N, Suarez-Calvet M, Frontzkowski L, Moore A, Hohman TJ,
Morenas-Rodriguez E, et al. Higher CSF Strem2 Attenuates ApoE4-Related
Risk for Cognitive Decline and Neurodegeneration. Mol Neurodegener
(2020) 15:1–57. doi: 10.1186/s13024-020-00407-2

73. Hollinger KR, Zhu X, Khoury ES, Thomas AG, Liaw K, Tallon C, et al.
Glutamine Antagonist JHU-083 Normalizes Aberrant Hippocampal
Glutaminase Activity and Improves Cognition in APOE4 Mice. J
Alzheimers Dis (2020) 77:1–437-447. doi: 10.3233/JAD-190588

74. Wang C, Xiong M, Gratuze M, Bao X, Shi Y, Andhey PS, et al. Selective
Removal of Astrocytic APOE4 Strongly Protects Against Tau-Mediated
Neurodegeneration and Decreases Synaptic Phagocytosis by Microglia.
Neuron (2021) 109:10–1657-1674 e7. doi: 10.1016/j.neuron.2021.03.024

75. Minhas PS, Latif-Hernandez A, McReynolds MR, Durairaj AS, Wang Q,
Rubin A, et al. Restoring Metabolism of Myeloid Cells Reverses Cognitive
Decline in Ageing. Nature (2021) 590:7844–122-128. doi: 10.1038/s41586-
020-03160-0

76. Johansson JU, Woodling NS, Wang Q, Panchal M, Liang X, Trueba-Saiz A,
et al. Prostaglandin Signaling Suppresses Beneficial Microglial Function in
Alzheimer’s Disease Models. J Clin Invest (2015) 125:1–350-64. doi: 10.1172/
JCI77487

77. Weggen S, Eriksen JL, Das P, Sagi SA, Wang R, Pietrzik CU, et al. A Subset of
NSAIDs Lower Amyloidogenic Abeta42 Independently of Cyclooxygenase
Activity. Nature (2001) 414:6860–212-6. doi: 10.1038/35102591

78. Dinarello CA. Overview of the IL-1 Family in Innate Inflammation and
Acquired Immunity. Immunol Rev (2018) 281:1–8-27. doi: 10.1111/
imr.12621

79. Griffin WS, Stanley LC, Ling C, White L, MacLeod V, Perrot LJ, et al. Brain
Interleukin 1 and S-100 Immunoreactivity are Elevated in Down Syndrome
and Alzheimer Disease. Proc Natl Acad Sci USA (1989) 86:19–7611-5.
doi: 10.1073/pnas.86.19.7611

80. Petrilli V, Dostert C, Muruve DA, Tschopp J. The Inflammasome: A Danger
Sensing Complex Triggering Innate Immunity. Curr Opin Immunol (2007)
19:6–615-22. doi: 10.1016/j.coi.2007.09.002

81. Xu M, Zhang X, Ren F, Yan T, Wu B, Bi K, et al. Essential Oil of Schisandra
Chinensis Ameliorates Cognitive Decline in Mice by Alleviating
Inflammation. Food Funct (2019) 10:9–5827-5842. doi: 10.1039/c9fo00058e

82. Facci L, Barbierato M, Zusso M, Skaper SD, Giusti P. Serum Amyloid A
Primes Microglia for ATP-Dependent Interleukin-1beta Release.
J Neuroinflamm (2018) 15:1–164. doi: 10.1186/s12974-018-1205-6

83. Rivera-Escalera F, Pinney JJ, Owlett L, Ahmed H, Thakar J, Olschowka JA,
et al. IL-1beta-Driven Amyloid Plaque Clearance Is Associated With an
Expansion of Transcriptionally Reprogrammed Microglia. J Neuroinflamm
(2019) 16:1–261. doi: 10.1186/s12974-019-1645-7

84. Quintanilla RA, Orellana DI, Gonzalez-Billault C, Maccioni RB. Interleukin-
6 Induces Alzheimer-Type Phosphorylation of Tau Protein by Deregulating
the Cdk5/P35 Pathway. Exp Cell Res (2004) 295:1–245-57. doi: 10.1016/
j.yexcr.2004.01.002

85. Rose-John S. IL-6 Trans-Signaling via the Soluble IL-6 Receptor: Importance
for the Pro-Inflammatory Activities of IL-6. Int J Biol Sci (2012) 8:9–1237-
47. doi: 10.7150/ijbs.4989

86. Willis EF, MacDonald KPA, Nguyen QH, Garrido AL, Gillespie ER, Harley
SBR, et al. Repopulating Microglia Promote Brain Repair in an IL-6-
Dependent Manner. Cell (2020) 180:5–833-846 e16. doi: 10.1016/
j.cell.2020.02.013

87. Zhang J, He H, Qiao Y, Zhou T, He H, Yi S, et al. Priming of Microglia With
IFN-Gamma Impairs Adult Hippocampal Neurogenesis and Leads to
Depression-Like Behaviors and Cognitive Defects. Glia (2020) 68:12–
2674-2692. doi: 10.1002/glia.23878
April 2022 | Volume 13 | Article 856376

https://doi.org/10.1016/s1097-2765(02)00599-3
https://doi.org/10.1038/ni.2237
https://doi.org/10.1038/ni.1636
https://doi.org/10.1038/ni.1636
https://doi.org/10.1038/nature11729
https://doi.org/10.1038/nature11729
https://doi.org/10.1186/1742-2094-9-199
https://doi.org/10.1111/jnc.14945
https://doi.org/10.1007/s00401-018-01957-y
https://doi.org/10.1016/j.intimp.2017.10.024
https://doi.org/10.1073/pnas.2009680117
https://doi.org/10.1073/pnas.2009680117
https://doi.org/10.3233/JAD-181259
https://doi.org/10.1007/s12035-017-0467-9
https://doi.org/10.1007/s12035-017-0467-9
https://doi.org/10.1038/nature07383
https://doi.org/10.15252/embj.201899430
https://doi.org/10.3389/fnagi.2021.629891
https://doi.org/10.1126/science.8346443
https://doi.org/10.1016/0896-6273(93)90070-8
https://doi.org/10.1002/ana.24628
https://doi.org/10.1073/pnas.0914984107
https://doi.org/10.1126/science.aal3222
https://doi.org/10.1126/science.aal3222
https://doi.org/10.1016/j.neuron.2018.05.008
https://doi.org/10.1038/nature24016
https://doi.org/10.1186/s13024-020-00407-2
https://doi.org/10.3233/JAD-190588
https://doi.org/10.1016/j.neuron.2021.03.024
https://doi.org/10.1038/s41586-020-03160-0
https://doi.org/10.1038/s41586-020-03160-0
https://doi.org/10.1172/JCI77487
https://doi.org/10.1172/JCI77487
https://doi.org/10.1038/35102591
https://doi.org/10.1111/imr.12621
https://doi.org/10.1111/imr.12621
https://doi.org/10.1073/pnas.86.19.7611
https://doi.org/10.1016/j.coi.2007.09.002
https://doi.org/10.1039/c9fo00058e
https://doi.org/10.1186/s12974-018-1205-6
https://doi.org/10.1186/s12974-019-1645-7
https://doi.org/10.1016/j.yexcr.2004.01.002
https://doi.org/10.1016/j.yexcr.2004.01.002
https://doi.org/10.7150/ijbs.4989
https://doi.org/10.1016/j.cell.2020.02.013
https://doi.org/10.1016/j.cell.2020.02.013
https://doi.org/10.1002/glia.23878
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Cai et al. Neuroinflammatory and Therapy in AD
88. Schilling S, Chausse B, Dikmen HO, Almouhanna F, Hollnagel JO, Lewen A,
et al. TLR2- and TLR3-Activated Microglia Induce Different Levels of
Neuronal Network Dysfunction in a Context-Dependent Manner. Brain
Behav Immun (2021) 96:80–91. doi: 10.1016/j.bbi.2021.05.013

89. Egger F, Jakab M, Fuchs J, Oberascher K, Brachtl G, Ritter M, et al. Effect of
Glycine on BV-2 Microglial Cells Treated With Interferon-Gamma and
Lipopolysaccharide. Int J Mol Sci (2020) 21:3–. doi: 10.3390/ijms21030804

90. He Z, Yang Y, Xing Z, Zuo Z, Wang R, Gu H, et al. Intraperitoneal Injection
of IFN-Gamma Restores Microglial Autophagy, Promotes Amyloid-Beta
Clearance and Improves Cognition in APP/PS1 Mice. Cell Death Dis (2020)
11:6–440. doi: 10.1038/s41419-020-2644-4

91. Ren S, Yao W, Tambini MD, Yin T, Norris KA, D’Adamio L. Microglia
TREM2(R47H) Alzheimer-Linked Variant Enhances Excitatory
Transmission and Reduces LTP via Increased TNF-Alpha Levels. Elife
(2020) 9e57513. doi: 10.7554/eLife.57513

92. Zhao J, O’Connor T, Vassar R. The Contribution of Activated Astrocytes to
Abeta Production: Implications for Alzheimer’s Disease Pathogenesis.
J Neuroinflamm (2011) 8:150. doi: 10.1186/1742-2094-8-150

93. Jian M, Kwan JS, Bunting M, Ng RC, Chan KH. Adiponectin Suppresses
Amyloid-Beta Oligomer (AbetaO)-Induced Inflammatory Response of
Microglia via AdipoR1-AMPK-NF-kappaB Signaling Pathway.
J Neuroinflamm (2019) 16:1–110. doi: 10.1186/s12974-019-1492-6

94. Mollazadeh H, Cicero AFG, Blesso CN, Pirro M, Majeed M, Sahebkar A.
Immune Modulation by Curcumin: The Role of Interleukin-10. Crit Rev
Food Sci Nutr (2019) 59:1–89-101. doi: 10.1080/10408398.2017.1358139

95. Maurya SK, Bhattacharya N, Mishra S, Bhattacharya A, Banerjee P, Senapati
S, et al. Microglia Specific Drug Targeting Using Natural Products for the
Regulation of Redox Imbalance in Neurodegeneration. Front Pharmacol
(2021) 12:654489:654489. doi: 10.3389/fphar.2021.654489

96. Wang Y, Cella M, Mallinson K, Ulrich JD, Young KL, Robinette ML, et al.
TREM2 Lipid Sensing Sustains the Microglial Response in an Alzheimer’s
Disease Model. Cell (2015) 160:6–1061-71. doi: 10.1016/j.cell.2015.01.049

97. Wang S, Mustafa M, Yuede CM, Salazar SV, Kong P, Long H, et al. Anti-
Human TREM2 Induces Microglia Proliferation and Reduces Pathology in
an Alzheimer’s Disease Model. J Exp Med (2020) 217:9–. doi: 10.1084/
jem.20200785

98. Kleinberger G, Yamanishi Y, Suarez-Calvet M, Czirr E, Lohmann E, Cuyvers
E, et al. TREM2 Mutations Implicated in Neurodegeneration Impair Cell
Surface Transport and Phagocytosis. Sci Transl Med (2014) 6:243–243ra86.
doi: 10.1126/scitranslmed.3009093

99. Kwon YT, Ciechanover A. The Ubiquitin Code in the Ubiquitin-Proteasome
System and Autophagy. Trends Biochem Sci (2017) 42:11–873-886.
doi: 10.1016/j.tibs.2017.09.002

100. McQuade A, Kang YJ, Hasselmann J, Jairaman A, Sotelo A, Coburn M, et al.
Gene Expression and Functional Deficits Underlie TREM2-Knockout
Microglia Responses in Human Models of Alzheimer’s Disease. Nat
Commun (2020) 11:1–5370. doi: 10.1038/s41467-020-19227-5

101. Jay TR, Miller CM, Cheng PJ, Graham LC, Bemiller S, Broihier ML, et al.
TREM2 Deficiency Eliminates TREM2+ Inflammatory Macrophages and
Ameliorates Pathology in Alzheimer’s Disease Mouse Models. J Exp Med
(2015) 212:3–287-95. doi: 10.1084/jem.20142322

102. Zhao Y, Wu X, Li X, Jiang LL, Gui X, Liu Y, et al. TREM2 Is a Receptor for
Beta-Amyloid That Mediates Microglial Function. Neuron (2018) 97:5–
1023-1031 e7. doi: 10.1016/j.neuron.2018.01.031

103. Awatsuji H, Furukawa Y, NakajimaM, Furukawa S, Hayashi K. Interleukin-2
as a Neurotrophic Factor for Supporting the Survival of Neurons Cultured
From Various Regions of Fetal Rat Brain. J Neurosci Res (1993) 35:3–305-11.
doi: 10.1002/jnr.490350310

104. Alves S, Churlaud G, Audrain M, Michaelsen-Preusse K, Fol R, Souchet B,
et al. Interleukin-2 Improves Amyloid Pathology, Synaptic Failure and
Memory in Alzheimer’s Disease Mice. Brain (2017) 140:3–826-842.
doi: 10.1093/brain/aww330

105. Dansokho C, Ait Ahmed D, Aid S, Toly-Ndour C, Chaigneau T, Calle V,
et al. Regulatory T Cells Delay Disease Progression in Alzheimer-Like
Pathology. Brain (2016) 139:Pt 4–1237-51. doi: 10.1093/brain/awv408

106. Klatzmann D, Abbas AK. The Promise of Low-Dose Interleukin-2 Therapy
for Autoimmune and Inflammatory Diseases. Nat Rev Immunol (2015) 15:5–
283-94. doi: 10.1038/nri3823
Frontiers in Immunology | www.frontiersin.org 17
107. Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, et al.
Macrophage Activation and Polarization: Nomenclature and Experimental
Guidelines. Immunity (2014) 41:1–14-20. doi: 10.1016/j.immuni.2014.06.008

108. Boccardi V, Westman E, Pelini L, Lindberg O, Muehlboeck JS, Simmons A,
et al. Differential Associations of IL-4 With Hippocampal Subfields in Mild
Cognitive Impairment and Alzheimer’s Disease. Front Aging Neurosci (2018)
10:439. doi: 10.3389/fnagi.2018.00439

109. Cherry JD, Olschowka JA, O’Banion MK. Arginase 1+ Microglia Reduce
Abeta Plaque Deposition During IL-1beta-Dependent Neuroinflammation.
J Neuroinflamm (2015) 12:203. doi: 10.1186/s12974-015-0411-8

110. Dionisio-Santos DA, Behrouzi A, Olschowka JA, O’Banion MK. Evaluating
the Effect of Interleukin-4 in the 3xtg Mouse Model of Alzheimer’s Disease.
Front Neurosci (2020) 14:441. doi: 10.3389/fnins.2020.00441

111. Fiorentino DF, Bond MW, Mosmann TR. Two Types of Mouse T Helper
Cell. IV. Th2 Clones Secrete a Factor That Inhibits Cytokine Production by
Th1 Clones. J Exp Med (1989) 170:6–2081-95. doi: 10.1084/jem.170.6.2081

112. Hovsepian E, Penas F, Siffo S, Mirkin GA, Goren NB. IL-10 Inhibits the NF-
kappaB and ERK/MAPK-Mediated Production of Pro-Inflammatory
Mediators by Up-Regulation of SOCS-3 in Trypanosoma Cruzi-Infected
Cardiomyocytes. PloS One (2013) 8:11–e79445. doi: 10.1371/
journal.pone.0079445

113. Stewart CA, Metheny H, Iida N, Smith L, Hanson M, Steinhagen F, et al.
Interferon-Dependent IL-10 Production by Tregs Limits Tumor Th17
Inflammation. J Clin Invest (2013) 123:11–4859-74. doi: 10.1172/JCI65180

114. Weston LL, Jiang S, Chisholm D, Jantzie LL, Bhaskar K. Interleukin-10
Deficiency Exacerbates Inflammation-Induced Tau Pathology.
J Neuroinflamm (2021) 18:1–161. doi: 10.1186/s12974-021-02211-1

115. Proto JD, Doran AC, Gusarova G, Yurdagul AJr., Sozen E, Subramanian M,
et al. Regulatory T Cells Promote Macrophage Efferocytosis During
Inflammation Resolution. Immunity (2018) 49:4–666-677 e6. doi: 10.1016/
j.immuni.2018.07.015

116. Fu AK, Hung KW, Yuen MY, Zhou X, Mak DS, Chan IC, et al. IL-33
Ameliorates Alzheimer’s Disease-Like Pathology and Cognitive Decline.
Proc Natl Acad Sci USA (2016) 113:19–E2705-13. doi: 10.1073/
pnas.1604032113

117. Liew FY, Pitman NI, McInnes IB. Disease-Associated Functions of IL-33:
The New Kid in the IL-1 Family. Nat Rev Immunol (2010) 10:2–103-10.
doi: 10.1038/nri2692

118. Miyazono K, Katsuno Y, Koinuma D, Ehata S, Morikawa M. Intracellular
and Extracellular TGF-Beta Signaling in Cancer: Some Recent Topics. Front
Med (2018) 12:4–387-411. doi: 10.1007/s11684-018-0646-8

119. Butovsky O, Jedrychowski MP, Moore CS, Cialic R, Lanser AJ, Gabriely G,
et al. Identification of a Unique TGF-Beta-Dependent Molecular and
Functional Signature in Microglia. Nat Neurosci (2014) 17:1–131-43.
doi: 10.1038/nn.3599

120. Musil R, Schwarz MJ, Riedel M, Dehning S, Cerovecki A, Spellmann I, et al.
Elevated Macrophage Migration Inhibitory Factor and Decreased
Transforming Growth Factor-Beta Levels in Major Depression–No
Influence of Celecoxib Treatment. J Affect Disord (2011) 134:1–3-217-25.
doi: 10.1016/j.jad.2011.05.047

121. Caraci F, Spampinato S, Sortino MA, Bosco P, Battaglia G, Bruno V, et al.
Dysfunction of TGF-Beta1 Signaling in Alzheimer’s Disease: Perspectives for
Neuroprotection. Cell Tissue Res (2012) 347:1–291-301. doi: 10.1007/s00441-
011-1230-6

122. Caraci F, Battaglia G, Busceti C, Biagioni F, Mastroiacovo F, Bosco P, et al.
TGF-Beta 1 Protec t s Agains t Abeta-Neurotox ic i ty v ia the
Phosphatidylinositol-3-Kinase Pathway. Neurobiol Dis (2008) 30:2–234-42.
doi: 10.1016/j.nbd.2008.01.007

123. Huang WC, Yen FC, Shie FS, Pan CM, Shiao YJ, Yang CN, et al. TGF-Beta1
Blockade of Microglial Chemotaxis Toward Abeta Aggregates Involves
SMAD Signaling and Down-Regulation of CCL5. J Neuroinflamm (2010)
7:28. doi: 10.1186/1742-2094-7-28

124. Xiao Y, Dai Y, Li L, Geng F, Xu Y, Wang J, et al. Tetrahydrocurcumin
Ameliorates Alzheimer’s Pathological Phenotypes by Inhibition of Microglial
Cell Cycle Arrest and Apoptosis via Ras/ERK Signaling. BioMed
Pharmacother (2021) 139:111651. doi: 10.1016/j.biopha.2021.111651

125. Goldstein JL, Ho YK, Basu SK, Brown MS. Binding Site on Macrophages
That Mediates Uptake and Degradation of Acetylated Low Density
April 2022 | Volume 13 | Article 856376

https://doi.org/10.1016/j.bbi.2021.05.013
https://doi.org/10.3390/ijms21030804
https://doi.org/10.1038/s41419-020-2644-4
https://doi.org/10.7554/eLife.57513
https://doi.org/10.1186/1742-2094-8-150
https://doi.org/10.1186/s12974-019-1492-6
https://doi.org/10.1080/10408398.2017.1358139
https://doi.org/10.3389/fphar.2021.654489
https://doi.org/10.1016/j.cell.2015.01.049
https://doi.org/10.1084/jem.20200785
https://doi.org/10.1084/jem.20200785
https://doi.org/10.1126/scitranslmed.3009093
https://doi.org/10.1016/j.tibs.2017.09.002
https://doi.org/10.1038/s41467-020-19227-5
https://doi.org/10.1084/jem.20142322
https://doi.org/10.1016/j.neuron.2018.01.031
https://doi.org/10.1002/jnr.490350310
https://doi.org/10.1093/brain/aww330
https://doi.org/10.1093/brain/awv408
https://doi.org/10.1038/nri3823
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.3389/fnagi.2018.00439
https://doi.org/10.1186/s12974-015-0411-8
https://doi.org/10.3389/fnins.2020.00441
https://doi.org/10.1084/jem.170.6.2081
https://doi.org/10.1371/journal.pone.0079445
https://doi.org/10.1371/journal.pone.0079445
https://doi.org/10.1172/JCI65180
https://doi.org/10.1186/s12974-021-02211-1
https://doi.org/10.1016/j.immuni.2018.07.015
https://doi.org/10.1016/j.immuni.2018.07.015
https://doi.org/10.1073/pnas.1604032113
https://doi.org/10.1073/pnas.1604032113
https://doi.org/10.1038/nri2692
https://doi.org/10.1007/s11684-018-0646-8
https://doi.org/10.1038/nn.3599
https://doi.org/10.1016/j.jad.2011.05.047
https://doi.org/10.1007/s00441-011-1230-6
https://doi.org/10.1007/s00441-011-1230-6
https://doi.org/10.1016/j.nbd.2008.01.007
https://doi.org/10.1186/1742-2094-7-28
https://doi.org/10.1016/j.biopha.2021.111651
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Cai et al. Neuroinflammatory and Therapy in AD
Lipoprotein, Producing Massive Cholesterol Deposition. Proc Natl Acad Sci
USA (1979) 76:1–333-7. doi: 10.1073/pnas.76.1.333

126. Yang CN, Shiao YJ, Shie FS, Guo BS, Chen PH, Cho CY, et al. Mechanism
Mediating Oligomeric Abeta Clearance by Naive Primary Microglia.
Neurobiol Dis (2011) 42:3–221-30. doi: 10.1016/j.nbd.2011.01.005

127. Cornejo F, Vruwink M, Metz C, Munoz P, Salgado N, Poblete J, et al.
Scavenger Receptor-A Deficiency Impairs Immune Response of Microglia
and Astrocytes Potentiating Alzheimer’s Disease Pathophysiology. Brain
Behav Immun (2018) 69:336–50. doi: 10.1016/j.bbi.2017.12.007

128. Lu C, Hua F, Liu L, Ha T, Kalbfleisch J, Schweitzer J, et al. Scavenger
Receptor Class-A has a Central Role in Cerebral Ischemia-Reperfusion
Injury. J Cereb Blood Flow Metab (2010) 30:12–1972-81. doi: 10.1038/
jcbfm.2010.59

129. Glatz JFC, Luiken J. Dynamic Role of the Transmembrane Glycoprotein
CD36 (SR-B2) in Cellular Fatty Acid Uptake and Utilization. J Lipid Res
(2018) 59:7–1084-1093. doi: 10.1194/jlr.R082933

130. van der Kant R, Langness VF, Herrera CM, Williams DA, Fong LK,
Leestemaker Y, et al. Cholesterol Metabolism Is a Druggable Axis That
Independently Regulates Tau and Amyloid-Beta in iPSC-Derived
Alzheimer’s Disease Neurons. Cell Stem Cell (2019) 24:3–363-375 e9.
doi: 10.1016/j.stem.2018.12.013

131. PrabhuDas MR, Baldwin CL, Bollyky PL, Bowdish DME, Drickamer K,
Febbraio M, et al. A Consensus Definitive Classification of Scavenger
Receptors and Their Roles in Health and Disease. J Immunol (2017)
198:10–3775-3789. doi: 10.4049/jimmunol.1700373

132. Stewart CR, Stuart LM, Wilkinson K, van Gils JM, Deng J, Halle A, et al.
CD36 Ligands Promote Sterile Inflammation Through Assembly of a Toll-
Like Receptor 4 and 6 Heterodimer. Nat Immunol (2010) 11:2–155-61.
doi: 10.1038/ni.1836

133. Yamanaka M, Ishikawa T, Griep A, Axt D, Kummer MP, Heneka MT.
PPARgamma/RXRalpha-Induced and CD36-Mediated Microglial Amyloid-
Beta Phagocytosis Results in Cognitive Improvement in Amyloid Precursor
Protein/Presenilin 1 Mice. J Neurosci (2012) 32:48–17321-31. doi: 10.1523/
JNEUROSCI.1569-12.2012

134. Wang CY, Wang ZY, Xie JW, Cai JH, Wang T, Xu Y, et al. CD36
Upregulation Mediated by Intranasal LV-NRF2 Treatment Mitigates
Hypoxia-Induced Progression of Alzheimer’s-Like Pathogenesis. Antioxid
Redox Signal (2014) 21:16–2208-30. doi: 10.1089/ars.2014.5845

135. Fan H, Tang HB, Chen Z, Wang HQ, Zhang L, Jiang Y, et al. Inhibiting
HMGB1-RAGE Axis Prevents Pro-Inflammatory Macrophages/Microglia
Polarization and Affords Neuroprotection After Spinal Cord Injury.
J Neuroinflamm (2020) 17:1–295. doi: 10.1186/s12974-020-01973-4

136. SonM, Oh S, Park H, Ahn H, Choi J, Kim H, et al. Protection Against RAGE-
Mediated Neuronal Cell Death by sRAGE-Secreting Human Mesenchymal
Stem Cells in 5xfad Transgenic Mouse Model. Brain Behav Immun (2017)
66:347–58. doi: 10.1016/j.bbi.2017.07.158

137. Paudel YN, Angelopoulou E, Piperi C, Othman I, Aamir K, Shaikh MF.
Impact of HMGB1, RAGE, and TLR4 in Alzheimer’s Disease (AD): From
Risk Factors to Therapeutic Targeting. Cells (2020) 9:2–. doi: 10.3390/
cells9020383

138. Ullah R, IkramM, Park TJ, Ahmad R, Saeed K, Alam SI, et al. Vanillic Acid, a
Bioactive Phenolic Compound, Counteracts LPS-Induced Neurotoxicity by
Regulating C-Jun N-Terminal Kinase in Mouse Brain. Int J Mol Sci (2020)
22:1–. doi: 10.3390/ijms22010361

139. Chen J, Sun Z, Jin M, Tu Y, Wang S, Yang X, et al. Inhibition of AGEs/
RAGE/Rho/ROCK Pathway Suppresses Non-Specific Neuroinflammation
by Regulating BV2 Microglial M1/M2 Polarization Through the NF-kappaB
Pathway. J Neuroimmunol (2017) 305:108–14. doi : 10.1016/
j.jneuroim.2017.02.010

140. Criscuolo C, Fontebasso V, Middei S, Stazi M, Ammassari-Teule M, Yan SS,
et al. Entorhinal Cortex Dysfunction Can Be Rescued by Inhibition of
Microglial RAGE in an Alzheimer’s Disease Mouse Model. Sci Rep (2017)
7:42370. doi: 10.1038/srep42370

141. Luo R, Su LY, Li G, Yang J, Liu Q, Yang LX, et al. Activation of PPARA-
Mediated Autophagy Reduces Alzheimer Disease-Like Pathology and
Cognitive Decline in a Murine Model. Autophagy (2020) 16:1–52-69.
doi: 10.1080/15548627.2019.1596488
Frontiers in Immunology | www.frontiersin.org 18
142. Ji J, Xue TF, Guo XD, Yang J, Guo RB, Wang J, et al. Antagonizing
Peroxisome Proliferator-Activated Receptor Gamma Facilitates M1-To-M2
Shift of Microglia by Enhancing Autophagy via the LKB1-AMPK Signaling
Pathway. Aging Cell (2018) 17:4–e12774. doi: 10.1111/acel.12774

143. Zhang W, Feng C, Jiang H. Novel Target for Treating Alzheimer’s Diseases:
Crosstalk Between the Nrf2 Pathway and Autophagy. Ageing Res Rev (2021)
65:101207. doi: 10.1016/j.arr.2020.101207

144. Frias DP, Gomes RLN, Yoshizaki K, Carvalho-Oliveira R, Matsuda M,
Junqueira MS, et al. Nrf2 Positively Regulates Autophagy Antioxidant
Response in Human Bronchial Epithelial Cells Exposed to Diesel Exhaust
Particles. Sci Rep (2020) 10:1–3704. doi: 10.1038/s41598-020-59930-3

145. Heckmann BL, Teubner BJW, Tummers B, Boada-Romero E, Harris L, Yang
M, et al. LC3-Associated Endocytosis Facilitates Beta-Amyloid Clearance
and Mitigates Neurodegeneration in Murine Alzheimer’s Disease. Cell
(2019) 178:3–536-551 e14. doi: 10.1016/j.cell.2019.05.056

146. Wang N, Wang H, Li L, Li Y, Zhang R. Beta-Asarone Inhibits Amyloid-Beta
by Promoting Autophagy in a Cell Model of Alzheimer’s Disease. Front
Pharmacol (2019) 10:1529:1529. doi: 10.3389/fphar.2019.01529

147. Tang RH, Qi RQ, Liu HY. Interleukin-4 Affects Microglial Autophagic Flux.
Neural Regener Res (2019) 14:9–1594-1602. doi: 10.4103/1673-5374.255975

148. Lee YS, Gupta DP, Park SH, Yang HJ, Song GJ. Anti-Inflammatory Effects of
Dimethyl Fumarate in Microglia via an Autophagy Dependent Pathway.
Front Pharmacol (2021) 12:612981:612981. doi: 10.3389/fphar.2021.612981

149. Kurochkin IV, Guarnera E, Berezovsky IN. Insulin-Degrading Enzyme in the
Fight Against Alzheimer’s Disease. Trends Pharmacol Sci (2018) 39:1–49-58.
doi: 10.1016/j.tips.2017.10.008

150. Farris W, Mansourian S, Leissring MA, Eckman EA, Bertram L, Eckman CB,
et al. Partial Loss-of-Function Mutations in Insulin-Degrading Enzyme That
Induce Diabetes Also Impair Degradation of Amyloid Beta-Protein. Am J
Pathol (2004) 164:4–1425-34. doi: 10.1016/s0002-9440(10)63229-4

151. Leissring MA, Farris W, Chang AY, Walsh DM, Wu X, Sun X, et al.
Enhanced Proteolysis of Beta-Amyloid in APP Transgenic Mice Prevents
Plaque Formation, Secondary Pathology, and Premature Death. Neuron
(2003) 40:6–1087-93. doi: 10.1016/s0896-6273(03)00787-6

152. Istvan ES, Deisenhofer J. Structural Mechanism for Statin Inhibition of
HMG-CoA Reductase. Science (2001) 292:5519–1160-4. doi: 10.1126/
science.1059344

153. Tamboli IY, Barth E, Christian L, Siepmann M, Kumar S, Singh S, et al.
Statins Promote the Degradation of Extracellular Amyloid {Beta}-Peptide by
Microglia via Stimulation of Exosome-Associated Insulin-Degrading
Enzyme (IDE) Secretion. J Biol Chem (2010) 285:48–37405-14.
doi: 10.1074/jbc.M110.149468

154. Tundo GR, Di Muzio E, Ciaccio C, Sbardella D, Di Pierro D, Polticelli F, et al.
Multiple Allosteric Sites Are Involved in the Modulation of Insulin-
Degrading-Enzyme Activity by Somatostatin. FEBS J (2016) 283:20–3755-
3770. doi: 10.1111/febs.13841

155. Lv Z, Guo Y. Metformin and Its Benefits for Various Diseases. Front
Endocrinol (Lausanne) (2020) 11:191:191. doi: 10.3389/fendo.2020.00191

156. Lu XY, Huang S, Chen QB, Zhang D, Li W, Ao R, et al. Metformin
Ameliorates Abeta Pathology by Insulin-Degrading Enzyme in a
Transgenic Mouse Model of Alzheimer’s Disease. Oxid Med Cell Longev
(2020) 2020:2315106. doi: 10.1155/2020/2315106

157. Cui W, Sun C, Ma Y, Wang S, Wang X, Zhang Y. Inhibition of TLR4 Induces
M2 Microglial Polarization and Provides Neuroprotection via the NLRP3
Inflammasome in Alzheimer’s Disease. Front Neurosci (2020) 14:444:444.
doi: 10.3389/fnins.2020.00444

158. Yang X, Xu S, Qian Y, Xiao Q. Resveratrol Regulates Microglia M1/M2
Polarization via PGC-1alpha in Conditions of Neuroinflammatory Injury.
Brain Behav Immun (2017) 64:162–72. doi: 10.1016/j.bbi.2017.03.003

159. Kim S, Chung H, Ngoc Mai H, Nam Y, Shin SJ, Park YH, et al. Low-Dose
Ionizing Radiation Modulates Microglia Phenotypes in the Models of
Alzheimer’s Disease. Int J Mol Sci (2020) 21:12–. doi: 10.3390/
ijms21124532

160. Zhou X, Chu X, Xin D, Li T, Bai X, Qiu J, et al. L-Cysteine-Derived H2S
Promotes Microglia M2 Polarization via Activation of the AMPK Pathway in
Hypoxia-Ischemic Neonatal Mice. Front Mol Neurosci (2019) 12:58.
doi: 10.3389/fnmol.2019.00058
April 2022 | Volume 13 | Article 856376

https://doi.org/10.1073/pnas.76.1.333
https://doi.org/10.1016/j.nbd.2011.01.005
https://doi.org/10.1016/j.bbi.2017.12.007
https://doi.org/10.1038/jcbfm.2010.59
https://doi.org/10.1038/jcbfm.2010.59
https://doi.org/10.1194/jlr.R082933
https://doi.org/10.1016/j.stem.2018.12.013
https://doi.org/10.4049/jimmunol.1700373
https://doi.org/10.1038/ni.1836
https://doi.org/10.1523/JNEUROSCI.1569-12.2012
https://doi.org/10.1523/JNEUROSCI.1569-12.2012
https://doi.org/10.1089/ars.2014.5845
https://doi.org/10.1186/s12974-020-01973-4
https://doi.org/10.1016/j.bbi.2017.07.158
https://doi.org/10.3390/cells9020383
https://doi.org/10.3390/cells9020383
https://doi.org/10.3390/ijms22010361
https://doi.org/10.1016/j.jneuroim.2017.02.010
https://doi.org/10.1016/j.jneuroim.2017.02.010
https://doi.org/10.1038/srep42370
https://doi.org/10.1080/15548627.2019.1596488
https://doi.org/10.1111/acel.12774
https://doi.org/10.1016/j.arr.2020.101207
https://doi.org/10.1038/s41598-020-59930-3
https://doi.org/10.1016/j.cell.2019.05.056
https://doi.org/10.3389/fphar.2019.01529
https://doi.org/10.4103/1673-5374.255975
https://doi.org/10.3389/fphar.2021.612981
https://doi.org/10.1016/j.tips.2017.10.008
https://doi.org/10.1016/s0002-9440(10)63229-4
https://doi.org/10.1016/s0896-6273(03)00787-6
https://doi.org/10.1126/science.1059344
https://doi.org/10.1126/science.1059344
https://doi.org/10.1074/jbc.M110.149468
https://doi.org/10.1111/febs.13841
https://doi.org/10.3389/fendo.2020.00191
https://doi.org/10.1155/2020/2315106
https://doi.org/10.3389/fnins.2020.00444
https://doi.org/10.1016/j.bbi.2017.03.003
https://doi.org/10.3390/ijms21124532
https://doi.org/10.3390/ijms21124532
https://doi.org/10.3389/fnmol.2019.00058
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Cai et al. Neuroinflammatory and Therapy in AD
161. Li C, Zhang C, Zhou H, Feng Y, Tang F, Hoi MPM, et al. Inhibitory Effects of
Betulinic Acid on LPS-Induced Neuroinflammation Involve M2 Microglial
Polarization via CaMKKbeta-Dependent AMPK Activation. Front Mol
Neurosci (2018) 11:98:98. doi: 10.3389/fnmol.2018.00098

162. He T, Li W, Song Y, Li Z, Tang Y, Zhang Z, et al. Sestrin2 Regulates Microglia
Polarization Through mTOR-Mediated Autophagic Flux to Attenuate
Inflammation During Experimental Brain Ischemia. J Neuroinflamm
(2020) 17:1–329. doi: 10.1186/s12974-020-01987-y

163. Xu Y, Cui K, Li J, Tang X, Lin J, Lu X, et al. Melatonin Attenuates Choroidal
Neovascularization by Regulating Macrophage/Microglia Polarization via
Inhibition of RhoA/ROCK Signaling Pathway. J Pineal Res (2020), 69(1):
e12660.doi: 10.1111/jpi.12660

164. Li QQ, Ding DH, Wang XY, Sun YY, Wu J. Lipoxin A4 Regulates Microglial
M1/M2 Polarization After Cerebral Ischemia-Reperfusion Injury via the
Notch Signaling Pathway. Exp Neurol (2021) 339:113645. doi: 10.1016/
j.expneurol.2021.113645

165. Jin J, Guo J, Cai H, Zhao C, Wang H, Liu Z, et al. M2-Like Microglia
Polarization Attenuates Neuropathic Pain Associated With Alzheimer’s
Disease. J Alzheimers Dis (2020) 76:4–1255-1265. doi: 10.3233/JAD-200099

166. Duan CM, Zhang JR, Wan TF, Wang Y, Chen HS, Liu L. SRT2104
Attenuates Chronic Unpredictable Mild Stress-Induced Depressive-Like
Frontiers in Immunology | www.frontiersin.org 19
Behaviors and Imbalance Between Microglial M1 and M2 Phenotypes in
the Mice. Behav Brain Res (2020) 378:112296. doi: 10.1016/
j.bbr.2019.112296
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Cai, Liu, Wang, Sun and Yang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
April 2022 | Volume 13 | Article 856376

https://doi.org/10.3389/fnmol.2018.00098
https://doi.org/10.1186/s12974-020-01987-y
https://doi.org/10.1111/jpi.12660
https://doi.org/10.1016/j.expneurol.2021.113645
https://doi.org/10.1016/j.expneurol.2021.113645
https://doi.org/10.3233/JAD-200099
https://doi.org/10.1016/j.bbr.2019.112296
https://doi.org/10.1016/j.bbr.2019.112296
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Microglia in the Neuroinflammatory Pathogenesis of Alzheimer’s Disease and Related Therapeutic Targets
	1 Introduction
	2 The Pathological Mechanism of AD
	3 The Role of Microglia in AD
	3.1 Physiological and Pathological Functions of Microglia
	3.2 Microglia and Neuroinflammation

	4 Microglial Cells-Related Therapeutic Targets in AD
	4.1 AD-Associated Inflammatory Factors in Microglia
	4.1.1 NOD-Like Receptor Pyrin Domain Containing 3 Inflammation
	4.1.2 Apolipoprotein E
	4.1.3 Prostaglandin E2
	4.1.4 IL-1β and IL-6
	4.1.5 Interferon-&gamma;
	4.1.6 Tumor Necrosis Factor-α

	4.2 AD-Associated Anti-Inflammatory Factors in Microglia
	4.2.1 Triggering Receptor Expressed on Myeloid Cells 2
	4.2.2 IL-2 and IL-4 Etc
	4.2.3 Transforming Growth Factor β

	4.3 Microglial Phagocytosis, Autophagy and Aβ Degradation
	4.3.1 Scavenger Receptors Family
	4.3.1.1 Scavenger Receptor Class A
	4.3.1.2 CD36
	4.3.1.3 Receptor for Advanced End Glycation Products

	4.3.2 Peroxisome Proliferator Activated Receptor
	4.3.3 Microtubule-Associated Protein Light Chain 3
	4.3.4 Insulin Degrading Enzyme

	4.4 M1 to M2 Switch

	5 Conclusions and Future Expectations
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


