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Abstract

Genetic analyses have revealed the pivotal contribution of microglial dysfunctions to the pathogenesis of Alzheimer’s disease
(AD). Along AD progression, the accumulation of danger-associated molecular patterns (DAMPs) including beta-amyloid
and hyperphosphorylated tau continuously stimulates microglia, which results in their chronic activation. Chronically acti-
vated microglia secrete excessive pro-inflammatory cytokines, which further regulate microglial responses towards DAMPs.
This has spurred longstanding interest in targeting cytokine-induced microglial responses for AD therapeutic development.
However, the cytokine-induced microglial state transition is not comprehensively understood. Cytokines are assumed to
induce microglial state transition from a resting state to an activated state. However, recent evidence indicate that this micro-
glial state transition involves multiple sequential functional states. Moreover, the mechanisms by which different functional
states within the cytokine-induced microglial state transition regulate AD pathology remain unclear. In this review, we sum-
marize how different cytokine signaling pathways, including those of IL-33 (interleukin-33), NLRP3 inflammasome—IL-1,
IL-10, and IL-12/1L-23, regulate microglial functions in AD. Furthermore, we discuss how the modulation of these cytokine
signaling pathways can result in beneficial outcomes in AD. Finally, we describe a stepwise functional state transition of
microglia induced by cytokine signaling that can provide insights into the molecular basis of the beneficial effects of cytokine
modulation in AD and potentially aid therapeutic development.
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Introduction

Alzheimer’s disease (AD), the most prevalent form of
dementia, is characterized by beta-amyloid (Ap) deposition
and neurofibrillary tangle accumulation [1-3]. The accu-
mulation of these danger-associated molecular patterns
(DAMPs) triggers microglial activation in which activated
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microglia first migrate towards DAMPs and mediate their
clearance through phagocytosis [4, 5]. Activated microglia
simultaneously secrete cytokines and immune signaling
molecules such as interleukins (ILs) and reactive oxygen
species [6, 7]. However, as AD progresses, microglia fail
to clear the excess accumulation of DAMPs, resulting in
chronic activation and excessive cytokine secretion in the
brain.

Therefore, targeting cytokines milieus in the brain has
long been a goal of AD research. However, it remains
unclear how cytokine signaling should be modulated in AD
to yield beneficial outcomes. One major obstacle is that
cytokine-induced microglial responses can elicit both ben-
eficial and detrimental effects. Therefore, it is essential to
comprehensively understand cytokine-induced microglial
activation in AD.

In this review, we summarize the functional roles of
cytokine signaling in mediating the responses of microglia
and their communication with other cell types. We also
review some of the cytokine signaling pathways that have
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potential therapeutic value for AD, including those of IL-33,
NLRP3 inflammasome-IL-1, IL-12/IL-23, and IL-10.
Finally, we discuss and propose how cytokines stimulate a
stepwise state transition of microglia that leads to the ame-
lioration of AD pathology.

Neuroinflammation and microglial
activation in Alzheimer’s disease

Neuroinflammation is characterized by elevated cytokine
levels in the central nervous system microenvironment. In
AD, the levels of certain cytokines such as IL-1p and TNF-«
(tumor-necrosis factor alpha) increase after the accumulation
of AP but before the onset of cognitive impairment, sug-
gesting that neuroinflammation contributes to AD pathogen-
esis early on [8—11]. As microglia are the primary immune
effectors, their functions are greatly influenced by elevated
cytokine levels in AD [12, 13]. Accordingly, elevated
cytokine levels can regulate various microglial responses
and potentially regulate AD pathogenesis.

Cytokine signaling is essential for the regulation of
microglial responses to A pathology. Initial Ap accumula-
tion triggers microglial activation and cytokine secretion,
which in turn stimulate other microglia to react to Ap. As
such, several cytokines including IL-1p and IL-33 promote
microglial activation and mediate AP clearance [14, 15].
This suggests that microglial activation, which is induced
by transient increases in cytokine levels, can regulate Af
clearance and hence incur beneficial effects.

However, microglial activation also incurs adverse effects
due to the chronic elevation of cytokine levels. Chronic
microglial activation can result in the phagocytosis of
non-Af materials including synapses and astrocytic pro-
cesses, which lead to synaptic loss and blood—brain barrier
breakdown, respectively [16—18]. Moreover, a recent study
demonstrates that increased levels of microglia-derived
cytokines including IL-1a and TNF-a drive the state transi-
tion of astrocytes towards a neurotoxic form that mediates
neuronal death [19]. Therefore, the duration of cytokine-
induced microglial response (i.e., transient vs. chronic) is
the distinguishing feature of the functional roles of microglia
in AD pathogenesis.

Cytokine signaling pathways as therapeutic
targets for Alzheimer’s disease

Given the role of chronic neuroinflammation in AD patho-
genesis, targeting cytokine milieus to modulate microglial
functions is an attractive therapeutic approach for AD.
Indeed, there have been clinical trials targeting general
cytokine milieus using sargramostim [20], a small molecule
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RAGE inhibitor [21], NSAIDs [22, 23], and etanercept [24]
in patients with AD or mild cognitive impairment [25].
However, most of them were aborted owing to a lack of
efficacy, suggesting that simply inhibiting the secretion of
pro-inflammatory cytokines cannot effectively restore brain
homeostasis or improve cognitive performance in patients
with AD.

These failures also underscore our incomplete under-
standing of the roles and immunomodulatory functions of
specific cytokine signaling pathways in AD. This knowledge
gap is partly due to the lack of unbiased, comprehensive
profiling of different cytokines along with AD progression.
While previous studies using candidate approaches show
that dysregulated levels of several specific cytokines includ-
ing IL-33, NLRP3 inflammasome, IL-12/IL-23, and IL-10
are associated with AD pathogenesis [15, 26-30], modulat-
ing these cytokine signaling pathways in mouse models of
amyloidosis and hyperphosphorylated tau results in benefi-
cial outcomes. Accordingly, below we review the beneficial
effects of modulating these cytokine signaling pathways in
AD.

IL-33 replenishment ameliorates Alzheimer’s
disease pathology by promoting a PU.1-dependent
microglial state transition

IL-33 is an IL-1 family member that functions as an alarmin
to trigger an immune response to cellular damage or injury
[31, 32]. Interestingly, IL-33 is most abundant in the brain
and lungs [33]. In the brain, IL-33 is enriched within the
nuclei of oligodendrocytes but is also found in astrocytes
and neurons [33, 34]. Nuclear IL-33 is inactive and inter-
acts with histones [35]. Upon central nervous system injury,
IL-33 is rapidly released by necrotic or apoptotic cells and
simulates microglial recruitment [31, 33, 36, 37].

Genetic studies demonstrate that AD pathogenesis is
associated with single nucleotide polymorphisms of IL-33
and its receptor ST2 [38, 39]. Specifically, patients with AD
and mild cognitive impairment exhibit reduced gene expres-
sion of /L33 and increased serum levels of soluble ST2 (the
decoy receptor of IL.-33), respectively [15, 39]. This suggests
that IL-33/ST2 signaling is impaired in AD. Concordantly,
IL-33 deficiency can drive tau pathology and neuronal loss
in aged mice [40]. In addition, in the APP/PS1 mouse model
of amyloid deposition, IL-33 administration can ameliorate
synaptic impairment, improve cognitive performance, and
reduce levels of AP and pro-inflammatory cytokines (e.g.,
IL-1p, IL-6, and NLRP3 inflammasome) [15]. These find-
ings collectively show that restoring IL-33/ST2 signaling
can alleviate AD pathology.

Microglia mediate these beneficial outcomes of replen-
ishing IL-33 in AD. IL-33 administration triggers the state
transition of microglia and induces a subpopulation of
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IL-33-responsive microglia that have a distinct transcrip-
tomic signature characterized by increased expression of
major histocompatibility complex class II genes and home-
ostatic signature genes as well as enhanced Ap-phagocytic
and clearance capacity [26]. Furthermore, epigenetic analy-
ses show that IL-33 can remodel the chromatin accessibil-
ity and PU.1-binding landscapes in microglia, resulting in
the induction of IL-33-responsive microglia. These lines
of evidence delineate the molecular mechanisms of the
IL-33—-induced microglial state transition and its beneficial
outcomes. However, given that PU.1 functions as a lineage-
dependent transcription factor and is unlikely to be direct
downstream of IL-33/ST?2 signaling, further investigation is
required to understand how PU.1 cooperates with transcrip-
tion factors downstream of IL-33 to mediate the induction
of IL-33-responsive microglia. Nonetheless, these findings
show that restoring IL-33/ST2 signaling in AD promotes
the clearance activity of microglia via PU.1-dependent tran-
scriptional control, which yields beneficial outcomes.

NLRP3 inflammasome activation exacerbates A
and tau pathology

NLRP3 inflammasome is a multiprotein complex that con-
sists of the sensor NLRP3 (NACHT-, LRR-, and pyrin
[PYD] domain-containing protein 3), adaptor ASC, and
effector pro-caspase-1 [41]. NLRP3 inflammasome acts
a cytosolic pattern-recognition receptor that mediates the
sensing of DAMPs such as Ap [41, 42]. Upon activation
by AP, NLRP3, ASC, and pro-caspase-1 self-assemble,
which results in the cleavage of pro-caspase-1 into proteo-
Iytically active caspase-1 [43]. In turn, this active caspase-1
can cleave pro-IL-1f and pro-IL-18 to generate the mature
forms of IL-1p and IL-18, respectively. Meanwhile, inhib-
iting caspase-1 activity attenuates AP-induced IL-1f3 pro-
duction in microglia [43]. These findings show that NLRP3
plays an important role in the regulation of IL-1p production
by microglia in AD.

Besides controlling the release of cytokines, NLRP3
inflammasome contributes to other aspects of AD patho-
genesis. First, NLRP3 contributes to amyloid pathology
by regulating the phagocytic capacity of microglia in AD.
Genetic ablation of NLRP3 in APP/PS1 mice enhances the
Ap-phagocytic capacity of microglia, which reduces the level
of AP in the brain [27]. This coincides with the induction of
anti-inflammatory microglial phenotypes characterized by
increased gene expression of Argl, Fizzl, 1l4, and Nos2. How-
ever, it remains unclear how these anti-inflammatory microglia
contribute to the enhanced phagocytic capacity of microglia.
Second, activated microglia can secrete ASC, a component of
NLRP3 inflammasome, to bind and cross-seed AP peptides
to form Ap plaques [44]. Once released into the extracellular

space, ASC can bind Af peptides to form the core of an Af
deposit and facilitate further aggregation of Ap. This effect of
ASC-mediated AP seeding also contributes to the accumula-
tion of AP deposition in AD. Finally, NLRP3 inflammasome
activation also regulates tau pathology in AD [45]. The reduc-
tion of NLRP3 activation in a mouse model of tau pathology
is associated with reduced activity of CaMKIla and GSK3p
(kinases that phosphorylate tau) and increased activity of
PP2A (a phosphatase that dephosphorylates tau) [46]. Thus,
reducing NLRP3 inflammasome activation contributes to the
overall reduction in tau pathology and improves cognitive per-
formance in mice.

These findings collectively demonstrate that the action of
NLRP3 inflammasome in AD contributes to amyloid and tau
pathology through the modulation of the clearance activities
of microglia, AP seeding, and kinase activities.

IL-12/IL-23 inhibition alleviates AP pathology
in a sex-specific manner

IL-12 and IL-23 structurally share the same IL-12p40 pro-
tein subunit, which links to the IL-12p35 and IL-23p19
subunits, respectively [47, 48]. While IL-12/IL-23 dysreg-
ulation has long been considered to drive the pathogeneses
of several autoimmune diseases such as experimental auto-
immune encephalomyelitis and arthritis [47, 49], recent
evidence shows that dysregulated IL-12/IL-23 signaling
can also contribute to AD. In patients with AD, IL-12p40
is elevated in the cerebrospinal fluid [28], which is associ-
ated with impaired cognitive performance. Thus, aberrant
IL-12/IL-23 signaling contributes to AD pathogenesis,
suggesting that its inhibition might produce beneficial
outcomes in AD. Indeed, inhibiting IL-12/IL-23 signal-
ing either by the administration of an IL-12p40-neutral-
izing antibody or genetic ablation of IL-12/IL-23 subu-
nits ameliorates AP pathology and cognitive impairment
in APP/PS1 mice [28]. Interestingly, a recent study also
shows that the beneficial effect of inhibiting IL-12/IL-23
exhibits a sex-specific bias in APP23 transgenic mice [50].
While genetic ablation of IL-12p40 reduces the total Ap
level in male APP23 mice, it only reduces the soluble
AB,_4o level in female APP23 mice. However, it remains
unclear how sex contributes to this sex-specific beneficial
effect of IL-12/IL-23 inhibition in AD. More importantly,
the IL-12/IL-23 receptor gene Il12rbl is predominately
expressed in oligodendrocytes and other non-myeloid cells
[28, 51]. Therefore, it is unclear how inhibiting IL-12 and/
or IL-23 signaling elicits beneficial effects through the reg-
ulation of the cell-state transition of non-myeloid cells in
AD. Nonetheless, these findings collectively demonstrate
that inhibiting IL-12/IL-23 signaling in AD can alleviate
amyloid pathology in a sex-specific manner.
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IL-10 inhibition alleviates AB pathology
through the regulation of microglial activation
status

IL-10 is known for its role in the suppression of immune
responses in peripheral immunity and is, therefore, consid-
ered an anti-inflammatory cytokine. IL-10 suppresses the
secretion of pro-inflammatory cytokines including TNF-a,
inflammasome activation, and the induction of major histo-
compatibility complex class II and co-stimulatory molecules
in macrophages and dendritic cells [52-54]. The immuno-
suppressive effects of IL-10 are partly mediated through the
activation of STAT3-dependent transcriptional control by its
receptor, IL-10 receptor [55]. Thus, IL-10 plays a key role
in restraining aberrant immune activation and dysregulated
signaling associated with various immune-related diseases
including AD.

Genetic analyses of patients with AD have identified that
IL-10 promoter polymorphism is associated with AD risk
in Chinese and Italian cohorts, suggesting that dysregu-
lated IL-10 signaling potentially contributes to AD [56,
57]. Building on this finding, one study demonstrates that
genetic ablation of IL-10 in APP/PS1 mice ameliorates Ap
pathology by promoting microglial activation [29]. Further-
more, subsequent transcriptome analysis showed that IL-10
ablation suppresses the gene signature of disease-associated
microglia (i.e., Apoe, Clec7a, Itgax, and Trem2), probably
due to the reduced A level in the brain. On the other hand,
IL-10 overexpression mediated by adeno-associated virus
exacerbates AP pathology and cognitive impairment in
TgCRNDS8 mice, another mouse model that overexpresses
mutant human APP [30]. IL-10 overexpression stimulates
ApoE (apolipoprotein E) production and aggregation with
AP, thus inhibiting microglial Ap phagocytosis. These find-
ings collectively demonstrate that inhibiting IL-10 signal-
ing ameliorates AD pathology through the activation of
microglia.

Cytokine signaling convergence and competition
in Alzheimer’s disease

One intriguing observation stemming from the abovemen-
tioned findings is that all modulation of cytokine signal-
ing—activation of IL-33, or inhibition of NLRP3 inflam-
masome—IL-1 or IL-10—promotes microglial activation
and ameliorates AP pathology in AD (Table 1). While acti-
vating IL-33 signaling promotes microglial activation, why
does inhibiting cytokine signaling elicit a similar effect? To
answer this, we must first understand the interplay among
cytokine signaling pathways within microglia. Here, we use
IL-33, NLRP3 inflammasome-IL-1p, and IL-10 signaling
to illustrate such signal interplay in microglia; we excluded
IL-12/1L-23 signaling because microglia are not the primary
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target cells that respond to the modulation of these two
cytokines.

All three cytokine signaling pathways—IL-33, NLRP3
inflammasome—IL-1p, and IL-10—converge during signal
transduction steps. For example, IL-33 triggers its down-
stream signaling by binding to ST2 and IL-1RAP heterodi-
mers (Fig. 1a). This dimerizes the cytosolic adaptor pro-
tein MyD88 along with IRAK (IL-1R-associated kinase)
to activate transcriptional control dependent on both AP-1
(activator protein 1) and NF-kB, which closely resembles
the classical IL-1 signaling cascade [32]. Similar to IL-33,
IL-1 signaling is one of the downstream signaling path-
ways of NLRP3 inflammasome activation. This is because
activated NLRP3 inflammasome produces mature IL-1p
for secretion. Once secreted, IL-1p acts on microglia via
IL-1R to trigger the IL-1 signaling cascade (Fig. 1b) [58].
While IL-10 activates distinct sets of downstream signal-
ing pathways (i.e., STAT3 via JAK1) [59], IL-10 activation
can induce the ubiquitination of IRAK and TRAF, which
are core signal transducers of the IL-1 signaling cascade, to
limit IL-1-dependent responses (Fig. 1c) [60]. Hence, these
findings collectively illustrate how the cytokine signaling
pathways interact and converge at the signal transduction
stage within microglia.

Because of this signaling convergence, the simultaneous
activation of various cytokine signaling pathways due to the
chronically elevated cytokine levels in AD triggers compe-
tition for the same set of intracellular signal transducers,
which leads to mutual inhibition (Fig. 1d). This phenomenon
is prominent in the peripheral immune response. For exam-
ple, given that IL-33 and IL-1 employ the same downstream
signaling cascade, the activation of ST2 signaling can inhibit
IL-1R signaling or vice versa. Indeed, compared to con-
trol mice, myeloid cells from ST2-deficient mice produce
significantly more pro-inflammatory cytokines when sys-
temically challenged with IL-1 [61]. Besides myeloid cells,
natural killer cells from ST2-deficient mice also exhibit
enhanced production of pro-inflammatory cytokines such
as IFN-y [62]. Therefore, we hypothesize that suppressing
pro-inflammatory cytokine signaling (e.g., that of NLRP3
inflammasome—IL-1p) relieves its inhibition of the sign-
aling pathways of other cytokines (e.g., IL-33) and hence
promotes beneficial microglial activation in AD (Fig. 1d).

Besides the abovementioned signaling competition,
there are other possible negative feedback mechanisms
within the cytokine signaling cascade. At the signal
transduction level, IRAK-M, an inactive kinase down-
stream of Toll-like receptor, can inhibit the receptor sign-
aling in macrophages by dissociating the IRAK signaling
complex [63]. Also, SIGIRR, an IL-1R-related surface
receptor, can inhibit IL-1 signaling by sequestering
downstream signaling molecules [64]. Furthermore, at
the transcriptional level, exaggerated cytokine response
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Fig-1 Interplay among A IL-33 B NLRP3 inflammasome-IL-1p c IL-10
cytokine signaling pathways
within microglia. a—c¢ Diagrams ™ y
illustrating the signaling path- sST2 AB /_$ Activated
ways downstream of IL-33 (a), ML \%) inflammasome
NLRP3 inflammasome-IL-1 © IL-10
(b), and IL-10 (¢). d Diagram _ /
illustrating the inhibitory effects ' iL-1B <— ProfiL-1p
of the simultaneous activation IL-1RAP ST2 _ 4 - IL-10R
of multiple cytokine signaling ' « 3
pathways on neighboring path- /
ways. Ap, beta-amyloid MyD88 & IRAK ) ’
/ \/ LR JAK1
MAPK IKK ™
l l A
AP-1 NF-kB AP-1pe NF-kB
LIy | | RN SN - STAT3
D Signal integration among IL-33, IL-1$, and IL-10 signaling
IL-33
¥ IL-1B IL-10
IL-1RAP ST2 jrlL-ﬂ? IL-10R
IRAK FH—— IRAK
AP-1 NF-«kB STAT3
Nucleus

can be limited by stimulating the gene expression of
decoy receptors and receptor antagonists upon cytokine
activation. For example, IL-33 stimulates the expression
of soluble ST2 (an IL-33 decoy receptor), and IL-1RA
(an IL-1 receptor antagonist) to limit further cytokine
activation [65, 66]. Therefore, when developing therapeu-
tic strategies for AD based on the modulation of cytokine
signaling, whether feedback mechanisms in cytokine
signaling affect the expected beneficial outcome (e.g.,
microglial activation) must be considered. Accordingly,
we propose targeting the cytokine inhibitory signal—for
example by cytokine competition or decoy receptors of
cytokines—as an alternative approach to promote the
beneficial functions of microglia in AD.

@ Springer

Stepwise microglial state transition
upon cytokine activation in Alzheimer’s
disease

The association between microglial activation and AD
has been reported in patients for decades. However, its
molecular basis was only recently elucidated through the
advancement of single-cell transcriptome analysis. Stud-
ies profiling the microglial transcriptome at the single-cell
level in various mouse models of amyloid deposition have
identified the induction of microglial subtypes includ-
ing disease-associated microglia and activated response
microglia [67, 68]. These microglial subtypes share similar
transcriptome profiles—for example, increased expression
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of AD risk genes including APOE and TREM?2 as well as
genes associated with lysosomal pathways—and are co-
localized with A plaques. These findings suggest that as
AD progresses, microglia gradually adopt an activated state
in response to the deterioration of the central nervous system
microenvironment.

Interestingly, the activation status of microglia in AD is
highly dynamic and reversible. For example, upon cytokine
activation in AD, alternative activation states of microglia
can be induced, such as anti-inflammatory phenotypes by
NLRP3 inhibition or IL-33-responsive microglia by I1L-33
activation [26, 27]. However, it remains unclear how these
activated microglia differentiate from their precursor cells.
Given that microglia robustly react to stimuli (i.e., within
1-h post-activation) [69, 70], comprehensive time-course
profiling of the microglial transcriptome and functional
characterization are essential to understand the molecular
mechanisms underlying cytokine-induced microglial activa-
tion and its beneficial effects in AD.

Despite these unknowns, by summarizing the microglial
phenotypes observed from the abovementioned studies, we
propose a stepwise state transition model to delineate the
beneficial cytokine-induced response of microglia in AD.
Upon cytokine activation, microglia transcriptomically and
functionally transition from a homeostatic state to a chemo-
tactic state and finally to a phagocytic state in AD (Fig. 2).
Here, we further discuss the two key states of the stepwise
state transition of microglia—the chemotactic and phago-
cytic states—as well as their molecular regulators.

Chemotactic state

Chemotaxis is the directional migration of a cell towards
a particular ligand. To achieve this, microglia express spe-
cific surface receptors that sense their corresponding ligands.
Given that transcriptomic profile reprogramming drives the
functional state of microglia, the enhanced AP chemotaxis
upon cytokine activation is likely due to increased expres-
sion of surface receptors that mediate the sensing of Af

Fig.2 Proposed model of the
stepwise microglial state transi-
tion stimulated by cytokine
signaling. Colored bars indicate

Transcriptome

Homeostatic

and its associated proteins such as ApoE [71, 72]. Several
cell-surface receptors including TLR2 and TREM2 regulate
the interactions of microglia with Ap and ApoE [73-76].
Genetic ablation, particularly that of TREM2, impairs the
recruitment of microglia towards A as well as ApoE-
dependent transcriptomic reprogramming of microglia
(Fig. 2). Moreover, unpublished data from our laboratory
indicate that IL-33 induces a repertoire of Ap-sensing recep-
tors shortly after administration in APP/PS1 mice. These
findings collectively suggest that cytokine signaling can
induce the expression of AB-sensing receptors and regulate
microglial chemotaxis towards Ap.

Phagocytic state

Once microglia reach AP plaques, they mediate Af clear-
ance via phagocytosis (Fig. 2). Similar to chemotaxis, the
phagocytic capacity of microglia is also regulated by their
transcriptomic signature, which determines the expression
of phagocytic receptors, trafficking molecules, and protein-
degrading enzymes. For example, CD33, an AD risk gene
that encodes a sialic acid-binding immunoglobulin-like lec-
tin, can inhibit the microglial uptake of neurotoxic AP, [77].
Once AP is internalized, phagocytic vesicles containing AP
enter lysosomal pathways, which leads to AP degradation.
Interestingly, many AD risk genes such as BINI, PICALM,
and SORL]I are important regulators for the trafficking of
phagocytic vesicles [78]. While these findings show that a
gene signature related to phagolysosomal pathways is cru-
cial for the regulation of microglial phagocytosis, it remains
largely unclear if cytokines control the phagocytic capacity
of microglia by modulating the expression of such pathways
in AD.

Therefore, additional detailed investigations are required
to delineate how the gene signature of each microglial state
contributes to the corresponding functions of microglia in
AD. As such, we propose a stepwise state transition model
to demonstrate the cytokine-stimulated microglial response
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in AD in which microglia transition from a homeostatic to a
chemotactic state and finally to a phagocytic state.

Concluding remarks

Impaired AP clearance is strongly associated with the patho-
genesis of late-onset AD, which accounts for over 95% of
AD cases. Therefore, enhancing microglial Af clearance is a
promising therapeutic approach for AD. While targeting the
cytokine signaling pathways discussed herein has great ther-
apeutic potential, these pathways also trigger strong immune
responses in the peripheral system, which limits their trans-
lational potential. Therefore, it is essential to understand the
molecular and cellular bases of such beneficial outcomes—
especially how these pathways promote the state transition
and clearance activity of microglia. Indeed, as illustrated
above, the microglial state transition is controlled at multiple
levels by extracellular signals, signal transducers, transcrip-
tion factors, and transcriptomes, suggesting that there are
multiple targets for manipulating microglial states at each
level. Accordingly, in-depth investigations of how the inter-
play among signaling transducers and transcription factors
controls the microglial state transition in AD are required to
identify precise molecular targets for enhancing the micro-
glial state transition and restoring brain homeostasis in AD.
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