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Abstract

Microglia maintain brain homeostasis through their ability to survey and phagocytose
danger-associated molecular patterns (DAMPs). In Alzheimer's disease (AD), microglial
phagocytic clearance regulates the turnover of neurotoxic DAMPs including amyloid
beta (Ap) and hyperphosphorylated tau. To mediate DAMP clearance, microglia ex-
press a repertoire of surface receptors to sense DAMPs; the activation of these re-
ceptors subsequently triggers a chemotaxis-to-phagocytosis functional transition in
microglia. Therefore, the interaction between microglial receptors and DAMPs plays a
critical role in controlling microglial DAMP clearance and AD pathogenesis. However,
there is no comprehensive overview on how microglial sensome receptors interact
with DAMPs and regulate various microglial functions, including chemotaxis and
phagocytosis. In this review, we discuss the important axes of receptor-ligand inter-
action that control different microglial functions and their roles in AD pathogenesis.
First, we summarize how the accumulation and structural changes of DAMPs trigger
microglial functional impairment, including impaired DAMP clearance and aberrant
synaptic pruning, in AD. Then, we discuss the important receptor-ligand axes that
restore microglial DAMP clearance in AD and aging. These findings suggest that tar-
geting microglial chemotaxis—the first critical step of the microglial chemotaxis-to-
phagocytosis state transition—can promote microglial DAMP clearance in AD. Thus,
our review highlights the importance of microglial chemotaxis in promoting microglial
clearance activity in AD. Further detailed investigations are essential to identify the

molecular machinery that controls microglial chemotaxis in AD.

KEYWORDS
amyloid-beta, chemotaxis, danger-associated molecular patterns, microglia, phagocytosis,
synapse
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1 | INTRODUCTION

The functional transition of microglia plays a central role in controlling
Alzheimer's disease (AD) pathogenesis. Along AD progression, neu-
rotoxic amyloid beta (Ap), hyperphosphorylated tau, dystrophic
neurites, and proinflammatory cytokines—referred to as “danger-
associated molecular patterns” (DAMPs)—accumulate in the central
nervous system (CNS). These DAMPs trigger the activation of mi-
croglia and stimulate their functional changes (Heneka et al., 2015;
Holmes et al., 2009). Specifically, activated microglia undergo a step-
wise functional transition in which they first migrate toward a spe-
cific stimulus (i.e., chemotaxis), which leads to contact-dependent
activities such as phagocytosis (Gomez-Nicola & Perry, 2015; Lau
etal., 2021; Perry & Holmes, 2014). Ineffective phagocytic clearance
of DAMPs results in their accumulation in the CNS, leading to chronic
activation and detrimental microglial functions, including aberrant
synaptic pruning. However, a comprehensive understanding of how
microglial functions, including chemotaxis and phagocytosis toward
DAMPs, are regulated and contribute to AD pathogenesis is lacking.
To sense DAMPs in CNS milieus, microglia express various sur-
face sensome receptors to detect extracellular protein aggregates
and soluble factors (Hickman et al., 2013). Therefore, the expres-
sion and functions of sensome receptors are critical for controlling
the capacity of microglia to detect DAMPs and triggering the func-
tional transition of microglia, which leads to the clearance of those
DAMPs. The importance of sensome receptors in the regulation of
microglial functions and AD pathogenesis is further supported by
genetics studies. For instance, large-cohort genetic analyses demon-
strate that many AD risk variants are located near or within the cod-
ing regions of microglial sensome receptors, including CD33 and
TREM2 (Guerreiro et al., 2013; Hollingworth et al., 2011; Lambert
et al., 2013; Naj et al., 2011). These variants alter the expression or
function of the corresponding microglial receptors and are associ-
ated with dysregulated microglial A clearance (Gratuze et al., 2018;
Griciuc et al., 2013, 2019; Yuan et al., 2016). These findings collec-
tively show that microglial DAMP clearance in AD requires proper
expression and functioning of microglial sensome receptors.
Therefore, it is important to study how sensome receptor-
DAMP interactions control the functional transition of microglia
and result in beneficial outcomes in AD. Accordingly, in this review,
we first summarize how the aberrant accumulation and changes of
DAMPs (including Ap and hyperphosphorylated tau) dysregulate
microglial functions (including impaired DAMP clearance and ex-
cessive synaptic loss) in AD. The current literature suggests that
effective DAMP clearance by microglia significantly contributes to
the amelioration of AD pathology. Then, we discuss the import-
ant axes of receptor-ligand interaction (including CD33, TREM2,

cytokine, and chemokine signalings) that regulate the functional
transition and effective DAMP clearance of microglia in AD. Fur-
thermore, we highlight the inhibitory effect of aging on microglial
DAMP clearance, especially through increasing the levels of circulat-
ing decoy proteins. All presented evidence collectively suggests that
microglial chemotaxis—the first critical step of DAMP clearance—is
impaired by dysregulated receptor-ligand interactions in aging and
AD. Therefore, we suggest that interventions aiming to ameliorate
AD pathology could target the regulatory mechanisms of microglial

chemotaxis.

2 | ACCUMULATION OF
DANGER-ASSOCIATED MOLECULAR
PATTERNS IMPAIRS MICROGLIAL
CHEMOTACTIC AND PHAGOCYTIC
CAPACITY IN ALZHEIMER'S DISEASE

The accumulation of DAMPs including Ap and hyperphosphoryl-
ated tau occurs years before cognitive impairment in patients with
AD (Selkoe & Hardy, 2016). Therefore, it is important to understand
how the accumulating DAMPs stimulate functional changes of brain
cells and contribute to disease pathogenesis in AD. While recent
single-nucleus transcriptome profiling of AD brains highlights that
nearly all types of brain cells undergo cell type-specific transcrip-
tomic changes (Grubman et al., 2019; Lau, Cao, et al., 2020; Mathys
et al., 2019), the field still lacks a comprehensive understanding of
how these AD-associated DAMPs trigger cellular changes, especially
in microglia, to alter the homeostatic functions of those cells. Here,
we first provide an overview on how AD pathological hallmarks, in-
cluding A and hyperphosphorylated tau, change along disease pro-

gression and lead to the functional impairment of microglia.

2.1 | Structural changes of amyloid-beta plaques
inhibit microglial chemotaxis and clearance

In AD, Ap is a major biological signal that triggers microglial activa-
tion. Specifically, the extracellular aggregation of Ap leads to the
formation of Ap plaques and creates a concentration gradient of Af
that stimulates microglial activation. However, the structures of Af
plaques are highly heterogeneous and change dynamically along AD
progression (Chen et al., 2017; Selkoe & Hardy, 2016). Therefore,
it is necessary to delineate the changes that occur in Ap plaques to
understand how they regulate microglial activation and functions.
Ap plaques first appear in a filamentous form and gradually
change into compact and finally inert forms (Yuan et al., 2016). This
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structural transition of Ap plaques is not autonomous and requires
the regulation of Af plaque-associated factors, such as apolipopro-
tein E (APOE). Mass spectrometry analyses reveal that many glial-
derived proteins, lipoproteins, and apolipoproteins, accumulate
in Ap plaques in AD (Bai et al., 2020; Blank & Hopf, 2021; Xiong
et al., 2019). Among these AB plaque-associated factors, APOE has
received the most attention because of its genetic contribution to
late-onset AD (Corder et al., 1993; Zhou et al., 2019). The accumu-
lation of APOE in Ap plaques facilitates the seeding and growth of
these plaques because of the interaction between APOE and Ap
(Chenetal., 2021; Huynh et al., 2017; Liu et al., 2017). Moreover, the
deposition of APOE also increases the compactness of Ap plaques
and converts them into compact and inert plaques (Bales et al., 1997;
Liao et al., 2018). Studies using a humanized APOE mouse model
show that APOE4 stimulates amyloid seeding more effectively than
APOES (Lin et al., 2018; Liu et al., 2017). Besides APOE, many glia-
derived factors, such as ASC, facilitate Ap seeding and control amy-
loid pathology in an amyloidosis mouse model (Venegas et al., 2017).
These findings demonstrate that structural changes of Ap plaques
along AD progression involve complex interactions between Ap and
AP plaque-associated factors. Nevertheless, further investigation is
required to understand the therapeutic potential of targeting these
factors. In short, Ap plaques undergo extensive changes, including
changes to their structure and composition, along AD progression.
The structural heterogeneity of Ap plaques results in differential
microglial responses toward the various Ap plaque subtypes. Struc-
turally, filamentous plaques exhibit more sprouting of amyloid fibrils
than compact or inert plaques (number of sprouting amyloid fibrils:
filamentous > compact>inert). Interestingly, microglia react to the
different forms of Ap plaques to different extents (i.e., filamen-
tous >compact>inert) (Yuan et al., 2016), possibly because of their
differential responses to the sprouting amyloid fibrils (Sebastian
Monasor et al., 2020; Sondag et al., 2009). As AD progresses, the
proportion of compact and inert plaques gradually increases, which
reduces the level of sprouting amyloid fibrils that can stimulate

FIGURE 1 Characteristics of amyloid-
beta plaque subtypes and changes along
Alzheimer's disease progression. Diagram
summarizing the characteristics of three
Ap plaque subtypes, including the levels
of sprouting amyloid fibrils, changes of
these subtypes along AD progression,
accumulation of Ap plaque-associated
factors, and ability to trigger microglial
chemotaxis. The levels are indicated as
follows: +++, highest level; +, lowest
level. AB, amyloid beta; AD, Alzheimer's
disease.

Sprouting amyloid fibrils
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microglial chemotaxis

JNC e ‘=—Wl LEy-L*®

microglial chemotaxis and phagocytosis. While detailed investiga-

Neurochemistry

tion is required to understand why microglia exhibit a preferential
response toward sprouting amyloid fibrils, the abovementioned
findings collectively show that the continuous accumulation of Af
plague-associated factors, such as APOE, increases Ap plaque com-
pactness and prevents further microglial chemotaxis and clearance
of Ap plaques (Figure 1).

2.2 | Tau triggers microglial activation and
exacerbates tau spreading via microglial exosomes

Tau is an intracellular, microtubule-associated protein that is pre-
dominantly found in axons. Tau plays a crucial role in maintaining
the integrity of the cytoskeleton and axonal transport (Ballatore
et al., 2007). Tau hyperphosphorylation and aggregation are found
in the brains of patients with AD and are correlated with the disease
progression. While further investigation is required to understand
the exact cause(s) of tau microtubule detachment, hyperphospho-
rylation, and aggregation, intracellular tau aggregates to form neu-
rofibrillary tangles, resulting in neuronal functional impairment and
death in AD.

Tau pathology progresses in a stereotypic manner, spreading
from the entorhinal cortex to the hippocampus and finally to the
neocortex (Braak & Braak, 1991). Several hypotheses aim to explain
why tau pathology spreads through anatomically connected regions,
including the release of tau from dystrophic/dying neurons, trans-
synaptic transmission of tau, and microglia-dependent transmis-
sion of tau (Asai et al., 2015; Brunello et al., 2020; Takeda, 2019).
In particular, activated microglia control the spread of tauopa-
thy. Extracellular diffusible tau first triggers microglial activation
by activating NF-kB-dependent transcriptomic reprogramming,
which leads to the production of proinflammatory cytokines (Das
etal.,, 2020; Jin et al., 2021; Morales et al., 2013; Wang et al., 2022).
In turn, activated microglia facilitate the spread of tau through the

@

AB plaque-associated
factors (e.g., ApoE)
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exosome-mediated release of phagocytosed tau (Asai et al., 2015).
However, further investigation is needed to understand why acti-
vated microglia fail to degrade phagocytosed tau and release them
via exosomes. Together, these findings suggest that tau-mediated
microglial activation contributes to the spread of tau pathology and
exacerbates AD pathogenesis.

3 | ACTIVATED MICROGLIA MEDIATE
NEURONAL DYSFUNCTION IN
ALZHEIMER'S DISEASE

The accumulation of DAMPs, including Ap and tau, can stimu-
late the activation of microglia and alter their homeostatic
functions, including synaptic pruning. Homeostatic microglia
regulate synaptic pruning via various mechanisms including the
phagocytic engulfment of synapses, phagocytic clearance of the
perisynaptic extracellular matrix, or even non-phagocytic mech-
anisms (Cheadle et al.,, 2020; Nguyen et al., 2020; Schafer &
Stevens, 2015). Recent evidence further suggests that microglia-
mediated synaptic pruning exhibits selectivity toward excitatory
and inhibitory synapses by sensing the specific neurotransmit-
ter released (Favuzzi et al., 2021). Therefore, the proper level of
synaptic pruning by microglia is required for homeostatic neu-
ronal functions.

However, in early AD stage, aberrant microglial activation results
in detrimental synaptic remodeling and neuronal dysfunction. Here,
we discuss the important axes of receptor-ligand interaction that
regulate microglia-mediated synaptic loss in AD.

3.1 | Microglia-derived complement proteins lead
to synaptic loss

The complement system is a crucial host defense mechanism for
eliminating pathogens. Complement system signaling comprises a
series of proteolytic events that lead to the formation of the mem-
brane attack complex on the cell surface of pathogens, which results
in their lysis (Dunkelberger & Song, 2010). Three major pathways
can activate the complement system: the classical, lectin, or alter-
native pathway. Among these activation pathways, the classical
pathway—which involves the conversion of C1 complex (comprising
C1q, Clr, and C1s) to C3 convertase and the subsequent cleavage of
C3 to generate the opsonin C3b—plays a role in microglia-mediated
synaptic pruning in AD.

While Clqg and C3 expressions are maintained at low levels in
microglia in the homeostatic state, their levels increase signifi-
cantly upon oligomeric Ap stimulation or Ap plaque accumulation
(Hong et al., 2016; Schafer et al., 2012; Schafer & Stevens, 2015;
Shi et al., 2017). Increased Clq level is associated with increased
phagocytic activity and synaptic engulfment by microglia in AD
(Hong et al., 2016). Concordantly, inhibiting complement signaling by
genetic ablation or antibody neutralization of complement proteins

(i.e., Clga or C3) or their receptor (i.e., C3R) rescues the synaptic
loss and impaired synaptic plasticity (i.e., long-term potentiation)
in a mouse model of tauopathy or upon oligomeric Ap stimulation
(Dejanovic et al., 2018; Hong et al., 2016). These findings collectively
show that the complement system is critical for microglia-mediated
synaptic loss in AD.

How do complement proteins regulate synaptic pruning? Super-
resolution imaging analysis shows that in a transgenic mouse model
of amyloid deposition, complement proteins (e.g., C1q) colocalize
with postsynaptic PSD95 puncta (Hong et al., 2016), suggesting that
C1q could serve as a molecular tag on synapses, priming them for
microglial phagocytosis. However, further investigation is needed to
understand how the secreted complement proteins recognize syn-
apses and guide microglial chemotaxis toward C1g-tagged synapses.
Nevertheless, these findings suggest that in AD, Ap stimulates the
excessive production of complement proteins (i.e., Clg and C3)—
the aberrant accumulation of which in synapses leads to excessive
microglia-mediated synaptic loss.

3.2 | Microglia-derived cytokines induce
neurotoxic astrocytes and lead to neuronal
dysfunction

Besides mediating synaptic loss through the complement system,
chronically activated microglia produce soluble factors that lead
to neuronal dysfunction. In AD, the chronic activation of microglia
results in the prolonged production of proinflammatory cytokines
(e.g., tumor necrosis factor [TNF]-a, interleukin [IL]-1 «, IL-1B, and
IL-6), reactive oxygen species, and nitric oxide. Increased levels of
these soluble factors can induce excitotoxicity and tau hyperphos-
phorylation, which result in neuronal dysregulation. For example,
IL-1p administration promotes the surface trafficking of NMDA re-
ceptors by NR2A/B phosphorylation (Viviani et al., 2003). In turn,
this sensitizes neurons to glutamate, increases glutamate-induced
Ca?" influx, and leads to excitotoxicity (Allan et al., 2005; Mishra
et al., 2012; Viviani et al., 2006). Apart from their direct effects
on synaptic impairment, proinflammatory cytokines mediate the
neurotoxicity of oligomeric Ap. For example, TNF-a signaling regu-
lates oligomeric AB-induced memory impairment via insulin recep-
tor substrate (IRS-1) signaling (Lourenco et al., 2013). Furthermore,
microglial proinflammatory cytokines promote the differentiation
of homeostatic astrocytes into neurotoxic reactive astrocytes
(Liddelow et al., 2017), which lose their neurotrophic support and
mediate neuronal death. Recent findings further suggest that neu-
rotoxic astrocytes secrete saturated lipids, which contain APOE
and ApoJ lipoparticles, to mediate neuronal death (Guttenplan
etal., 2021).

Together, these findings reveal that microglia-secreted fac-
tors, such as complement proteins and proinflammatory cyto-
kines, contribute to neuronal dysfunction by directly acting on
neurons or indirectly by activating neurotoxic reactive astrocytes
in AD.
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4 | DYSREGULATED MICROGLIAL
CHEMOTAXIS INHIBITS THE MICROGLIAL
PHAGOCYTIC CLEARANCE OF
DANGER-ASSOCIATED MOLECULAR
PATTERNS

Once microglia are activated by accumulating DAMPs, they un-
dergo transcriptomic reprogramming (Mathys et al., 2017; McQuade
et al., 2020) and a multistate functional transition in which they first
adopt a transient but essential chemotactic state before transiting
to a phagocytic state (Heneka et al., 2015; Lau et al., 2021; Perry
et al., 2010). This stepwise transition also shows that chemotaxis
(i.e., the directed migration of microglia) and phagocytosis occur in
sequential order. Microglia can only mediate phagocytic clearance
when they are in contact with Ap plaques or tau aggregates after
chemotaxis. Therefore, successful chemotaxis is a prerequisite for
all contact-based microglial functions including phagocytosis and
DAMP clearance.

Mechanistically, microglial chemotaxis requires the precise in-
teraction between a receptor and a ligand (i.e., chemoattractant)
in which the concentration gradient of the chemoattractant directs
microglial migration (SenGupta et al., 2021; Shellard & Mayor, 2020).
However, the continuous changes in AD brain milieus strongly in-
hibit microglial receptor-mediated chemotaxis, contributing to im-
paired microglial Ap phagocytosis and clearance. Here, we review
the key changes in the ligand-chemoattractant interactions along
AD progression—including alterations of microglial receptors, ex-
trinsic cytokine and chemokine signalings, and aging factors—that
dysregulate microglial chemotaxis in AD.

4.1 | Receptor dysfunction impairs microglial
amyloid-beta chemotaxis and subsequent clearance in
Alzheimer's disease

Many AD genetic risk variants are located near genes that en-
code microglial receptors. These risk variants alter the expression
levels or functions of microglial receptors, including TREM2 and
CD33, thereby impairing microglial chemotaxis toward Af, which
is the first critical step of Ap clearance (Griciuc et al., 2013; Guer-
reiro et al., 2013; Hollingworth et al., 2011; Yuan et al., 2016; Zhou
et al., 2020). In addition, phagocytic receptors, such as the TAM
receptors Axl and Mer, regulate microglial clearance of Ap plaques
(Fourgeaud et al., 2016; Huang et al., 2021). These findings show
that the proper functioning of microglial receptors is crucial for mi-
croglial Ap clearance and limiting AD pathogenesis, which we discuss
below.

4.1.1 | The TREM2 axis

TREM2 (triggering receptor expressed on myeloid cells 2) is a
single-pass transmembrane protein that is specifically expressed by

=—Wl LEYJﬁ
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microglia in the CNS. TREM2 signaling, which is activated through
the downstream adapter protein DAP12, regulates various microglial
functions including survival, migration, and phagocytosis (Ulland &
Colonna, 2018). Whole-exome and whole-genome sequencing anal-
yses have identified a rare R47H variant of TREM2 that carries an
increased risk of AD (odds ratio=~4.5) (Guerreiro et al., 2013; Ulland
& Colonna, 2018). In AD carriers of this variant, microglial migration
toward AP plaques is decreased and microglia exhibit a reduced re-
active signature marked by reduced expression of CHI3L1, HLA-DRA,
and CA2 (Yuan et al., 2016; Zhou et al., 2020).

How does TREM2 regulate microglial A chemotaxis? In vitro
screening shows that TREM2 can bind to various lipoproteins and
apolipoproteins such as APOE and ApoJ/CLU (Song et al., 2017;
Wang et al., 2015; Yeh et al., 2017). Given that Ap plaques have an
abundance of these apolipoproteins, TREM2 can regulate the mi-
croglial sensing of Af plaque-associated factors and affect microg-
lial Ap chemotaxis. Indeed, genetic ablation of TREM2 restrains
microglial migration toward Ap plaques (Wang et al., 2015; Yuan
et al., 2016). Genetic analysis and in vitro screening further support
the notion that this dysregulated TREM2-mediated apolipoprotein
sensing in microglia plays a detrimental role in A chemotaxis. The
R47H TREM2 risk variant reduces the binding affinity of TREM2 to
lipoproteins and apolipoproteins (e.g., LDL, CLU, and APOE), sug-
gesting that this variant increases AD risk by reducing the microg-
lial sensing of Ap plaque-associated apolipoproteins and impairing
microglial Ap chemotaxis (Wang et al., 2015; Yuan et al., 2016). To-
gether, these findings highlight that TREM2 is a crucial regulator of
microglial Ap chemotaxis through its ability to recognize Ap plaque-
associated APOE in AD.

4.1.2 | The CD33 axis

CD33 (also called “Siglec-3") is a member of the sialic acid-binding
immunoglobulin-like lectins (siglecs) and is expressed by microglia
in the brain (Crocker et al., 2007). Its association with AD risk was
first demonstrated by two large genome-wide association studies
showing that two CD33 variants—rs3826656 and rs3865444—are
associated with late-onset AD (Bertram et al., 2008; Hollingworth
et al., 2011; Naj et al., 2011). Specifically, rs3865444 is a protective
variant that can lower the protein expression of CD33 and enhance
AB,, phagocytosis in microglia; indeed, among patients with AD, car-
riers of this variant have lower Ap,, levels than non-carriers (Griciuc
et al., 2013).

To understand why reduced CD33 leads to enhanced AB,, up-
take, we need to first elucidate the role of CD33 in microglial acti-
vation. Human CD33 has immunoreceptor tyrosine-based inhibitory
motifs (ITIMs) that can suppress the activation of receptors con-
taining immunoreceptor tyrosine-based activation motifs (ITAMs)
in microglia (Crocker et al., 2007). Upon activation, receptors with
ITIMs function as docking sites for recruiting SH2 (Src homology 2)
domain-containing tyrosine and inositol phosphatases, which in turn
can suppress ITAM-containing receptor-mediated signaling (Crocker
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phosphatase 1) and SHP2, bind to ITIM-containing receptors. These
findings collectively suggest that CD33 plays an immunosuppressive
role in the regulation of microglial functions through the inhibition of
ITAM signaling (Figure 2a).

Among all types of ITAM signaling, TREM2/DAP12 signal-
ing is the most implicated in AD (Gratuze et al., 2018; Konishi &
Kiyama, 2018; Ulland & Colonna, 2018). Given that both the tran-
script and protein levels of microglial CD33 are up-regulated in AD
(Griciuc et al., 2013), an increased CD33 level potentially attenuates
TREM2-mediated microglial chemotaxis. Indeed, functional studies
demonstrate that TREM2 signaling is required for CD33 genetic ab-
lation to confer its beneficial effects in 5xFAD transgenic mice, in-
cluding memory improvement and Ap clearance (Griciuc et al., 2019).

While CD33 loss can enhance microglial recruitment toward Ap

(@)

Phagocytosis

(b)

CD33

- Negative regulator of TREM2 signaling
- Genetic ablation increases AR clearance

TREM2

DAP12

plaques, this is dampened by TREM2 knockout. These findings sug-
gest that CD33 and TREM2 signalings regulate microglial Ap che-
motaxis in an antagonistic manner (Figure 2b). Importantly, CD33
inhibits TREM2-dependent Ap chemotaxis in microglia in AD.

Besides sensing A plaque-associated factors, some microglial
receptors regulate microglial chemotaxis through sensing extrinsic
signals. Indeed, the stimulation of microglial Ap chemotaxis requires
factors, including interleukins and chemokines, from other brain cell
types. Single-nucleus transcriptome analysis of AD brains reveals
that astrocytes are the major cellular source of alarmin cytokines,
including HMGB1 and IL-33, which alert neighboring cells to injury
(Lau, Cao, et al., 2020). Besides alarmins, astrocytes secrete other
interleukins, such as IL-3, to regulate microglial Ap chemotaxis in AD
(McAlpine et al., 2021). Here, we discuss how astrocyte-microglia
communication, exemplified by IL-3 and IL-33, can regulate microg-
lial Ap chemotaxis in AD.

ITIM domain

FIGURE 2 CD33/TREM2 pathways
regulate microglial amyloid-beta
chemotaxis and clearance. (a, b) Diagrams
summarizing the interplay between

CD33 and TREM2 signalings (a) at the
signaling level and (b) at the cellular level
in microglia that regulate Ap chemotaxis
and clearance in the progression of
Alzheimer's disease. Ap, amyloid beta;
ApoE, apolipoprotein E; CD33, sialic
acid-binding Ig-like lectin 3; DAP12, TYRO
protein tyrosine kinase-binding protein;
ITAM, immunoreceptor tyrosine-based
activation motif; ITIM, immunoreceptor
tyrosine-based inhibitory motif; TREM2,

AB plaque

ApoE

- Lipoprotein and apolipoprotein receptor
- Activates downstream signalings via DAP12

- Genetic ablation impairs Ap chemotaxis
and clearance

triggering receptor expressed on myeloid
cells; SHP1, Src homology region 2
domain-containing phosphatase-1; Syk,
spleen tyrosine kinase.
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4.1.3 | TheIL-3/IL-3R axis

IL-3 is a member of the colony-stimulating factor family and con-
trols immune response and tissue homeostasis through its recep-
tor complexes IL-3Ra and IL-3Rp (Mindur & Swirski, 2019). Along
AD progression, plasma IL-3 level decreases while microglial
IL-3R expression increases, which are correlated with disease stage
(McAlpine et al., 2021; Ravetti & Moscato, 2008; Ray et al., 2007).
These findings show that IL-3/IL-3R signaling is dysregulated in AD.

This dysregulated signaling in AD impairs microglial Ap che-
motaxis and exacerbates Ap pathology. Genetic ablation of either
astrocytic IL-3 or microglial IL-3R reduces microglial migration to-
ward AP plaques, leading to increased Af plaque levels, a reduced
disease-associated microglia gene signature, and impaired cogni-
tive functions (McAlpine et al., 2021). Meanwhile, replenishment of
IL-3 can rescue the functional impairment of microglia in AD. For
example, recombinant IL-3 treatment promotes microglial Af che-
motaxis in 5XFAD mice and a 3D human triculture system (McAlpine
et al., 2021). However, further detailed and independent investiga-
tions are required to understand the mechanisms by which IL-3/IL-3R
signaling promotes microglial state transition and modifies microglial
receptor-chemoattractant interaction. Of note, IL-3R signaling has
crosstalk with TREM2 signaling, as TREM2 genetic ablation inhibits
IL-3R expression in microglia. Together, these findings highlight the
beneficial role of astrocytic IL-3 in the regulation of A chemotaxis

and clearance through the microglial IL-3 receptor in AD.

414 | Thell-33/ST2 axis

IL-33, a member of the IL-1 cytokine family, triggers its down-
stream signaling through the induction of the dimerization of ST2
and IL-1 receptor accessory protein (IL-1RAP) (Liew et al., 2016). In
AD, IL-33/ST2 signaling is dysregulated and associated with disease

IL-33 ST2

=—Wl LEYM
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pathogenesis. Along AD progression, the brain transcript level of
IL33 is reduced and the plasma level of soluble ST2 (sST2), a decoy
IL-33 receptor, is increased (Chapuis et al., 2009; Fu et al., 2016),
resulting in reduced IL-33/ST2 activation. Indeed, the replenish-
ment of IL-33 in AD transgenic mouse models promotes microglial
Ap chemotaxis and clearance, leading to the amelioration of amyloid
pathology and improved cognitive performance (Fu et al., 2016; Lau,
Chen, et al., 2020).

How does IL-33/ST2 signaling modulate microglial A chemo-
taxis? The activation of this signaling leads to the nuclear translo-
cation of NF-kB and stimulates transcriptional reprogramming in
microglia similar to the classical IL-1 receptor signaling cascade (Lau
et al., 2021). Our recent work shows that IL-33 promotes microglial
Ap chemotaxis and clearance through the remodeling of the microg-
lial epigenetic landscape, including chromatin accessibility and the
PU.1 binding landscape (Lau, Chen, et al., 2020). In that study, inhib-
iting PU.1 transcriptional control in microglia using a small molecule
inhibitor abolished microglial recruitment toward Af and attenuated
Ap clearance after IL-33 treatment in APP/PS1 mice. However, fur-
ther investigation is required to clarify the molecular basis by which
specific cytokines (e.g., IL-3 and IL-33) promote microglial A chemo-
taxis. Specifically, it is of great interest to understand which recep-
tor(s) is induced in microglia upon IL-3/IL-33 treatment to regulate
the enhanced Ap chemotaxis.

In conclusion, these studies underscore the roles of astrocytic
factors, including IL-3 and IL-33, play in instructing and maintaining
microglial Ap chemotaxis through their corresponding microglial re-

ceptors (Figure 3).

4.1.5 | The CCL2/CCR2 axis

Chemokine signaling is another important axis that regulates the

chemotaxis of migrating cells. Chemokine secretion by stationary

- Member of IL-1 cytokine family - IL-33 receptor

- Functions as an alarmin
- Releases upon injury

AstrocyteV

IL-3
- Member of CSF family

- Activates downstream signalings via IL-1RAP
- Activates NF-kB, AP-1 & PU.1 transcriptional control

AB chemotaxis
and clearance

' Microglia

IL-3R

- Activates STATS transcriptional control

FIGURE 3 Astrocyte-derived interleukin 3 and interleukin 33 instruct microglial amyloid-beta chemotaxis and clearance. Diagram
summarizing how astrocyte-derived IL-3 and IL-33 regulate microglial functions to promote A chemotaxis and clearance. IL-3 and IL-33
stimulate the activation of gene expression profiles through specific transcription factors. Ap, amyloid beta; AP-1, activator protein 1; CSF,
colony-stimulating factor; IL, interleukin; IL-1RAP, IL-1 receptor accessory protein; STAT, signal transducer and activator of transcription.
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cells functions as a chemoattractant or chemorepellent to regulate
the directionality of chemotaxis (SenGupta et al., 2021; Shellard
& Mayor, 2020). However, this concept is not completely applica-
ble to AB chemotaxis, in which Ap plaques are the destination of
migrating microglia. In Ap chemotaxis, Af plaques and Ap plaque-
associated factors including astrocytic and microglial APOE act as
chemoattractants for migrating microglia. Therefore, we hypoth-
esize that chemokine signaling is involved in microglial chemotaxis
by depositing more chemoattractants in Ap plaques or regulating the
expression levels of other A receptors in microglia. Interestingly,
the dysregulation of various chemokine signalings—including CCL2,
CCL5, CXCL10, and CX3CL1 signalings—are reported in patients
with AD (Gschwandtner et al., 2019; Guedes et al., 2018); among
these, CCL2/CCR2 signaling is the most extensively investigated in
AD. Here, we summarize the role of chemokine signaling in the regu-
lation of microglial Ap chemotaxis, which is exemplified by CCL2/
CCR2 signaling.

CCL2 was initially found to be derived from tumor cells to attract
immune cells including monocytes, natural killer cells, and dendritic
cells (di Liberto et al., 2018). To mediate its chemoattractant effect,
CCL2 binds to its high-affinity receptor CCR2. The activation of
CCL2/CCR2 signaling can trigger various downstream signalings—
including Ras/Rac, JAK, and PI3K signalings—and result in the activa-
tion of AP-1, STAT, and NF-«B transcription factors (Fei et al., 2021;
Gschwandtner et al., 2019; Hao et al., 2020). These findings suggest
that activation of the CCL2/CCR2 axis can directly drive chemotaxis
by functioning as a chemotactic receptor or indirectly by inducing
the expression of other chemotactic receptors.

In AD, increased CCL2 chemokine levels are observed in the
brain, cerebrospinal fluid, and plasma and are positively correlated
with disease progression (Guedes et al., 2018). CCR2, the CCL2
receptor, is critical for regulating Ap chemotaxis. Genetic ablation
of CCR2 increases AP accumulation in blood vessels (el Khoury
etal., 2007). Interestingly, CCR2 itself does not reduce Ap binding to
microglia but is required for microglial A chemotaxis. These findings
suggest that CCR2 potentially regulates the expression of other Ap
receptors that are required for Af recognition and chemotaxis.

Given the importance of chemokine signaling in the regulation
of microglial chemotaxis, detailed investigation is required to fur-
ther understand how chemokine signaling regulates the molecu-
lar signature of microglia and how it enhances their chemotactic
capacity.

5 | THE EXPRESSION OF DECOY
RECEPTORS IN BRAIN MILIEUS IS
INCREASED IN AGING AND ALZHEIMER'S
DISEASE

Aging is an important risk factor for AD. Aging increases AD
risk in part by changing the levels of aging factors (i.e., circulat-
ing proteins) in the CNS milieu, which in turn modifies microglial
response toward DAMPs. Given the prognostic value of using

these factors as biomarkers to predict the staging or severity of
AD, many studies have conducted proteome profiling of plasma in
aged populations and patients with AD, yielding promising results
(Jiang, Zhou, Ip, et al., 2022; Ray et al., 2007). Intriguingly, many
of the differentially expressed factors are truncated cell-surface
receptors—including soluble VCAM1, sST2, and soluble TREM2—
that regulate microglial chemotactic and phagocytic responses
(Henjum et al., 2016; Jiang, Wong, et al., 2022; Jiang, Zhou, Ip,
et al., 2022; Yousef et al., 2019).

These truncated cell-surface receptors, also known as decoy
receptors, act as extracellular molecular traps that silence the
signaling receptor complex (Mantovani et al., 2001). These decoy
receptors contain an extracellular domain that can bind the ligand
(i.e., agonist) with high affinity but are unable to trigger intracel-
lular signaling. They can be produced by the proteolytic cleavage
of a full-length surface receptor (e.g., VCAM1 or TREM2) (Garton
et al., 2003; Thornton et al., 2017) or transcribed through an alter-
native promoter (e.g., ST2) (lwahana et al., 1999). Genetics studies
highlight the contributions of decoy receptors to AD pathogene-
sis. In particular, a genetic variant of ST2 protects against AD risk
by reducing the level of sST2 in cerebrospinal fluid (Jiang, Wong,
et al., 2022). Moreover, patients with AD carrying this ST2 protec-
tive variant exhibit increased microglial activation and infiltration
into Ap plaques than non-carriers. Recent evidence also suggests
that these decoy receptors can modify microglial phagocytosis in
aging. For example, lowering the protein level of soluble VCAM1 in
the blood through genetic knockout or antibody neutralization can
improve microglial phagocytic responses (indicated by increased
CD68 level) in aged mice and restore the detrimental effects of
aged blood transfusion in young mice (Yousef et al., 2019). How-
ever, the exact mechanisms by which elevated decoy protein levels
interfere with microglial chemotactic and phagocytic responses to
impair ligand-chemoattractant interactions are unclear. Further
research should focus on clarifying how these aging-related decoy
receptors inhibit the microglial detection of specific chemoattrac-
tants in the contexts of aging and AD.

What are the cellular sources of these decoy receptors? To ad-
dress this, comprehensive transcriptome profiling of brain cell types
at the single-cell level along aging and in AD is required. Recent
advancements in single-nucleus transcriptome analysis enable this
type of profiling, as they use more easily accessible frozen postmor-
tem brain tissue from aged individuals and patients with AD. Sev-
eral studies provide useful single-nucleus transcriptome databases
for more detailed examinations of the cell type specific transcrip-
tomic changes in AD across brain regions, including the prefrontal
and entorhinal cortices (Grubman et al., 2019; Lau, Cao, et al., 2020;
Mathys et al., 2019; Zhou et al., 2020). While these decoy recep-
tors can be produced within the brain, they can also enter the brain
through the damaged blood-brain barrier in the contexts of aging
and AD (Sweeney et al., 2018). Accordingly, the blood-brain bar-
rier is more permeable in aged humans (Montagne et al., 2015).
Therefore, future investigations should consider the roles of periph-
eral factors in brain aging.
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6 | CONCLUDING REMARKS

AD is the leading type of dementia and remains incurable partly
because of our incomplete understanding of the molecular basis
of its pathogenesis. In this review, we discussed the critical roles
of various receptor-ligand axes in controlling microglial activation
and their functional state transition (i.e., chemotaxis to phagocyto-
sis) in AD. Based on these findings, we provide novel insights into
the therapeutic potential of restoring microglial chemotaxis and
phagocytosis by administration of agonist antibodies that activate
microglial receptor signalings or neutralizing antibodies against Ap
plaque-associated factors, immune signalings, or decoy receptors.
In line with our idea, there are ongoing clinical trials that target
microglial chemotactic receptors, such as TREM2, suggesting their
therapeutic potential in ameliorating AD pathogenesis. However,
detailed investigation of the interactions between the repertoire
of microglial receptors and chemoattractants is required to iden-
tify precise molecular targets to restore the microglial chemo-
tactic response and for the development of microglia-targeting

therapies for AD.
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