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Alzheimer’s disease (AD) is a progressive neurodegenerative disease and is closely
associated with the accumulation of β-amyloid (Aβ) and neurofibrillary tangles (NFTs).
Apart from Aβ and NFT pathologies, AD patients also exhibit a widespread microglial
activation in various brain regions with elevated production of pro-inflammatory
cytokines, a phenomenon known as neuroinflammation. In healthy central nervous
system, microglia adopt ramified, “surveying” phenotype with compact cell bodies
and elongated processes. In AD, the presence of pathogenic proteins such as
extracellular Aβ plaques and hyperphosphorylated tau, induce the transformation of
ramified microglia into amoeboid microglia. Ameboid microglia are highly phagocytic
immune cells and actively secrete a cascade of pro-inflammatory cytokines and
chemokines. However, the phagocytic ability of microglia gradually declines with age,
and thus the clearance of pathogenic proteins becomes highly ineffective, leading to
the accumulation of Aβ plaques and hyperphosphorylated tau in the aging brain. The
accumulation of pathogenic proteins further augments the neuroinflammatory responses
and sustains the activation of microglia. The excessive production of pro-inflammatory
cytokines induces a massive loss of functional synapses and neurons, further worsening
the disease condition of AD. More recently, the identification of a subset of microglia
by transcriptomic studies, namely disease-associated microglia (DAM), the progressive
transition from homeostatic microglia to DAM is TREM2-dependent and the homeostatic
microglia gradually acquire the state of DAM during the disease progression of AD.
Recent in-depth transcriptomic analysis identifies ApoE and Trem2 from microglia as
the major risk factors for AD pathogenesis. In this review, we summarize current
understandings of the functional roles of age-dependent microglial activation and
neuroinflammation in the pathogenesis of AD. To this end, the exponential growth in
transcriptomic data provides a solid foundation for in silico drug screening and gains
further insight into the development of microglia-based therapeutic interventions for AD.

Keywords: Alzheimer’s disease, beta-amyloid, neurofibrillary tangles, neuroinflammation, disease-associated
microglia (DAM), bipolar/rod-shaped microglia, single-cell RNA-seq (scRNA-seq)

Frontiers in Aging Neuroscience | www.frontiersin.org 1 May 2022 | Volume 14 | Article 896852

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://doi.org/10.3389/fnagi.2022.896852
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnagi.2022.896852
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2022.896852&domain=pdf&date_stamp=2022-05-26
https://www.frontiersin.org/articles/10.3389/fnagi.2022.896852/full
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-896852 May 24, 2022 Time: 11:56 # 2

Xu et al. Microglia Diversity in Alzheimer’s Disease

INTRODUCTION

Alzheimer’s Disease (AD) is the common cause of dementia,
which accounts for an estimated 60–70% of all dementia
cases throughout the globe (Leng and Edison, 2021). In
the United States, an estimated 11.3% of people aged 65
or older are affected by AD-associated dementia. The
relative prevalence of AD increased from age 65–74 (5.3%)
to ≥85 years (34.6%) (Alzheimer’s Association, 2019). There
are approximately 55 million people living with AD or other
forms of dementia worldwide, which is expected to increase
from 78 million in 2030 to nearly 139 million by 2050 (World
Health Organization, 2020). Currently, five pharmacologic
treatments for AD are available to improve cognitive function
in patients although the improvement is not maintained
in the long term (Reisberg et al., 2003; Loy and Schneider,
2006; Cacabelos, 2007; Howard et al., 2012; Birks et al.,
2015). However, none of the drugs has been shown to be
effectively delayed disease progression and prevented further
neuronal damage in the brain. The socioeconomic impact of
AD is enormous and the cost of healthcare is estimated to be
US$ 1.3 trillion. In the absence of preventive measures and
effective treatments for AD, medical cost is believed to exceed
US$ 2.8 trillion by 2030 (World Health Organization, 2020).
Therefore, there is an urgent need to develop novel therapeutic
interventions that can halt the disease progression, especially at
the early stage of AD.

It is generally accepted that the deposition of β-amyloid
(Aβ) plaques and neurofibrillary tangles (NFTs) caused by Aβ

aggregation and hyperphosphorylated tau protein, respectively,
are the primary events that lead to progressive loss of
cognitive function in AD patients (Brunden et al., 2009;
Busche and Hyman, 2020; Walsh and Selkoe, 2020). However,
there is compelling clinical evidence suggesting that elevated
inflammatory responses might appear much earlier than the
deposition of Aβ plaques and abnormal NFTs, which play vital
roles in the pathogenesis of AD (Engelhart et al., 2004; Ray
et al., 2007; Schuitemaker et al., 2009). For instance, elevated
levels of inflammatory proteins, α1-antichymotrypsin (ACT)
and interleukin-6 (IL-6), were found in the blood plasma of
AD patients before clinical onset of dementia (Engelhart et al.,
2004). In another study, an elevated level of C-reactive protein
(CRP), a non-specific marker for inflammation, was found in
the cerebrospinal fluid (CSF) and serum from patients with mild
cognitive impairment (MCI) (Schuitemaker et al., 2009), which is
considered as an early stage of AD and other dementia (Petersen,
2011). Similarly, a total of 18 inflammatory proteins were shown
to be dysregulated in the blood plasma of pre-symptomatic AD
patients (Ray et al., 2007), suggesting inflammation could be a
central etiology for AD.

Growing evidence suggests that Aβ deposition and
hyperphosphorylated tau proteins induced activation of
NLR family pyrin domain containing 3 (NLRP3) inflammasome
leading to the production of pro-inflammatory cytokines
interleukin-1β (IL-1β) and IL-18. Aβ-induced activation of
NLRP3 inflammasome led to the formation of apoptosis-
associated spec-like protein containing a CARD (ASC) proteins,

resulting in augmented neuroinflammatory responses (Baroja-
Mazo et al., 2014; Franklin et al., 2014) and enhanced tau
pathology associated with the progressive loss of cognitive
function in AD patients (Ising et al., 2019). Recent advances in
RNA-sequencing technologies allow in-depth transcriptomic
analysis at single-cell resolution, which identified a subset of
microglia, namely disease-associated microglia (DAM) (Keren-
Shaul et al., 2017; Krasemann et al., 2017; Mathys et al., 2017). In
response to Aβ deposition, the resident microglia gradually lost
the homeostatic microglia gene signature, and became highly
proliferative (Mathys et al., 2017). The progressive transition
from homeostatic microglia to DAM is TREM2-dependent
(Keren-Shaul et al., 2017; Krasemann et al., 2017). The presence
of DAM also induced reactive astrocytes to adopt a neurotoxic
A1 phenotype via the activation of classical complement cascades
(Chen et al., 2020). In this Review, we aim to summarize the
current understanding of the role of age-dependent microglial
activation and neuroinflammation in the pathogenesis of AD,
and provide new insight into the development of microglia-based
therapeutic interventions for AD.

MICROGLIAL ACTIVATION AND
NEUROINFLAMMATION IN THE AGING
BRAIN

Neuroinflammation is defined as a cascade of inflammatory
responses within the central nervous system (CNS), resulting
in sustained production of pro-inflammatory and anti-
inflammatory cytokines, chemokines, reactive oxygen species
(ROS), and other secondary messengers by resident microglia
(McGeer and McGeer, 2010). Microglia are morphologically
diverse innate immune cells that are originated from primitive
myeloid precursors in the embryonic yolk sac (Ginhoux et al.,
2010), which account for approximately 5–12% of the total cell
population in the mammalian brain (Dos Santos et al., 2020).
As an important player for maintaining homeostasis within
the CNS throughout the lifetime, microglia are involved in
multiple vital cellular processes including immune surveillance,
antigen presentation, debris clearance, neuronal apoptosis,
maintenance of synaptic activity, and production of cytokine,
chemokine and neurotrophic factors (Tam and Ma, 2014;
Heneka et al., 2015; Ransohoff, 2016a; Tam et al., 2016; Au
and Ma, 2017, 2022). Impaired microglial function is often
associated with various neurodegenerative diseases such as
AD (Leng and Edison, 2021). Microglia are highly dynamic
immune cells in which they undergo constant changes in
morphology in response to the changing microenvironment.
Under normal physiological condition, microglia display
ramified phenotype with extended branches and processes.
Ramified microglia are highly motile which allow them to detect
any subtle changes in the microenvironment by extension and
retraction of microglial processes (Nimmerjahn et al., 2005). In
the presence of endogenous or exogenous insults (mechanical
lesion, pathogen, cellular debris, and misfolded protein) that
prompt the transformation of ramified “resting” microglia into
amoeboid “activated” microglia with thicken and retracted
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processes, and actively migrate toward the pathological insults
(Davalos et al., 2005). Ameboid microglia contribute to the
removal and degradation of pathological insults by phagocytosis,
endocytosis, and secretion of various inflammatory mediators
(Au and Ma, 2017). In general, the inflammatory response is
gradually resolved once the pathological insult is removed from
the CNS. However, the persistent of DNA damages, oxidative
stress, protein misfolding, waste production, and other cellular
damages in the CNS microenvironment overtime during aging,
microglia became “primed” with exaggerated and heightened
microglial responses even toward a minor pathological insult
(Norden and Godbout, 2013; Perry and Holmes, 2014; Spittau,
2017). In aged mammalian brains, there is an increased number
of amoeboid-like microglia with enlarged cell bodies and shorten
processes (Choi et al., 2007; Hwang et al., 2008; VanGuilder
et al., 2011). Similarly, microglia also displayed enlarged cell
bodies with fewer and shorten processes in aged human brains
(Davies et al., 2017), demonstrating that persistent microglial
activation occurs during normal aging. Growing evidence
suggests that primed microglia induced substantial changes
in morphology and inflammatory profiles during the entire
course of aging. Aged microglia first showed a significant
reduction of homeostatic microglial-specific gene expression
such as P2yr12 (Galatro et al., 2017), Csf1r, and Cx3cr1 (Pan
et al., 2020). Moreover, aged microglia showed increased
expression of major histocompatibility complex II (MHC
II), surface marker proteins (CD11b, CD68, and CD86) and
various Toll-like receptors (TLRs) (Perry et al., 1993; Godbout
et al., 2005; Griffin et al., 2006; Letiembre et al., 2007; Henry
et al., 2009), as well as elevated expression of neuroprotective
anti-inflammatory cytokines (IL-4, IL-13, IL-1RA, TGF-β, and
IL-10) (Sierra et al., 2007; Luo and Chen, 2012). However, the
neuroprotective nature of primed microglia gradually lost over
time with increased production of neurotoxic pro-inflammatory
cytokines (IL-1β, IL-6, and TNF-α), ROS and nitric oxide (NO)
(Li et al., 2018). More importantly, aged primed microglia were
more likely to amplify pro-inflammatory responses induced by
TNF-α, IL-12, and IL-1β, which further stimulated expansion
of primed microglia in the aged brain (Lee et al., 2013). Aged
microglia also displayed a defective phagocytotic capacity
toward Aβ aggregates (Hickman et al., 2008; Floden and Combs,
2011). The ability of aged microglia to migrate toward an
extracellular adenosine triphosphate (ATP), a signaling molecule
released by injured neurons, or a laser-induced focal injury was
significantly dampened (Damani et al., 2011), possibly due to
the dysregulation of actin cytoskeleton dynamics (Galatro et al.,
2017). Young microglia returned to the “resting” state within
days after focal injury, while aged microglia exhibited persistent
microglial activation at the site of injury even weeks after focal
injury (Damani et al., 2011). In addition, genes associated
with onset of AD such as Cxcl10 (Bradburn et al., 2018) and
Apoe (Keren-Shaul et al., 2017) were elevated in the microglia
during aging (Pan et al., 2020; Figure 1). To this end, prolonged
microglial activation and microglial priming during aging
often led to overproduction of neurotoxic pro-inflammatory
cytokines results in substantial neuronal damage and cognitive
functional impairment in the aged brain, which usually precedes

Aβ aggregation and tau pathology (Streit et al., 2009; Navarro
et al., 2018).

MICROGLIAL ACTIVATION IN THE
PATHOGENESIS OF ALZHEIMER’S
DISEASE

A long-held hypothesis posits that gradual cognitive function
decline in both AD and MCI patients is, at least in part, due to
the deposition of Aβ plaques in various brain regions (Rodrigue
et al., 2009). Aβ is generated from the amyloid precursor protein
(APP) via cleavage by β- and γ-secretases (LaFerla et al., 2007).
Cleavage and processing of APP proteins are classified into
two distinct pathways. Non-amyloidogenic pathways produce
beneficial and soluble APP fragment (sAPP-α) via cleavage by α-
secretase, which involves in the modulation of synaptic plasticity
as shown in cultured hippocampal neurons (Rice et al., 2019).
Cleavage of APP by α-secretase did not generate Aβ and thus
prevented the formation of Aβ plaques (Chen et al., 2017).
Amyloidogenic pathways produce APP proteins via cleavage
by β-secretase (beta-site amyloid precursor protein cleaving
enzyme 1; BACE1) and γ-secretase complex which is composed
of presenilin-1 (PS-1), presenilin enhancer 2 (PEN2), nicastrin,
and APH-1 (anterior pharynx-defective 1) (Kaether et al., 2006;
LaFerla et al., 2007). Cleavage of APP by β-secretase and γ-
secretase complex generated two main forms of Aβ peptides,
Aβ1-40 and Aβ1-42. These Aβ monomer started to aggregate,
leading to the formation of neurotoxic soluble Aβ oligomers,
and further assembled to form insoluble Aβ fibrils and plaques
(Chen et al., 2017). However, the precise mechanisms underlying
the formation of Aβ plaques remains unclear. A recent study
has demonstrated that increasing cholesterol level in astrocytes
facilitated the transfer of cholesterol to neighboring neurons via
apolipoprotein E (ApoE), resulting in increased Aβ production
and plaque formation (Wang et al., 2021). Although deposition
of extracellular Aβ plaques is often described as the pathogenic
hallmark in AD, emerging evidence suggests that accumulation
of intracellular Aβ also exhibited significant neurotoxicity to CNS
neurons (D’Andrea et al., 2001; Kienlen-Campard et al., 2002).
In various mouse models of AD, intraneuronal accumulation of
Aβ often preceded the deposition of extracellular Aβ plaques and
subsequent cognitive functional impairment (Oakley et al., 2006;
Knobloch et al., 2007; Pensalfini et al., 2014). In the initial stage
of AD, Aβ aggregation started to appear within the neuronal
cell bodies of large pyramidal neurons and hippocampal neurons
(Oakley et al., 2006; Pensalfini et al., 2014). With the increasing
loads of intraneuronal Aβ, it leads to the death of the affected
neurons and release of Aβ to the extracellular space (LaFerla et al.,
2007; Friedrich et al., 2010). These results agreed well with human
study that intracellular Aβ accumulation precede Aβ plaque
deposition (Gouras et al., 2000). Indeed, a fraction of neurons
showed a redistribution of extracellular Aβ plaques into the cell
bodies via the interaction between Aβ, ApoE and lipoprotein
receptor-related protein (LRP) (Bu et al., 2006). The increase
in intracellular Aβ loads, particularly the neurotoxic Aβ-42
oligomers within neurons induced defective axonal transport and
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FIGURE 1 | Microglial priming during normal aging. In healthy individuals, microglia are active immune surveillant cells that expressed a wide variety of marker genes
for homeostatic microglia. During normal aging, the increased DNA damage and oxidative stress, and the accumulation of misfolded proteins, dead cells and other
waste products, induced activation of microglia leading to the down-regulation of homeostatic microglia marker gene expressions. Also, these activated “primed”
microglia expressed high levels of major histocompatibility complex II (MHC-II), surface marker proteins (CD11b, CD68, and CD86) and various Toll-like receptors
(TLRs). These primed microglia often displayed defective phagocytic capacity and decreased motility toward chemoattractants. The elevated production of
neurotoxic pro-inflammatory cytokines lost their neuroprotection to support neurons. Publishing license from BioRender.com.

axonal swelling (Suo et al., 2007), impaired synaptic functions
and long-term potentiation (Li et al., 2011), and activation of
neuronal apoptosis-related signaling pathways (Ohyagi et al.,
2005). These results are consistent with the pathological studies
that increased Aβ-42 oligomer is associated with cognitive deficit
in AD patients (Lue et al., 1999; McLean et al., 1999).

Another pathogenic hallmark of AD is the aggregation of
NFTs which consist mainly of the hyperphosphorylated tau
proteins (Brion, 1998; DeTure and Dickson, 2019). Tau is a
neuronal-specific microtubule-associated protein which play a
pivotal role in maintaining the stability of axonal microtubules,
and its activity is tightly orchestrated by tau phosphorylation
(Barbier et al., 2019). Since tau-microtubule binding domain is
involved in tau-tau interaction, self-aggregation of tau is largely
prevented once tau protein is bound tightly with microtubule
(Mandelkow and Mandelkow, 2012). However, once tau protein
is abnormally hyperphosphorylated under pathogenic conditions
and lose its biological activity of microtubule binding. Tau protein
detached from microtubule and form aggregates (Mandelkow
and Mandelkow, 2012). These abnormally hyperphosphorylated

tau proteins gradually accumulated in the cytoplasm of
degenerating neurons and formed NFT aggregates in the brain
of AD patients (Bancher et al., 1989, 1991). Abnormally
hyperphosphorylation of tau protein lost its ability to promote
microtubule assembly (Iqbal et al., 1986), and thereby induced
the breakdown of axonal microtubules (Lindwall and Cole,
1984; Alonso et al., 1994). The accumulation of NFTs first
appeared in entorhinal cortex, which gradually propagated to
pyramidal neurons in hippocampal CA1 regions, and finally
spread to hippocampus (Braak and Braak, 1991). Interestingly,
a recent study confirmed that the pathological tau proteins can
be transported from one neuron to another through axonal
terminals, suggesting that these dysregulated proteins can be
axonally transported via active intra-axonal transport throughout
the brain (de Calignon et al., 2012). In addition, the extracellular
insoluble tau aggregates could induce the accumulation of
hyperphosphorylated tau protein in the cytosol of adjacent
neurons, leading to the formation of NFTs (Clavaguera et al.,
2009). A recent study suggested that the increased accumulation
of NFTs in the brain is strongly associated with reduced grey
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matter volumes and progressive cognitive decline in AD patients
(Bejanin et al., 2017).

Increased microglial activation alongside the formation of
Aβ plaques and NFTs has been observed in the early stage of
AD pathogenesis. Microglia are the first respondent to toxic
stimuli that play key roles in maintaining proper synaptic
plasticity and circuit integrity (Kettenmann et al., 2011; Wilton
et al., 2019). Microglia are traditionally believed to adopt two
distinctive microglial phenotypes, namely, the M1 (neurotoxic)
and M2 (neuroprotective) subtypes (Heneka et al., 2015; Tang
and Le, 2016; Leng and Edison, 2021). M1 microglia, activated
by IFN-γ, TNF-α, or lipopolysaccharide (LPS), express pro-
inflammatory cytokines such as IL-1β, IL-6 and TNF-α, ROS
and nitric oxide (NO). M1 microglia also express NADPH
oxidase and high levels of MHC class II that are closely related
to increased inflammatory response and neurotoxicity (Cella
et al., 1997; Colonna and Butovsky, 2017; Hernández-Espinosa
et al., 2019). On the other hands, IL-4 and IL-13 induce a M2
microglial phenotype, which is characterized by the production
of anti-inflammatory cytokines (IL-4, IL-10, IL-13, and TGF-
β), neurotrophic factors (IGF-1) and increased expression of
inflammatory mediators that promote phagocytosis of cellular
debris and misfolded proteins, neuronal survival, tissue repair
and wound healing processes (Ym1, FIZZ1, and Arg-1) (Cherry
et al., 2014; Tang and Le, 2016). At the early stage of AD, activated
microglia were able to clear Aβ by phagocytosis (Takata et al.,
2010). However, as disease progressed, the increased levels of
neurotoxic pro-inflammatory cytokines switched the microglial
phenotype from M2 to M1 phenotype with impaired microglial
phagocytosis of Aβ plaques (Jimenez et al., 2008). Post-mortem
brain tissues in patients at the early stage of AD revealed
that an elevated production of pro-inflammatory cytokine IL-
1β in activated microglia located in close proximity to senile
Aβ plaques (Griffin et al., 1995). An increased level of TNF-α
were also detected in the blood sera of AD patients (Fillit et al.,
1991). In cultured microglia derived from AD patients, exposure
to Aβ induced production of pro-inflammatory cytokines (IL-
1β, IL-6, and TNF-α), chemokines (CCL2 and CCL3), and NO
(Lue et al., 2001). Therefore M2-to-M1 microglial phenotype
switch might contribute to the gradual increase in Aβ plaques
and massive neuronal loss at the advanced stages of AD (Tang
and Le, 2016). Despite the fact that the elevated production
of pro-inflammatory cytokines in microglia is thought to be
linked to the exacerbated AD pathologies; however, recent studies
demonstrate that overexpression of pro-inflammatory cytokines
attenuated the deposition of Aβ. For instance, overexpression
of IFN-γ led to a widespread activation of microglia and
astrocytes in the hippocampal CA1 and CA3 regions, thereby
elevating the production of another pro-inflammatory cytokine
TNF-α, and the activation of complement system. The IFN-γ-
overexpressing microglia displayed an enhanced phagocytosis
which led to a massive reduction in Aβ deposition in a
mouse model of AD (Chakrabarty et al., 2010a). Similarly,
overexpression of pro-inflammatory cytokines such as IL-1β,
TNF-α, and IL-6 induced a widespread activation of microglia
and astrocytes with enhanced phagocytic capability, resulting in
effective clearance of Aβ plaques in the hippocampus of AD mice

(Chakrabarty et al., 2010b, 2011; Matousek et al., 2012; Rivera-
Escalera et al., 2014, 2019). On the other hand, overexpression
of anti-inflammatory cytokines IL-4 and IL-10 significantly
impaired the phagocytosis of soluble Aβ oligomers by microglia,
and increased Aβ deposition in the hippocampus leading to the
impairment of cognitive functions in AD mice (Chakrabarty
et al., 2012, 2015). Further investigations are required to
carefully examine the role of these inflammatory cytokines in the
pathogenesis of AD and therapeutic potential for AD.

Several cell surface receptors in microglia including TLRs,
scavenger receptor SCARA1, CD14, CD36, CD47, and α6β1
integrin (Coraci et al., 2002; Reed-Geaghan et al., 2010; Wu
and Reddy, 2012; Frenkel et al., 2013) are known to bind
soluble Aβ oligomers or Aβ fibrils, which then triggered
the nuclear translocation of nuclear factor κB (NF-κB) and
the subsequent activation of cAMP response element-binding
protein (CREB) (Cunningham, 2013). CREB in turn activated the
transcription of various pro-inflammatory cytokines, inducible
nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-
2) (Heneka et al., 2015). Recent studies have demonstrated
that the activation of NLR family pyrin domain containing 3
(NLRP3) inflammasome is a fundamental event for Aβ-induced
inflammatory responses (Heneka et al., 2013; Sheedy et al., 2013).
The NLRP3 inflammasome is a multimeric protein complex that
contains a sensor protein NLRP3, an adaptor protein PYCARD
(also known as apoptosis-associated spec-like protein containing
a CARD; ASC) and an effector protein caspase-1 (Swanson
et al., 2019). NLRP3 protein consists of three major domains: a
carboxyl-terminal leucine-rich repeat (LRR) domain, a central
NACHT domain, and an amino-terminal pyrin (PYR) domain
(Van Zeller et al., 2021). CD36 acts together with TLR4-TLR6
heterodimers to recognize both soluble and fibrillar Aβ (Stewart
et al., 2010; Sheedy et al., 2013), which led to the internalization
of Aβ and activation of NLRP3 inflammasome. Activation of
NLRP3 inflammasome triggers the cleavage of pro-caspase-1 to
active caspase-1, which in turn promotes the cleavage of pro-
IL-1β and pro-IL-18 to active pro-inflammatory cytokines IL-
1β and IL-18 (Gold and El Khoury, 2015; Figure 2). These
studies are consistence with report of substantially increased
amount of cleaved caspase-1 in brains from AD patients
(Heneka et al., 2013).

Interestingly, genetic ablation of NLRP3 or Caspase-1
significantly reduced Aβ deposition in APP/PS-1 mouse model
of AD which was largely due to the enhanced phagocytic capacity
in NLRP3-/Caspase-1-deficient microglia to actively engulfing
Aβ plaques. NLRP3/Caspase-1-deficient microglia also displayed
elevated productions of anti-inflammatory cytokines including
IL-4, Arg-1, and FIZZ-1, and reduced expression of NOS2. As
a result, APP/PS-1 transgenic mouse with NLRP3-/Caspase-1-
deficiency exhibited a significant improvement in spatial memory
function (Heneka et al., 2013). After NLRP3 inflammasome
activation, adaptor protein ASC bridges the sensor protein
NLRP3 via PYD domain, leading to the formation of ASC fibrils
(Lu et al., 2014). ASC fibrils then recruit the effector protein
caspase-1 via its CARD domain for caspase activation, which
leads to the formation of speck-like aggregates of ASC proteins
(Masumoto et al., 1999). Once the ASC speck-like aggregates
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FIGURE 2 | Microglia modulates Aβ plaques and neurofibrillary tangles (NFTs) formation via the activation of NLRP3 inflammasome. NLRP3 inflammasome is a
multimeric protein complex that comprises a sensor protein NLRP3, an adaptor protein apoptosis-associated spec-like protein containing a CARD (ASC), and an
effector protein caspase-1. In AD conditions, microglial surface receptors CD36 cooperates with TLR4-TLR6 heterodimers to recognize and internalize the Aβ

oligomers and fibrils, which induces translocation of nuclear factor κB (NF-κB) from the cytosol to the nucleus, and the subsequent activation of NLRP3
inflammasome. Activation of NLRP3 inflammasome leads to the formation of the adaptor proteins ASC aggregates, which bridge the sensor protein NLRP3 and
activated the effector protein from pro-caspase-1 to active caspase-1. Activated caspase-1 cleavage of pro-IL-1β and pro-IL-18 into active pro-inflammatory
cytokines IL-1β and IL-18. In addition, the speck-like aggregates of ASC proteins could be released to extracellular space and bound to the surrounding soluble Aβ

led to the formation of ASC-Aβ composites. The formation of ASC-Aβ composites promoted the Aβ aggregation and served as a major driver for the formation of the
neurofibrillary tangles (NFTs). Publishing license from BioRender.com.

are formed, they are released into the extracellular space and
taken up by adjacent myeloid cells such as microglia to further
propagate and amplify inflammatory responses (Baroja-Mazo
et al., 2014; Franklin et al., 2014). ASC speck-like aggregates
are found within the activated microglia and the extracellular
space in the hippocampus of AD patients and APP/PS-1 mouse
model of AD. Exposure to soluble Aβ stimulated the production
and release of ASC speck-like aggregates in cultured primary
mouse microglia (Venegas et al., 2017). Extracellular ASC
speck-like aggregates bind to the surrounding soluble Aβ and
promote the formation of Aβ aggregates in APP/PS-1 transgenic
mouse. Intrahippocampal injections of recombinant ASC speck-
like aggregates into the APP/PS-1 transgenic mouse facilitated
the propagation of Aβ deposition. Genetic deletion of ASC
or by administration of neutralizing antibodies against ASC

proteins significantly reduced the deposition of Aβ and improved
cognitive functions in APP/PS-1 transgenic mice (Venegas et al.,
2017). A recent study also confirmed that NLRP3 inflammasome
contributed to the development of tau pathology (Ising et al.,
2019). Activation of NLRP3 inflammasome (as reflected by
the increased level of cleaved caspase-1) and ASC speck-like
aggregates were found in the hippocampus of patients with
frontotemporal dementia (FTD) (Ising et al., 2019) as well as in
a mouse model of tau pathology (Tau22 mice which expressed
human tau mutation for FTD) (Schindowski et al., 2006). Genetic
ablation of NLRP3 markedly inhibited the hyperphosphorylation
of tau protein and rescued spatial memory impairment in
Tau22 mice. More importantly, intracerebral injection of Aβ-
containing brain homogenate into Tau22 mice exaggerated
tau hyperphosphorylation in the hippocampus, which was
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completely prevented when NLRP3 was deleted from Tau22 mice
(Ising et al., 2019), suggesting NLRP3 inflammasome is necessary
to drive Aβ-induced tau pathology (Figure 2). A recent in-
depth transcriptomic analysis confirmed that Aβ deposition and
microglial activation concurrently drive pathogenic tau spread in
different brain regions in AD patients (Pascoal et al., 2021). Taken
together, these studies highlight the potential of pharmacological
targeting the activation of NLRP3 inflammasome as an attractive
therapeutic strategy for the treatment of AD.

DISEASE-ASSOCIATED MICROGLIA
AND ITS INVOLVEMENT IN THE
PATHOGENESIS OF ALZHEIMER’S
DISEASE

The classic M1-M2 dichotomy has been used traditionally to
describe the microglial activation states when purified microglial
cells are exposed to stimuli in cultures. However, M1-M2
phenotypic states might not emerge as isolated pure phenomena
in animal studies, suggesting the need to reconsider the rather
simplified M1-M2 phenotypic switching concept (Ransohoff,
2016b). In the past decade, transcriptomic analysis at single-
cell resolution identified functionally and phenotypic distinct
microglial subtypes that closely associate with the pathogenesis
of AD, namely the disease-associated microglia (DAM) (Keren-
Shaul et al., 2017; Krasemann et al., 2017). Homeostatic
microglia gradually acquire the state of DAM during the disease
progression of AD (Keren-Shaul et al., 2017; Krasemann et al.,
2017; Mathys et al., 2017; Chen et al., 2020). A recent study
utilized a well-established mouse model of AD that expressed
five human familial AD gene mutations (5xFAD) to examine
the temporal transcriptomic changes at single-cell resolution
(Keren-Shaul et al., 2017). The Aβ deposition reported in 5xFAD
mouse model starting at 1.5 months with profound Aβ deposition
in the cortical and hippocampal regions at around 2 months
(Oakley et al., 2006; Eimer and Vassar, 2013). Two DAM subtypes
with distinct transcriptomic profiles were identified during the
disease progression of AD in 5xFAD mice (Keren-Shaul et al.,
2017). Before the disease onset, homeostatic microglia expressed
high levels of microglia-specific marker genes including P2ry12,
Cx3cr1, and Tmem119 (Hickman et al., 2013; Bennett et al.,
2016), and the expression was gradually declined when microglia
were activated during the disease progression (Keren-Shaul et al.,
2017). Transition from homeostatic to DAM state seems to be a
two-step process (stage 1 and 2) in which homeostatic microglia
first transition to an intermediate stage (stage 1 DAM) in a
TREM2-independent manner, followed by a TREM2-dependent
transition to stage 2 DAM (Figure 3). The upregulated genes
in stage 1 DAM, including AD-associated genes such as Tyrobp
and Apoe, which occurs during the early stages of disease.
Stage 2 DAM usually appear in the advanced stage of AD
characterized by the upregulation of Cst7, Lpl, and Trem2.
These DAMs not only increase gene expression responsible for
inflammatory responses, but also genes for phagocytosis and
endocytosis. In both 5xFAD mice and post-mortem human

AD brains, a significant subpopulation of DAM was localized
in close proximity to the Aβ aggregates which enabled active
internalization of Aβ aggregates (Keren-Shaul et al., 2017).
By single-nucleus RNA (snRNA) sequencing, a comprehensive
transcriptional analysis on Trem2-deficient 5xFAD mice and
AD patients who carried the TREM2 variants was performed.
The presence of TREM2-dependent DAM was confirmed in
patients with AD carrying the TREM2 variant. Genetic deletion
of Trem2 markedly reduced the microglial density in 5xFAD
mice, and reduced the expression of DAM signature genes,
suggesting that Aβ-pathology-induced microglial expansion is
partially TREM2-dependent (Zhou et al., 2020). However,
the molecular mechanisms underlying the transition from
homeostatic microglia to DAMs remains elusive that requires
further investigation.

Similarly, two distinct phenotypes (early and late phases)
of microglia were identified during the disease progression of
AD using an inducible transgenic mouse line of p25 (Mathys
et al., 2017). At the early stage of AD (i.e., 1 week after
p25 induction) when intraneuronal Aβ deposition was absent
(Cruz et al., 2006; Sundaram et al., 2012), the early-responding
microglia upregulated a subset of genes involved in the cell
cycle, DNA replication and cell division, which switched the
cells into a highly proliferative state and began to colonize
the hippocampal CA3 and dentate gyrus subregions (Mathys
et al., 2017). After initial stage of microglial proliferation in
response to neurodegeneration events, microglia switch from
the early-responding phenotype to a late-responding phenotype
with upregulation of immune response-related genes (i.e., 2–
6 weeks after p25 induction) (Mathys et al., 2017) at the
time when intraneuronal Aβ level was markedly increased
accompanied by widespread neuronal and synaptic loss in
the hippocampus (Cruz et al., 2006). These late-responding
microglia expressed subsets of genes encoded for MHC class I
and II components, interferon-responding genes, and various
inflammatory cytokines and chemokines (Mathys et al., 2017).
Also, they elevated the expression of many marker genes for
both stage 1 and 2 DAMs, suggesting a substantial overlap of
gene expression profiles between DAMs and late-responding
microglia. Interestingly, most genes that expressed exclusively
in early-responding microglia showed little overlap with those
genes expressed in stage 1 and 2 DAMs, indicating that the early-
responding microglia appear to precede the activation of DAMs
(Keren-Shaul et al., 2017; Mathys et al., 2017; Figure 3).

A subsequent study further confirmed that the activation
of TREM2-APOE signaling pathways in DAM is essential for
the switch of homeostatic microglia to DAMs during the
pathogenesis of various neurodegenerative diseases including
AD, amyotrophic lateral sclerosis (ALS) and multiple sclerosis
(MS) (Krasemann et al., 2017). The apoptotic neurons act as
the driving force for the activation of DAM. The homeostatic
microglia rapidly migrated toward the apoptotic neurons,
transformed into amoeboid-like DAMs and to actively engulfing
the apoptotic neurons with elevated expression of Apoe.
The upregulation of Apoe in DAMs suppresses the major
transcription factors of homeostatic microglia (Mef2a, Mafb,
and Smad3) and TGF-β-mediated anti-inflammation. Genetic
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FIGURE 3 | Disease-associated microglia (DAM) and their transformation during the pathogenesis of AD. In healthy individuals, microglia usually adopt a ramified
morphology and expressed a diverse variety of marker genes for homeostatic microglia. In the early pathogenesis of AD that preceded the deposition of Aβ plaques
and neurofibrillary tangles (NFTs), the homeostatic microglia transformed into a highly proliferative state and elevated the production of various chemokines and other
inflammatory genes. When Aβ plaque loads gradually increased, some of the microglia down-regulated the expression of the homeostatic microglial marker genes,
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increase in Aβ and NFT deposition, the stage 1 DAM slowly transformed into fully activated stage 2 DAM via TREM2-dependent pathways. These stage 2 DAM were
highly phagocytic and involved in the active internalization of Aβ plaques via activation of genes involved in phagocytosis and lipid metabolisms. Publishing license
from BioRender.com.

ablation of Apoe or its upstream regulator Trem2 restored
homeostatic microglia gene signature (i.e., P2ry12, Gpr34,
Tmem119, Tgfbr1, and Csf1r), while the genes essential for
the DAM phenotypic transformation were suppressed (Trem2,
Axl, Clec7a, Csf1, Itgax, Cd34, and Apoe) (Krasemann et al.,
2017). Apoe-deleted homeostatic microglia displayed an effective

phagocytic response to engulf and degrade Aβ plaques in a
mouse model of AD coexpressing mutant amyloid precursor
protein (APP) and presenilin 1 (PS-1) (Krasemann et al., 2017).
Interestingly, the elevated expression of Apoe was negatively
correlated with the loss of homeostatic microglia gene signature
as shown in various mouse models of neurodegenerative diseases
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(two AD mouse models and one ALS mouse model), and in
post-mortem brains from AD patients (Sobue et al., 2021). An
exhaustive gene expression profiling study on a widely used
mouse model of AD that expressed mouse APP with three
AD-associated mutations (Swedish mutations in exon 16, and
Beyreuther/Iberian and Arctic mutations in exon 17) (Saito
et al., 2014), showing the heterogeneity in both homeostatic and
reactive microglia. The authors uncovered a major population of
reactive microglia, namely activated response microglia (ARMs),
which displayed multifunctional gene response and is part of
the normal evolution of microglia during the aging process.
The presence of amyloid plaques in APP mice accelerated the
switching of homeostatic microglia to ARMs. One of the known
AD risk genes such as Apoe, were highly upregulated in ARMs
cells. Genetic deletion of ApoE significantly reduced the number
of microglia expressing ARMs signature genes, suggesting that
the strong association of AD genetic risk factors, and the
activation and function of ARMs (Sala Frigerio et al., 2019). It
suggests that ApoE dysregulation plays a key role in the transition
of homeostatic microglia to DAM in neurodegenerative diseases.

More recently, it has been suggested that a specific subtype
of microglia termed “human Alzheimer’s microglia (HAM)” was
identified in post-mortem human brain and highly relevant for
the pathogenesis of AD (Srinivasan et al., 2020). In total, 66 genes
(45 up-regulated and 21 down-regulated) were differentially
expressed in microglia within the superior frontal gyrus (a region
for visuospatial cognitive functional impairment) of AD patients.
Interestingly, a large number of genes that were upregulated
in HAM overlapped significantly with genes upregulated in
aged human cortical microglia (Galatro et al., 2017), suggesting
similarities between AD and age-related neuropathology. Several
upregulated genes in the HAM including APOE, LSR (lipolysis-
stimulated lipoprotein receptor) and ARSA (lysosomal enzyme),
which are associated with lipid and lysosomal signaling pathways
(Srinivasan et al., 2020). In addition, two distinct microglia
subclusters were identified in post-mortem human brains that
were strongly associated with either Aβ plaques (i.e., AD1-
microglia) or hyperphosphorylated tau (i.e., AD2-microglia)
by snRNA sequencing. In AD1-microglia, APOE and TREM2
were significantly up-regulated. Notably, of the 63 AD genetic
risk factors, 15 were highly upregulated (i.e., TREM2 and
APOE) in AD1-microglia, while only six genes were found to
have moderate changes in gene expression in AD2-microglia,
suggesting the genetic risk of AD is primarily associated with
Aβ plaques pathology (AD1-microglia), but not with phospho-
tau pathology (AD2-microglia) (Gerrits et al., 2021). Increasing
evidence suggests that APOE is the major genetic risk factor of
late onset and sporadic AD, which accounts for 95% of total AD
cases (Rebeck et al., 1993; Saunders et al., 1993; Coon et al., 2007).
In mice, a number of DAM signature genes including Apoe,
Ch25h, Lpl, Ctsb, and Atp6v0d2 were highly upregulated and
involved in the lipid metabolism (Keren-Shaul et al., 2017). Taken
together, transcriptomic studies in both AD patients and mouse
models of AD highlight the pivotal role of microglia in lipid
metabolism during disease progression (Matsuzaki et al., 2011;
Kang and Rivest, 2012). Therapeutic interventions targeting
TREM2-APOE-mediated lipid metabolism could switch the

HAM or DAMs to homeostatic microglia and to halt AD
progression (Nugent et al., 2020; Fitz et al., 2021).

Apart from DAM, a spatially resolved transcriptomics study
reveals that A1 astrocytes are the major driver for AD progression
in response to Aβ deposition (Chen et al., 2020). In APP
mice, which exhibited substantial activation of microglia and
astrocytes, as well as Aβ deposition in both cortical and
hippocampal areas (Saito et al., 2014). A subset of plaque-
induced genes (PIGs) was gradually increased in both DAMs
(Apoe, Trem2, Tyrobp, Cstd, and Lyz2) and A1 astrocytes
(Gfap, B2m, and C4b) accompanied by an increase in Aβ

accumulation across different brain regions (Chen et al., 2020).
Temporally, increased Aβ deposition in the early onset of
AD first triggered the activation of microglia which expressed
high levels of DAM signature genes (i.e., C1qa and C1qb)
(Chen et al., 2020). The elevated expression of C1qa and
C1qb, and the activation of classical complement system in
DAMs surrounding the Aβ plaques induced astrocytes to adopt
neurotoxic A1 phenotype (Liddelow et al., 2017) by increasing
A1 astrocytes signature gene expression (B2m and Gfap) (Chen
et al., 2020). A subsequent co-expression network analysis of
PIGs revealed that DAM signature genes (Trem2 and Tyrobp)
had the strongest connection to the A1 astrocytes signature
genes (Cstd, B2m, and Apoe) (Chen et al., 2020). These
studies further support the notion that intercellular crosstalk
between DAM and A1 astrocytes is crucial for AD progression
(Liddelow et al., 2017). A1 astrocytes have been shown to
be highly neurotoxic that led to a substantial neuronal and
synaptic loss in cultured CNS neurons (Carpanini et al., 2019).
Pharmaceutical blockade of the classical complement cascade
activated in DAM might prevent the A1 astrocyte phenotypic
switch that could foster neuroprotection (Carpanini et al., 2019).
A1 astrocytes were found in the post-mortem prefrontal cortex
of AD patients (Liddelow et al., 2017). In another study, a
subset of reactive astrocytes, namely disease-associated astrocytes
(DAAs), is identified in which the expression profile of DAA
is largely overlapped with A1 astrocytes. The abundance of
DAAs substantially expanded (up to 40% among the total
astrocyte population) during the AD progression in 5xFAD
mice (Habib et al., 2020). Interestingly, the population of DAA
also underwent gradual expansion in aged mice, as well as in
post-mortem brains from aged human (Habib et al., 2020).
This is consistent with other study that astrocytes gradually
adopted an A1-like astrocytic phenotype during normal aging
(Clarke et al., 2018).

Recent advances in transcriptomic analysis on microglial
populations from AD patients and various AD mouse models
have revolutionized our understanding on the roles of microglia
in the pathogenesis of AD. A general observation from the
above transcriptomic studies is that resident microglia gradually
lost their gene signatures during aging and AD progression.
Although the functions of these microglia signature genes are
yet to be determined, it is believed that they are involved in
the CNS-specialized functions which separate microglia from
other blood-borne myeloid cells. Loss of the microglia gene
signature might affect cellular homeostasis in the CNS during
normal aging and AD progression (Friedman et al., 2018).
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TREM2-mediated signaling pathways regulate transition from
homeostatic microglia to DAM (Keren-Shaul et al., 2017).
Although major controversy regarding the TREM2-dependent
DAM activation in fostering neuroprotection in AD still remains.
Genetic deletion of TREM2 impaired the transition from
intermediate state DAM to DAM with enhanced phagocytic
capacity (Keren-Shaul et al., 2017). Further study revealed that
AD Mice with TREM2 haplodeficiency or TREM2-deletion led
to the formation of more diffused Aβ plaques, which increased
the area of contact between Aβ plaques and adjacent neurons
resulting in exaggerated axonal damages in the surrounding
tissues (Yuan et al., 2016b; Meilandt et al., 2020). In contrast,
TREM2 is required for the compaction of Aβ into dense plaques
by microglia that limits Aβ plaque diffusion and exposure
to minimize amyloid-related neuronal damage (Yuan et al.,
2016b). In 5xFAD mice, overexpression of TREM2 markedly
promoted the phagocytic capacity of resident microglia and
reduced Aβ deposition. TREM2 overexpression inhibited
the activation of classical complement cascade significantly
in 5xFAD mice as well as attenuating A1 astrocyte-induced
inflammatory responses. In addition, TREM2 overexpression
upregulated genes that involved in microglial phagocytosis
(Lgals3), anti-inflammatory responses (Postn), and microglial
survival (Spp1) in 5xFAD mice (Lee et al., 2018). The production
of neuroprotective anti-inflammatory cytokines (arginase-1,
IL-10, and Ym1) was elevated and the production of neurotoxic
pro-inflammatory cytokines (TNF-α, IL-6, and IL-1β) was
reduced by TREM2 overexpression. In a recent study, it has been
shown that TREM2 could be a valuable therapeutic target for the
treatment of AD since TREM2 overexpression rescued cognitive
impairments in APP/PS1 mice by inhibiting microglia-mediated
neuroinflammation (Ruganzu et al., 2021).

Interestingly, there was very little overlap between DAM gene
signatures identified from different mouse models of AD and
HAM gene signatures from human AD patients (Srinivasan et al.,
2020). One possible explanation is that most of the AD mouse
models overexpress one or multiple gene mutations for familial
AD, which accounts for only 5% of AD patients worldwide
(Piaceri et al., 2013). The microglial responses to familial
AD mutations might be different in sporadic AD. Another
possible explanation could be that the mechanisms underlying
inflammatory responses to microglial activation in mouse models
of AD and AD patients are very different indeed. We should
note that AD is clinically heterogeneous in disease progression
that might also account for the discrepancy between DAM and
HAM gene signatures across studies (Leng and Edison, 2021).
For instance, a meta-analysis comparing microglial expression
profiles from various animal models of AD, including mouse
models that overexpressed familial AD mutations (5xFAD and
APP/PS1 mice) and mouse models of tau pathology, revealed
elevated expression of core neurodegeneration-related genes
across the various mouse models. The core of neurodegeneration-
related genes included DAM signature genes such as Apoe,
Itgax, Hif1a, Ctsb, Ctsl, and Ctsz, as well as genes that regulated
lysosomal activities (Friedman et al., 2018). Nevertheless, these
transcriptomic studies all propose the key roles of ApoE in
the pathogenesis of AD, which required further investigation

regarding its functions in regulating the microglial activation
state. Interestingly, a recent study demonstrated that genetic
ablation of ApoE in microglia did not affect the microglial
transcriptional shift to a DAM state; however, deletion of ApoE
in microglia slightly increased Aβ deposition and reduced the
number of pre- and post-synaptic vesicles in hippocampus of
5xFAD mice (Henningfield et al., 2022). It therefore suggests
that microglial-specific ApoE expression could be necessary
for effective clearance of Aβ plaques and maintenance of
functional synapses in AD.

TREM2-DAP12 SIGNALING PATHWAY IN
ALZHEIMER’S DISEASE

TREM2 is an immunoglobin superfamily receptor present on
myeloid cells such as dendritic cells, osteoclasts, macrophages
and microglia (Wang et al., 2015a), and signal through DAP12
(also known as TYROBP). DAP12 is one of the immunoreceptor
tyrosine-based activation motif (ITAM)-bearing polypeptides.
ITAMs were first identified in the immune system, where they
play key roles in cellular response including cell adhesion,
migration, differentiation proliferation and phagocytosis
(Underhill and Goodridge, 2007). Once DAP12 binds to TREM2,
the non-receptor tyrosine kinase named Src phosphorylates the
ITAM of DAP12, leading to recruitment and activation of Src
homology 2 (SH2) domains of another protein tyrosine kinase
named spleen tyrosine kinase (SYK) (Konishi and Kiyama,
2018), which activates a wide range of downstream signals and
key cellular responses such as microglial phagocytosis (Linnartz
et al., 2010). The ITAM-mediated activation of microglial
phagocytic processes is counter-regulated by immunoreceptor
tyrosine-based inhibition motif (ITIM) signaling molecules
such as sialic acid-binding immunoglobulin superfamily lectins
(Siglecs) (Linnartz-Gerlach et al., 2014). Several ITAM and
ITIM-containing proteins are known to be involved in the
pathogenesis of AD, including DAP12, SYK and CD33 (Ma et al.,
2015). TREM2-DAP12 complex played an indispensable role
in mediating the microglial phagocytic processes and cytokine
production (Konishi and Kiyama, 2018), and the formation of
TREM2-DAP12 complex is required for microglial activation
to limit the accumulation and diffusion of Aβ plaques (Wang
et al., 2015b, 2016; Yuan et al., 2016a). In mouse models of
AD, overexpression of DAP12 in microglia reduced the Aβ

deposition and elevated the level of phosphorylated Tau in
the cerebral cortices. Interestingly, overexpression of DAP12
induced up-regulation of other DAM genes such as Apoe,
Itgax, Axl and Tgf-β in the mouse model of AD, suggesting
that DAP12 is essential for DAM phenotypic transformation
(Audrain et al., 2021). In cultured primary microglia and AD
patients, exposure to soluble Aβ peptides/plaques induced
the formation of large and persistent stress granules within
microglia. SYK proteins were recruited to these stress granules
and thereby led to the impairment of microglial phagocytosis
and augmented ROS production. Pharmaceutical blockade
of SYK protein suppressed the formation of stress granules
and attenuated ROS production but failed to restore the
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microglial phagocytic capacity (Ghosh and Geahlen, 2015).
Interestingly, recent studies showed that selective blockade of
SYK proteins markedly decreased Aβ deposition and suppressed
the hyperphosphorylation of Tau across different mouse models
of AD (Paris et al., 2014; Yamaguchi et al., 2020), suggesting that
SYK activity might be an attractive therapeutic target for AD.

CD33 is an ITIM-containing protein that is linked to the
late-onset AD in human (Griciuc et al., 2013; Wißfeld et al.,
2021). A genetic variant of CD33 gene (rs24162737) is associated
with the increased risk factor of AD (Lambert et al., 2013). In
cultured microglia, overexpression of CD33 largely reduced the
uptake of insoluble Aβ, which might positively correlate with
the increased Aβ deposition with elevated immunoreactivity of
microglial CD33 in AD patients (Griciuc et al., 2013). Genetic
deletion of CD33 markedly enhanced the microglial phagocytosis
of Aβ aggregates in vitro (Griciuc et al., 2013; Wißfeld et al.,
2021), and reduced Aβ deposition in vivo leading to improved
cognitive functions in mouse models of AD (Griciuc et al., 2013,
2019). Clec7a (also known as Dectin-1) is a transmembrane non-
TLR pattern-recognition receptor that signal via a ITAM-like
motif in its cytoplasmic tail and induces microglial activation via
activation of Src and Syk family kinases (Brown, 2006; Goodridge
et al., 2011). In developing mouse brain, a large population of
Clec7a-positive microglia was found in corpus callosum and
cerebellar white matter. Clec7a-positive microglia were mostly
amoeboid in shape and showed a higher phagocytic capacity
than the Clec7a-negative microglia (Li et al., 2019). In AD mice,
Clec7a was up-regulated in a TREM2- and APOE-dependent
manner (Krasemann et al., 2017). The Clec7a-positive microglia
were found adjacent to Aβ plaques (Keren-Shaul et al., 2017;
Krasemann et al., 2017), suggesting that Clec7a is functioned as
a modulator of microglial phagocytosis.

BIPOLAR/ROD-SHAPED MICROGLIA IN
ALZHEIMER’S DISEASE

Over the past decades, much effort has been attributed
to characterize ramified (resting) and amoeboid (activated)
microglia in various neurological disorders that might be
an oversimplification. Apart from the classical subdivision of
microglia into ramified and amoeboid microglia, bipolar/rod-
shaped microglia also appeared in the brains under several
pathological conditions (Ziebell et al., 2012; Taylor et al., 2014;
Au and Ma, 2017, 2022; Bachstetter et al., 2017; Edler et al.,
2018; Holloway et al., 2020). In fact, bipolar/rod-shaped microglia
was the first form of activated microglia characterized by Nissl
in 1899 (Nissl, 1899). This form of microglia were “strung-out,”
with extremely slim cell bodies and indefinitely long processes
(Nissl, 1899). Subsequent studies also found that bipolar/rod-
shaped microglia were present in cerebral cortices of patients
with paralytic dementia, typhus or syphilis infections, and
sleeping disorders (Nissl, 1899; Spielmeyer, 1923). However, the
functional role of bipolar/rod-shaped microglia remains largely
unexplored until recently. In an experimental model of traumatic
brain injury using a midline fluid percussion injury, ramified
microglia quickly transformed into bipolar/rod-shaped microglia

and formed end-to-end alignment in close proximity with injured
axons at the primary somatosensory barrel field (S1BF) region
of rat cerebral cortex at days 1–7 post-injury (Ziebell et al.,
2012; Taylor et al., 2014). These trains of bipolar/rod-shaped
microglia also displayed a high phagocytic capacity with elevated
expression of CD68 (Ziebell et al., 2012). The presence of trains
of bipolar/rod-shaped microglia was found in other neurological
disorders such as traumatic optic neuropathy, Huntington’s
Disease, Parkinson’s Disease and ischemic strokes, and their
possible functional roles have been discussed extensively by
us and others (Au and Ma, 2017; Holloway et al., 2019;
Giordano et al., 2021). This article will therefore review recent
advances regarding the roles of bipolar/rod-shaped microglia
in AD pathology.

A series of reports highlighted the presence of microglia
with highly polarized rod-like morphology in the cerebral
cortices, and CA1 and CA2/3 regions of hippocampus during
the pathogenesis of AD (Wierzba-Bobrowicz et al., 2002;
Bachstetter et al., 2015). These bipolar/rod-shaped microglia
are highly proliferative (strong immunoreactivity against a cell
proliferation marker PCNA) and colonized in close proximity
with senile plaques (Wierzba-Bobrowicz et al., 2002). They
also formed end-to-end alignment along with degenerating
axons with high immunoreactivity against PHF1 (a marker for
NFTs) (Bachstetter et al., 2015). Interestingly, bipolar/rod-shaped
microglia in various subcortical regions of AD brains displayed
high immunoreactivity against tau protein, suggesting that they
might be involved in the internalization of NFTs or degenerating
neurons with high loads of hyperphosphorylated tau (Odawara
et al., 1995). Similarly, bipolar/rod-shaped microglia were also
found in aged chimpanzees with AD-like pathology (Edler
et al., 2018), and APP/PS-1 mouse model of AD (Holloway
et al., 2020). Interestingly, a recent study demonstrated that the
occurrence of bipolar/rod-shaped microglia in cerebral cortex
and hippocampus increased with age. The increase in numbers
of bipolar/rod-shaped microglia occurred in parietal cortex,
but not in hippocampus and temporal cortex in AD-related
pathology (Bachstetter et al., 2017). Due to the unique spatial
arrangement of bipolar/rod-shaped microglia with damaged
axons, it is plausible that bipolar/rod-shaped microglia could
exert its neuroprotective action for damaged axons as well as
tissue repairing in AD (Giordano et al., 2021).

Ramified and amoeboid microglia can be easily enriched by
culturing them onto a fibronectin-coated and laminin-coated
surface, respectively (Chamak and Mallat, 1991). However, there
is a lack of in vitro culture system to enrich bipolar/rod-
shaped microglia for molecular or cellular studies in response
to cytokines, chemokines, chemoattractant and so forth. We
recently established a cost-effective and highly reproducible cell
culture system to enrich bipolar/rod-shaped microglia (Tam
and Ma, 2014; Tam et al., 2016). Primary microglia purified
from postnatal mice cerebral cortices were plated onto a
scratched surface pre-coated with poly-D-lysine and laminin,
and trains of bipolar/rod-shaped microglia formed stable end-to-
end alignment on the laminin-free scratched surface (Tam and
Ma, 2014; Tam et al., 2016). These bipolar/rod-shaped microglia
were highly proliferative and expressed a decreased levels of M1
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(IL-1β, TNF-α, CD32, and CD86) and M2 (TGF-β and IL-10)
(Tam and Ma, 2014). In contrast, the microglia colonized in the
laminin-rich surface adopted an amoeboid morphology actively
digested the laminin surface via elevated expression of two
laminin-cleaving proteins ADAM9 and CTSS (Tam et al., 2016).
Upon LPS stimulation, bipolar/rod-shaped microglia quickly
transformed to amoeboid microglia with increased expression of
M1 markers (IL-1β and TNF-α) and laminin-cleaving proteins
ADAM9 and CTSS (Tam and Ma, 2014; Tam et al., 2016). This
cell culture system became a valuable tool to examine the cellular
responses of bipolar/rod-shaped microglia toward pathological
stimuli, such as Aβ fibrils and NFTs. Interestingly, inhibition
of ADAM9 promoted the activity of α-secretase to generate
more sAPP-α and thus reduced the production of Aβ (Moss
et al., 2011). CTSS is identified as one of the key plaque-induced
genes and its up-regulation in microglia might contribute to the
formation of Aβ plaques in a mouse model of AD (Chen et al.,
2020). Taken together, a switch between amoeboid microglia and
bipolar/rod-shaped microglia may contribute to neuroprotection
in AD.

MICROGLIA-RELATED RISK FACTORS
FOR LATE-ONSET ALZHEIMER’S
DISEASE

Several genetic and environmental factors are known to involve
in the pathogenesis of AD (Povova et al., 2012; Xu et al., 2015).
Recent large-scale genome-wide association studies reported that
several novel genetic variants associated with late-onset AD are
related to inflammatory responses, suggesting that microglia are
in involved in modulating late-onset AD pathogenesis (Lambert
et al., 2013; Karch and Goate, 2015; Sims et al., 2017a). Among
the microglia-related genetic factors in late-onset AD, INPP5D,
which encodes the inositol polyphosphate-5-phosphatase, is an
AD risk gene preferentially expressed in microglia (Lambert
et al., 2013). INPP5D is expressed at low level in normal
brain; however, the AD-associated INPP5D polymorphism
(rs35349669) increased INPP5D gene expression in the brain
and whole blood in patients with late-onset AD (Jansen et al.,
2017; Tsai et al., 2021). Previous study demonstrated that
overexpression of INPP5D inhibited phagocytosis in cultured
macrophage cell line (Horan et al., 2007). Interestingly, activated
microglia around the Aβ plaques showed increased in INPP5D
immunoreactivity in 5xFAD mice (Tsai et al., 2021), suggesting
that the reduced phagocytic capacity of microglia might account
for the increased Aβ plaques in AD mice. Pharmaceutical
blockade of INPP5D and its paralog INPPL1 promoted the
internalization of soluble Aβ oligomers and apoptotic neurons in
cultured primary microglia (Pedicone et al., 2020).

Notably, a specific rare coding variant (rs72824905, p.P522R)
in the gene encoding a microglia-specific phospholipase C
gamma 2 (PLCγ2) protein that confers protection against AD
(Sims et al., 2017a,b; Magno et al., 2019). Genetic deletion of
PLCG2 significantly impaired the microglial phagocytic capacity
via a TREM2-dependent signaling pathways, suggesting that
PLCG2 is required for microglial phagocytosis (Andreone et al.,

2020). Overexpression of PLCG2-P522R promoted microglial
activation with elevated production of inflammatory cytokines
and chemokines (Maguire et al., 2021), and accelerated the
clearance of soluble Aβ oligomers in cultured microglia (Takalo
et al., 2020; Maguire et al., 2021). Another novel non-
synonymous variant ABI3 (rs616338, p.Ser209Phe), increased
the risk for the development of late-onset AD (Sims et al.,
2017a; Conway et al., 2018; Olive et al., 2020). The ABI3
immunoreactivity was barely detectable in the brains of
cognitively normal human; however, ABI3 was preferentially
expressed in activated microglia in close proximity to Aβ plaques
in AD patients (Satoh et al., 2017; Karahan et al., 2021). Genetic
deletion of ABI3 exacerbated Aβ deposition in 5xFAD mice.
Since ABI3 is known to regulate actin cytoskeleton organization
(Sekino et al., 2015), an important process for microglial
migration, deletion of ABI3 might prevent the clustering of
active microglia around Aβ plaques and thereby impairing
effective Aβ clearance in AD mice (Karahan et al., 2021). More
importantly, cultured microglia with ABI3 deletion displayed
defective microglial phagocytosis which might also accounted
for the increased Aβ deposition in 5xFAD mice (Karahan et al.,
2021). It is known that severe niacin deficiency is a cause of
dementia, and dietary intake of niacin protected individuals from
the development of AD (Morris et al., 2004). Hydroxycarboxylic
acid receptor 2 (HCAR2) is a receptor for niacin which is
specifically expressed in microglia. A recent study demonstrated
that HCAR2 was significantly up-regulated in AD patients and
mouse models of AD. Genetic deletion of HCAR2 markedly
impaired the uptake of Aβ deposition by microglia, leading to an
increase in Aβ deposition and cognitive functional impairment
in 5xFAD mice. Interestingly, activation of HCAR2 by using
an FDA-approved formulation of niacin (Niaspan) reduced Aβ

deposition and neuronal loss, resulting in improved cognitive
function in 5xFAD mice (Moutinho et al., 2022), suggesting that
HCAR2 activity is required for the effective clearance of Aβ

deposition during the early-onset of AD.

FUTURE PERSPECTIVE: THERAPEUTIC
INTERVENTIONS TARGETING
MICROGLIAL ACTIVATION AND
ALZHEIMER’S DISEASE PATHOGENESIS

Currently, FDA-approved drugs available for AD patients are
mainly cholinesterase inhibitors which partially improve the
cognitive function of AD patients (Raina et al., 2008). Several
disease-modifying therapies are currently undergoing different
phases of clinical trials (Mangialasche et al., 2010); however,
most of the anti-amyloid therapies yield little success in
phase 3 clinical trials due to the lack of effect on improving
cognitive function in AD patients (Huang et al., 2020). For
instance, oral administration of CNP520 (a BACE inhibitor)
showed worsen cognitive functions in cognitively unimpaired
participants with clinical evidence of elevated Aβ loads, leading
to early termination of phase 3 clinical trials (Huang et al.,
2020). Bapineuzumab is a humanized monoclonal antibody that
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bind to Aβ monomers, oligomers, and fibrils (Bard et al., 2000).
Phase 2 clinical trials showed promising results in reducing Aβ

loads and hyperphosphorylated tau proteins in mild-to-moderate
AD patients treated with bapineuzumab (Rinne et al., 2010;
Blennow et al., 2012). However, no significant improvement
in cognitive function was observed in mild-to-moderate AD
patients treated with bapineuzumab during a large-scale phase 3
clinical trials (Salloway et al., 2014). In 2019, five on-going clinical
trials were conducted to evaluate the efficacy of monoclonal
anti-Aβ antibodies (aducanumab, crenezumab, gantenerumab,
and solanezumab) (Huang et al., 2020). For aducanumab,
the results of phase 3 clinical trials were also disappointing.
AD patients treated with aducanumab showed no cognitive
improvement (Selkoe, 2019) despite the significant reduction
of Aβ plaques in various brain regions (Sevigny et al., 2016).
Similarly, solanezumab, gantenerumab and crenezumab failed
to prevent cognitive decline and improve cognitive function in
mild-to-moderate AD patients during phases 2 and 3 clinical
trials (Siemers et al., 2016; Ostrowitzki et al., 2017; Cummings
et al., 2018; Honig et al., 2018), suggesting that clearance of Aβ

plaques might not be sufficient to reverse neurodegeneration and
improve cognitive function in AD patients.

Another therapeutic approach is to target the deposition
of NFTs that made up of hyperphosphorylated tau (Congdon
and Sigurdsson, 2018). Several tau aggregation inhibitors
have been developed and currently undergoing clinical trials
at different phases. Leuco-methylthioninium (LMTX) was a
second-generation tau aggregation inhibitor that are undergoing
phase 3 clinical trials. Interestingly, one phase 3 clinical
trial on low-dose LMTX monotherapy showed some cognitive
improvement in mild-to-moderate AD patients. Currently, a
third phase 3 clinical trial is still on-going with the results
expected to complete in early 2023 (Marasco, 2020). Two
tau aggregation inhibitors (AADvac1 and zagotenemab) are
currently undergoing phase 2 clinical trial; however, the clinical
outcomes are yet to determined. Treating transgenic rats
expressing truncated tau proteins with AADvac1 effectively
reduced the amount of NFTs deposition in the brain (Novak et al.,
2019). Transgenic mice expressing mutant tau proteins treated
with MC-1 (derivatives of zagotenemab) greatly reduced the
amount of hyperphosphorylated tau and NFTs in the forebrain
(Chai et al., 2011). A recent study highlighted the importance of
NFTs formation in reducing gray matter volume and inducing
cognitive function impairment in AD patients (Bejanin et al.,
2017). The severity of cognitive impairment in AD patients is
well-correlated with the density of NFT aggregates (Nelson et al.,
2012; Bejanin et al., 2017). However, the density of Aβ plaques
might not correlate well with the severity of dementia (Nelson
et al., 2012). Therefore, NFTs formation-related processes that are
potential targets for therapeutic intervention would have better
clinical outcomes than do therapies targeting Aβ production
(Congdon and Sigurdsson, 2018).

Microglial transcriptomic analysis demonstrate that
microglial activation often precedes the deposition of Aβ

plaques and NFTs in AD patients and mouse models of AD
(Keren-Shaul et al., 2017; Mathys et al., 2017; Friedman et al.,
2018; Chen et al., 2020). By modulating the phenotypic states
of microglia at the early stage of AD might be considered as

an effective therapeutic approach to slow down or even stop
disease progression. In homeostatic conditions, microglia are
heterogeneous and functionally diverse with high expression
of homeostatic microglia signature genes such as Tmem119
and P2ry12 (Masuda et al., 2019). Although the functions of
homeostatic microglia signature genes remain largely unknown,
dramatic decline in homeostatic markers indicates a loss of
homeostatic microglial function in the progression of AD
(Keren-Shaul et al., 2017; Mathys et al., 2017; Masuda et al.,
2019), More importantly, the transition from homeostatic
microglia to DAM involved up-regulation of Trem2 and Apoe
(Keren-Shaul et al., 2017; Masuda et al., 2019; Chen et al., 2020;
Olah et al., 2020; Srinivasan et al., 2020), which are considered
as the major risk factors for AD (Roses, 1996; Cheng-Hathaway
et al., 2018; Sudom et al., 2018). The precise role of Trem2
in AD pathogenesis still remains to be highly controversial
despite several studies showing that deletion of Trem2 restored
homeostatic microglia signature gene expression (Keren-Shaul
et al., 2017; Krasemann et al., 2017) and reduced Aβ deposition
in APP/PS1 mice (Jay et al., 2015; Krasemann et al., 2017). In
contrast, another studies reported that deletion of Trem2 or
Trem2 haploinsufficiency augmented Aβ deposition in both
APP/PS1 and 5xFAD mice (Wang et al., 2015b; Jay et al., 2017).
However, it is now clear that ApoE has a detrimental role during
AD pathogenesis. In fact, the expression of ApoE was markedly
increased in microglia adjacent to Aβ plaques (Krasemann
et al., 2017; Chen et al., 2020). ApoE is known to induce
transcription of APP and increase Aβ synthesis in cultured
neurons (Huang et al., 2017), and facilitate the aggregation
of Aβ (Kim et al., 2009). Genetic ablation of ApoE restored
homeostatic microglia signature gene expression, and protected
the neurons from apoptosis 7 days after facial nerve axotomy
(Krasemann et al., 2017). Pharmaceutical blockade of ApoE
by neutralizing antibodies against ApoE promoted microglial
phagocytosis of Aβ plaques and reduced the production of
pro-inflammatory cytokines (i.e., IFN-γ and IL-1α) in APP/PS-1
mice (Kim et al., 2018). Similarly, treating young APP/PS-1 mice
with antisense oligonucleotides (ASOs) that specifically reduced
ApoE expression, Aβ pathology was significantly reduced at
16 weeks (Huynh et al., 2017). To this end, these studies highlight
the fact that ApoE might serve as an attractive therapeutic target
for the prevention of AD.

Several therapeutic interventions that aim to reduce
neuroinflammation in the early stage of AD are currently
at various phases of clinical trials for AD (Huang et al., 2020).
Pioglitazone, agonist of the nuclear receptor peroxisome
proliferator-activated receptor γ (PPAR-γ), which is known to
reduce the gene expression of pro-inflammatory cytokines, and
has been shown to be effective to slow down Aβ deposition
and improve cognitive function in MCI patients (Sato et al.,
2011). Azeliragon, a small-molecule inhibitor of receptor for
advanced glycation end-products (RAGE), is able to reduce
Aβ deposition, ameliorate the production of IL-1 and TNF-α,
and improve spatial memory function in a mouse model of AD
(Burstein et al., 2018). Phase 2 clinical trials demonstrated that
azeliragon delayed cognitive decline in mild-to-moderate AD
patients (Burstein et al., 2018). Taken together, modulation of
the phenotypic states of microglia exhibit significant therapeutic
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potential to slow down AD progression given that further
investigation is required to determine optimal timing of
intervention. With the exponential growth in the availability
of microglial transcriptomic data, researchers can take this
opportunity to perform in-depth in silico drug screening
to identify bioactive small molecules that can restore the
homeostatic microglia and inhibit ApoE-mediated signaling
pathways for the effective treatment of AD (Lamb et al., 2006;
Vargas et al., 2018).

AUTHOR CONTRIBUTIONS

YJX, NPBA, and CHEM discussed and formulated the focus of
the review. YJX and NPBA conducted the literature search and
drafted the manuscript under the supervision of CHEM. CHEM

evaluated and revised the manuscript for final submission.
All authors have read and approved the final version of
manuscript for submission. Schematic illustrations are created
with BioRender.com.

FUNDING

This work was supported in part by a General Research Fund
(GRF) from the Research Grant Council of the Government
of the Hong Kong Special Administrative Region (CityU
11100519 and CityU 11100318); the Health and Medical Research
Fund (HMRF), Food and Health Bureau, Hong Kong Special
Administrative Region Government (Ref. no.: 05160126 and
07181356); and the National Natural Science Foundation of
China (NSFC) (81971149) awarded to CHEM.

REFERENCES
Alonso, A. C., Zaidi, T., Grundke-Iqbal, I., and Iqbal, K. (1994). Role of abnormally

phosphorylated tau in the breakdown of microtubules in Alzheimer disease.
Proc. Natl. Acad. Sci. U S A. 91, 5562–5566. doi: 10.1073/pnas.91.12.5562

Alzheimer’s Association (2019). 2019 Alzheimer’s disease facts and figures.
Alzheimer’s Dement. 15, 321–387. doi: 10.1016/j.jalz.2019.01.010

Andreone, B. J., Przybyla, L., Llapashtica, C., Rana, A., Davis, S. S., Van Lengerich,
B., et al. (2020). Alzheimer’s-associated PLCgamma2 is a signaling node
required for both TREM2 function and the inflammatory response in human
microglia. Nat. Neurosci. 23, 927–938. doi: 10.1038/s41593-020-0650-6

Au, N. P. B., and Ma, C. H. E. (2017). Recent Advances in the Study of Bipolar/Rod-
Shaped Microglia and their Roles in Neurodegeneration. Front. Aging Neurosci.
9:128. doi: 10.3389/fnagi.2017.00128

Au, N. P. B., and Ma, C. H. E. (2022). Neuroinflammation, Microglia and
Implications for Retinal Ganglion Cell Survival and Axon Regeneration in
Traumatic Optic Neuropathy. Front. Immunol. 13:860070. doi: 10.3389/fimmu.
2022.860070

Audrain, M., Haure-Mirande, J. V., Mleczko, J., Wang, M., Griffin, J. K., St
George-Hyslop, P. H., et al. (2021). Reactive or transgenic increase in microglial
TYROBP reveals a TREM2-independent TYROBP-APOE link in wild-type and
Alzheimer’s-related mice. Alzheimers Dement 17, 149–163. doi: 10.1002/alz.
12256

Bachstetter, A. D., Ighodaro, E. T., Hassoun, Y., Aldeiri, D., Neltner, J. H.,
Patel, E., et al. (2017). Rod-shaped microglia morphology is associated with
aging in 2 human autopsy series. Neurobiol. Aging 52, 98–105. doi: 10.1016/j.
neurobiolaging.2016.12.028

Bachstetter, A. D., Van Eldik, L. J., Schmitt, F. A., Neltner, J. H., Ighodaro,
E. T., Webster, S. J., et al. (2015). Disease-related microglia heterogeneity
in the hippocampus of Alzheimer’s disease, dementia with Lewy bodies, and
hippocampal sclerosis of aging. Acta Neuropathol. Commun. 3:32. doi: 10.1186/
s40478-015-0209-z

Bancher, C., Brunner, C., Lassmann, H., Budka, H., Jellinger, K., Wiche, G.,
et al. (1989). Accumulation of abnormally phosphorylated tau precedes the
formation of neurofibrillary tangles in Alzheimer’s disease. Brain Res. 477,
90–99. doi: 10.1016/0006-8993(89)91396-6

Bancher, C., Grundke-Iqbal, I., Iqbal, K., Fried, V. A., Smith, H. T., and Wisniewski,
H. M. (1991). Abnormal phosphorylation of tau precedes ubiquitination in
neurofibrillary pathology of Alzheimer disease. Brain Res. 539, 11–18. doi:
10.1016/0006-8993(91)90681-k

Barbier, P., Zejneli, O., Martinho, M., Lasorsa, A., Belle, V., Smet-Nocca, C.,
et al. (2019). Role of Tau as a Microtubule-Associated Protein: Structural and
Functional Aspects. Front. Aging Neurosci. 11:204. doi: 10.3389/fnagi.2019.
00204

Bard, F., Cannon, C., Barbour, R., Burke, R. L., Games, D., Grajeda, H., et al. (2000).
Peripherally administered antibodies against amyloid beta-peptide enter the

central nervous system and reduce pathology in a mouse model of Alzheimer
disease. Nat. Med. 6, 916–919. doi: 10.1038/78682

Baroja-Mazo, A., Martin-Sanchez, F., Gomez, A. I., Martinez, C. M., Amores-
Iniesta, J., Compan, V., et al. (2014). The NLRP3 inflammasome is released
as a particulate danger signal that amplifies the inflammatory response. Nat.
Immunol. 15, 738–748. doi: 10.1038/ni.2919

Bejanin, A., Schonhaut, D. R., La Joie, R., Kramer, J. H., Baker, S. L., Sosa, N.,
et al. (2017). Tau pathology and neurodegeneration contribute to cognitive
impairment in Alzheimer’s disease. Brain 140, 3286–3300. doi: 10.1093/brain/
awx243

Bennett, M. L., Bennett, F. C., Liddelow, S. A., Ajami, B., Zamanian, J. L., Fernhoff,
N. B., et al. (2016). New tools for studying microglia in the mouse and human
CNS. Proc. Natl. Acad. Sci. U S A. 113, E1738–E1746. doi: 10.1073/pnas.
1525528113

Birks, J. S., Chong, L. Y., and Grimley Evans, J. (2015). Rivastigmine for Alzheimer’s
disease. Cochrane Database Syst. Rev. 9:CD001191.

Blennow, K., Zetterberg, H., Rinne, J. O., Salloway, S., Wei, J., Black, R., et al. (2012).
Effect of immunotherapy with bapineuzumab on cerebrospinal fluid biomarker
levels in patients with mild to moderate Alzheimer disease. Arch. Neurol. 69,
1002–1010. doi: 10.1001/archneurol.2012.90

Braak, H., and Braak, E. (1991). Neuropathological stageing of Alzheimer-related
changes. Acta Neuropathol. 82, 239–259. doi: 10.1007/BF00308809

Bradburn, S., Mcphee, J., Bagley, L., Carroll, M., Slevin, M., Al-Shanti, N.,
et al. (2018). Dysregulation of C-X-C motif ligand 10 during aging and
association with cognitive performance. Neurobiol. Aging 63, 54–64. doi: 10.
1016/j.neurobiolaging.2017.11.009

Brion, J. P. (1998). Neurofibrillary tangles and Alzheimer’s disease. Eur. Neurol. 40,
130–140.

Brown, G. D. (2006). Dectin-1: a signalling non-TLR pattern-recognition receptor.
Nat. Rev. Immunol. 6, 33–43. doi: 10.1038/nri1745

Brunden, K. R., Trojanowski, J. Q., and Lee, V. M. (2009). Advances in tau-focused
drug discovery for Alzheimer’s disease and related tauopathies. Nat. Rev. Drug
Discov. 8, 783–793. doi: 10.1038/nrd2959

Bu, G., Cam, J., and Zerbinatti, C. (2006). LRP in amyloid-beta production
and metabolism. Ann. N Y. Acad. Sci. 1086, 35–53. doi: 10.1196/annals.13
77.005

Burstein, A., Sabbagh, M., Andrews, R., Valcarce, C., Dunn, I., and Altstiel, L.
(2018). Development of Azeliragon, an oral small molecule antagonist of the
receptor for advanced glycation endproducts, for the potential slowing of loss
of cognition in mild Alzheimer’s disease. J. Prevent. Alzheimer’s Dis. 5, 149–154.
doi: 10.14283/jpad.2018.18

Busche, M. A., and Hyman, B. T. (2020). Synergy between amyloid-β and tau in
Alzheimer’s disease. Nat. Neurosci. 23, 1183–1193. doi: 10.1038/s41593-020-
0687-6

Cacabelos, R. (2007). Donepezil in Alzheimer’s disease: from conventional trials to
pharmacogenetics. Neuropsychiat. Dis. Treat. 3, 303–333.

Frontiers in Aging Neuroscience | www.frontiersin.org 14 May 2022 | Volume 14 | Article 896852

http://BioRender.com
https://doi.org/10.1073/pnas.91.12.5562
https://doi.org/10.1016/j.jalz.2019.01.010
https://doi.org/10.1038/s41593-020-0650-6
https://doi.org/10.3389/fnagi.2017.00128
https://doi.org/10.3389/fimmu.2022.860070
https://doi.org/10.3389/fimmu.2022.860070
https://doi.org/10.1002/alz.12256
https://doi.org/10.1002/alz.12256
https://doi.org/10.1016/j.neurobiolaging.2016.12.028
https://doi.org/10.1016/j.neurobiolaging.2016.12.028
https://doi.org/10.1186/s40478-015-0209-z
https://doi.org/10.1186/s40478-015-0209-z
https://doi.org/10.1016/0006-8993(89)91396-6
https://doi.org/10.1016/0006-8993(91)90681-k
https://doi.org/10.1016/0006-8993(91)90681-k
https://doi.org/10.3389/fnagi.2019.00204
https://doi.org/10.3389/fnagi.2019.00204
https://doi.org/10.1038/78682
https://doi.org/10.1038/ni.2919
https://doi.org/10.1093/brain/awx243
https://doi.org/10.1093/brain/awx243
https://doi.org/10.1073/pnas.1525528113
https://doi.org/10.1073/pnas.1525528113
https://doi.org/10.1001/archneurol.2012.90
https://doi.org/10.1007/BF00308809
https://doi.org/10.1016/j.neurobiolaging.2017.11.009
https://doi.org/10.1016/j.neurobiolaging.2017.11.009
https://doi.org/10.1038/nri1745
https://doi.org/10.1038/nrd2959
https://doi.org/10.1196/annals.1377.005
https://doi.org/10.1196/annals.1377.005
https://doi.org/10.14283/jpad.2018.18
https://doi.org/10.1038/s41593-020-0687-6
https://doi.org/10.1038/s41593-020-0687-6
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-896852 May 24, 2022 Time: 11:56 # 15

Xu et al. Microglia Diversity in Alzheimer’s Disease

Carpanini, S. M., Torvell, M., and Morgan, B. P. (2019). Therapeutic Inhibition
of the Complement System in Diseases of the Central Nervous System. Front.
Immunol. 10:362. doi: 10.3389/fimmu.2019.00362

Cella, M., Engering, A., Pinet, V., Pieters, J., and Lanzavecchia, A. (1997).
Inflammatory stimuli induce accumulation of MHC class II complexes on
dendritic cells. Nature 388, 782–787. doi: 10.1038/42030

Chai, X., Wu, S., Murray, T. K., Kinley, R., Cella, C. V., Sims, H., et al. (2011).
Passive immunization with anti-Tau antibodies in two transgenic models:
reduction of Tau pathology and delay of disease progression. J. Biol. Chem. 286,
34457–34467. doi: 10.1074/jbc.M111.229633

Chakrabarty, P., Ceballos-Diaz, C., Beccard, A., Janus, C., Dickson, D., Golde, T. E.,
et al. (2010a). IFN-gamma promotes complement expression and attenuates
amyloid plaque deposition in amyloid beta precursor protein transgenic mice.
J. Immunol. 184, 5333–5343. doi: 10.4049/jimmunol.0903382

Chakrabarty, P., Herring, A., Ceballos-Diaz, C., Das, P., and Golde, T. E. (2011).
Hippocampal expression of murine TNFα results in attenuation of amyloid
deposition in vivo. Mol. Neurodegen. 6:16.

Chakrabarty, P., Jansen-West, K., Beccard, A., Ceballos-Diaz, C., Levites, Y.,
Verbeeck, C., et al. (2010b). Massive gliosis induced by interleukin-6 suppresses
Abeta deposition in vivo: evidence against inflammation as a driving force for
amyloid deposition. FASEB J. 24, 548–559. doi: 10.1096/fj.09-141754

Chakrabarty, P., Li, A., Ceballos-Diaz, C., Eddy, J. A., Funk, C. C., Moore, B., et al.
(2015). IL-10 alters immunoproteostasis in APP mice, increasing plaque burden
and worsening cognitive behavior. Neuron 85, 519–533. doi: 10.1016/j.neuron.
2014.11.020

Chakrabarty, P., Tianbai, L., Herring, A., Ceballos-Diaz, C., Das, P., and Golde,
T. E. (2012). Hippocampal expression of murine IL-4 results in exacerbation of
amyloid deposition. Mol. Neurodegen. 7:36. doi: 10.1186/1750-1326-7-36

Chamak, B., and Mallat, M. (1991). Fibronectin and laminin regulate the in vitro
differentiation of microglial cells. Neuroscience 45, 513–527. doi: 10.1016/0306-
4522(91)90267-r

Chen, G.-F., Xu, T.-H., Yan, Y., Zhou, Y.-R., Jiang, Y., Melcher, K., et al. (2017).
Amyloid beta: structure, biology and structure-based therapeutic development.
Acta Pharmacol. Sin. 38, 1205–1235. doi: 10.1038/aps.2017.28

Chen, W.-T., Lu, A., Craessaerts, K., Pavie, B., Sala Frigerio, C., Corthout, N., et al.
(2020). Spatial Transcriptomics and In Situ Sequencing to Study Alzheimer’s
Disease. Cell 182, 976–991.e19. doi: 10.1016/j.cell.2020.06.038

Cheng-Hathaway, P. J., Reed-Geaghan, E. G., Jay, T. R., Casali, B. T., Bemiller,
S. M., Puntambekar, S. S., et al. (2018). The Trem2 R47H variant confers loss-
of-function-like phenotypes in Alzheimer’s disease. Mol. Neurodegen. 13:29.
doi: 10.1186/s13024-018-0262-8

Cherry, J. D., Olschowka, J. A., and O’banion, M. K. (2014). Neuroinflammation
and M2 microglia: the good, the bad, and the inflamed. J. Neuroinflam. 11:98.
doi: 10.1186/1742-2094-11-98

Choi, J. H., Lee, C. H., Hwang, I. K., Won, M. H., Seong, J. K., Yoon, Y. S.,
et al. (2007). Age-related changes in ionized calcium-binding adapter molecule
1 immunoreactivity and protein level in the gerbil hippocampal CA1 region.
J. Vet. Med. Sci. 69, 1131–1136. doi: 10.1292/jvms.69.1131

Clarke, L. E., Liddelow, S. A., Chakraborty, C., Munch, A. E., Heiman, M., and
Barres, B. A. (2018). Normal aging induces A1-like astrocyte reactivity. Proc.
Natl. Acad. Sci. U S A. 115, E1896–E1905. doi: 10.1073/pnas.1800165115

Clavaguera, F., Bolmont, T., Crowther, R. A., Abramowski, D., Frank, S., Probst,
A., et al. (2009). Transmission and spreading of tauopathy in transgenic mouse
brain. Nat. Cell Biol. 11, 909–913. doi: 10.1038/ncb1901

Colonna, M., and Butovsky, O. (2017). Microglia Function in the Central Nervous
System During Health and Neurodegeneration. Annu. Rev. Immunol. 35, 441–
468. doi: 10.1146/annurev-immunol-051116-052358

Congdon, E. E., and Sigurdsson, E. M. (2018). Tau-targeting therapies for
Alzheimer disease. Nat. Rev. Neurol. 14, 399–415. doi: 10.1038/s41582-018-
0013-z

Conway, O. J., Carrasquillo, M. M., Wang, X., Bredenberg, J. M., Reddy, J. S.,
Strickland, S. L., et al. (2018). ABI3 and PLCG2 missense variants as risk factors
for neurodegenerative diseases in Caucasians and African Americans. Mol.
Neurodegen. 13:53. doi: 10.1186/s13024-018-0289-x

Coon, K. D., Myers, A. J., Craig, D. W., Webster, J. A., Pearson, J. V., Lince,
D. H., et al. (2007). A high-density whole-genome association study reveals
that APOE is the major susceptibility gene for sporadic late-onset Alzheimer’s
disease. J. Clin. Psychiatr. 68, 613–618. doi: 10.4088/jcp.v68n0419

Coraci, I. S., Husemann, J., Berman, J. W., Hulette, C., Dufour, J. H., Campanella,
G. K., et al. (2002). CD36, a class B scavenger receptor, is expressed on microglia
in Alzheimer’s disease brains and can mediate production of reactive oxygen
species in response to beta-amyloid fibrils. Am. J. Pathol. 160, 101–112. doi:
10.1016/s0002-9440(10)64354-4

Cruz, J. C., Kim, D., Moy, L. Y., Dobbin, M. M., Sun, X., Bronson, R. T., et al.
(2006). p25/cyclin-dependent kinase 5 induces production and intraneuronal
accumulation of amyloid beta in vivo. J. Neurosci. 26, 10536–10541. doi: 10.
1523/JNEUROSCI.3133-06.2006

Cummings, J. L., Cohen, S., Van Dyck, C. H., Brody, M., Curtis, C., Cho, W.,
et al. (2018). ABBY: A phase 2 randomized trial of crenezumab in mild to
moderate Alzheimer disease. Neurology 90, e1889–e1897. doi: 10.1212/WNL.
0000000000005550

Cunningham, C. (2013). Microglia and neurodegeneration: the role of systemic
inflammation. Glia 61, 71–90. doi: 10.1002/glia.22350

Damani, M. R., Zhao, L., Fontainhas, A. M., Amaral, J., Fariss, R. N., and Wong,
W. T. (2011). Age-related alterations in the dynamic behavior of microglia.
Aging Cell 10, 263–276. doi: 10.1111/j.1474-9726.2010.00660.x

D’Andrea, M. R., Nagele, R. G., Wang, H. Y., Peterson, P. A., and Lee, D. H.
(2001). Evidence that neurones accumulating amyloid can undergo lysis to
form amyloid plaques in Alzheimer’s disease. Histopathology 38, 120–134. doi:
10.1046/j.1365-2559.2001.01082.x

Davalos, D., Grutzendler, J., Yang, G., Kim, J. V., Zuo, Y., Jung, S., et al. (2005). ATP
mediates rapid microglial response to local brain injury in vivo. Nat. Neurosci.
8, 752–758. doi: 10.1038/nn1472

Davies, D. S., Ma, J., Jegathees, T., and Goldsbury, C. (2017). Microglia show altered
morphology and reduced arborization in human brain during aging and A
lzheimer’s disease. Brain Pathol. 27, 795–808. doi: 10.1111/bpa.12456

de Calignon, A., Polydoro, M., Suarez-Calvet, M., William, C., Adamowicz, D. H.,
Kopeikina, K. J., et al. (2012). Propagation of tau pathology in a model of early
Alzheimer’s disease. Neuron 73, 685–697. doi: 10.1016/j.neuron.2011.11.033

DeTure, M. A., and Dickson, D. W. (2019). The neuropathological diagnosis of
Alzheimer’s disease. Mol. Neurodegener. 14:32.

Dos Santos, S. E., Medeiros, M., Porfirio, J., Tavares, W., Pessoa, L., Grinberg,
L., et al. (2020). Similar Microglial Cell Densities across Brain Structures and
Mammalian Species: Implications for Brain Tissue Function. J. Neurosci. 40,
4622–4643. doi: 10.1523/JNEUROSCI.2339-19.2020

Edler, M. K., Sherwood, C. C., Meindl, R. S., Munger, E. L., Hopkins, W. D., Ely,
J. J., et al. (2018). Microglia changes associated to Alzheimer’s disease pathology
in aged chimpanzees. J. Comp. Neurol. 526, 2921–2936. doi: 10.1002/cne.24484

Eimer, W. A., and Vassar, R. (2013). Neuron loss in the 5XFAD mouse model
of Alzheimer’s disease correlates with intraneuronal Aβ42 accumulation
and Caspase-3 activation. Mol. Neurodegener. 8:2. doi: 10.1186/1750-13
26-8-2

Engelhart, M. J., Geerlings, M. I., Meijer, J., Kiliaan, A., Ruitenberg, A., Van Swieten,
J. C., et al. (2004). Inflammatory proteins in plasma and the risk of dementia:
the rotterdam study. Arch. Neurol. 61, 668–672. doi: 10.1001/archneur.61.5.668

Fillit, H., Ding, W. H., Buee, L., Kalman, J., Altstiel, L., Lawlor, B., et al.
(1991). Elevated circulating tumor necrosis factor levels in Alzheimer’s disease.
Neurosci. Lett. 129, 318–320. doi: 10.1016/0304-3940(91)90490-k

Fitz, N. F., Nam, K. N., Wolfe, C. M., Letronne, F., Playso, B. E., Iordanova,
B. E., et al. (2021). Phospholipids of APOE lipoproteins activate microglia in
an isoform-specific manner in preclinical models of Alzheimer’s disease. Nat.
Commun. 12:3416. doi: 10.1038/s41467-021-23762-0

Floden, A. M., and Combs, C. K. (2011). Microglia demonstrate age-dependent
interaction with amyloid-beta fibrils. J. Alzheimers Dis. 25, 279–293. doi: 10.
3233/JAD-2011-101014

Franklin, B. S., Bossaller, L., De Nardo, D., Ratter, J. M., Stutz, A., Engels, G.,
et al. (2014). The adaptor ASC has extracellular and ’prionoid’ activities that
propagate inflammation. Nat. Immunol. 15, 727–737. doi: 10.1038/ni.2913

Frenkel, D., Wilkinson, K., Zhao, L., Hickman, S. E., Means, T. K., Puckett, L.,
et al. (2013). Scara1 deficiency impairs clearance of soluble amyloid-beta by
mononuclear phagocytes and accelerates Alzheimer’s-like disease progression.
Nat. Commun. 4:2030. doi: 10.1038/ncomms3030

Friedman, B. A., Srinivasan, K., Ayalon, G., Meilandt, W. J., Lin, H., Huntley,
M. A., et al. (2018). Diverse Brain Myeloid Expression Profiles Reveal Distinct
Microglial Activation States and Aspects of Alzheimer’s Disease Not Evident in
Mouse Models. Cell Rep. 22, 832–847. doi: 10.1016/j.celrep.2017.12.066

Frontiers in Aging Neuroscience | www.frontiersin.org 15 May 2022 | Volume 14 | Article 896852

https://doi.org/10.3389/fimmu.2019.00362
https://doi.org/10.1038/42030
https://doi.org/10.1074/jbc.M111.229633
https://doi.org/10.4049/jimmunol.0903382
https://doi.org/10.1096/fj.09-141754
https://doi.org/10.1016/j.neuron.2014.11.020
https://doi.org/10.1016/j.neuron.2014.11.020
https://doi.org/10.1186/1750-1326-7-36
https://doi.org/10.1016/0306-4522(91)90267-r
https://doi.org/10.1016/0306-4522(91)90267-r
https://doi.org/10.1038/aps.2017.28
https://doi.org/10.1016/j.cell.2020.06.038
https://doi.org/10.1186/s13024-018-0262-8
https://doi.org/10.1186/1742-2094-11-98
https://doi.org/10.1292/jvms.69.1131
https://doi.org/10.1073/pnas.1800165115
https://doi.org/10.1038/ncb1901
https://doi.org/10.1146/annurev-immunol-051116-052358
https://doi.org/10.1038/s41582-018-0013-z
https://doi.org/10.1038/s41582-018-0013-z
https://doi.org/10.1186/s13024-018-0289-x
https://doi.org/10.4088/jcp.v68n0419
https://doi.org/10.1016/s0002-9440(10)64354-4
https://doi.org/10.1016/s0002-9440(10)64354-4
https://doi.org/10.1523/JNEUROSCI.3133-06.2006
https://doi.org/10.1523/JNEUROSCI.3133-06.2006
https://doi.org/10.1212/WNL.0000000000005550
https://doi.org/10.1212/WNL.0000000000005550
https://doi.org/10.1002/glia.22350
https://doi.org/10.1111/j.1474-9726.2010.00660.x
https://doi.org/10.1046/j.1365-2559.2001.01082.x
https://doi.org/10.1046/j.1365-2559.2001.01082.x
https://doi.org/10.1038/nn1472
https://doi.org/10.1111/bpa.12456
https://doi.org/10.1016/j.neuron.2011.11.033
https://doi.org/10.1523/JNEUROSCI.2339-19.2020
https://doi.org/10.1002/cne.24484
https://doi.org/10.1186/1750-1326-8-2
https://doi.org/10.1186/1750-1326-8-2
https://doi.org/10.1001/archneur.61.5.668
https://doi.org/10.1016/0304-3940(91)90490-k
https://doi.org/10.1038/s41467-021-23762-0
https://doi.org/10.3233/JAD-2011-101014
https://doi.org/10.3233/JAD-2011-101014
https://doi.org/10.1038/ni.2913
https://doi.org/10.1038/ncomms3030
https://doi.org/10.1016/j.celrep.2017.12.066
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-896852 May 24, 2022 Time: 11:56 # 16

Xu et al. Microglia Diversity in Alzheimer’s Disease

Friedrich, R. P., Tepper, K., Ronicke, R., Soom, M., Westermann, M., Reymann, K.,
et al. (2010). Mechanism of amyloid plaque formation suggests an intracellular
basis of Abeta pathogenicity. Proc. Natl. Acad. Sci. U S A. 107, 1942–1947.
doi: 10.1073/pnas.0904532106

Galatro, T. F., Holtman, I. R., Lerario, A. M., Vainchtein, I. D., Brouwer, N.,
Sola, P. R., et al. (2017). Transcriptomic analysis of purified human cortical
microglia reveals age-associated changes. Nat. Neurosci. 20, 1162–1171. doi:
10.1038/nn.4597

Gerrits, E., Brouwer, N., Kooistra, S. M., Woodbury, M. E., Vermeiren, Y.,
Lambourne, M., et al. (2021). Distinct amyloid-β and tau-associated microglia
profiles in Alzheimer’s disease. Acta Neuropathol. 141, 681–696. doi: 10.1007/
s00401-021-02263-w

Ghosh, S., and Geahlen, R. L. (2015). Stress Granules Modulate SYK to Cause
Microglial Cell Dysfunction in Alzheimer’s Disease. EBioMedicine 2, 1785–
1798. doi: 10.1016/j.ebiom.2015.09.053

Ginhoux, F., Greter, M., Leboeuf, M., Nandi, S., See, P., Gokhan, S., et al. (2010).
Fate mapping analysis reveals that adult microglia derive from primitive
macrophages. Science 330, 841–845. doi: 10.1126/science.1194637

Giordano, K. R., Denman, C. R., Dubisch, P. S., Akhter, M., and Lifshitz, J. (2021).
An update on the rod microglia variant in experimental and clinical brain injury
and disease. Brain Commun. 3, fcaa227. doi: 10.1093/braincomms/fcaa227

Godbout, J. P., Chen, J., Abraham, J., Richwine, A. F., Berg, B. M., Kelley, K. W.,
et al. (2005). Exaggerated neuroinflammation and sickness behavior in aged
mice following activation of the peripheral innate immune system. FASEB J.
19, 1329–1331. doi: 10.1096/fj.05-3776fje

Gold, M., and El Khoury, J. (2015). beta-amyloid, microglia, and the inflammasome
in Alzheimer’s disease. Semin. Immunopathol. 37, 607–611. doi: 10.1007/
s00281-015-0518-0

Goodridge, H. S., Reyes, C. N., Becker, C. A., Katsumoto, T. R., Ma, J., Wolf,
A. J., et al. (2011). Activation of the innate immune receptor Dectin-1
upon formation of a ’phagocytic synapse’. Nature 472, 471–475. doi: 10.1038/
nature10071

Gouras, G. K., Tsai, J., Naslund, J., Vincent, B., Edgar, M., Checler, F., et al. (2000).
Intraneuronal Abeta42 accumulation in human brain. Am. J. Pathol. 156, 15–20.
doi: 10.1016/s0002-9440(10)64700-1

Griciuc, A., Patel, S., Federico, A. N., Choi, S. H., Innes, B. J., Oram, M. K., et al.
(2019). TREM2 Acts Downstream of CD33 in Modulating Microglial Pathology
in Alzheimer’s Disease. Neuron 103, 820–835.e7. doi: 10.1016/j.neuron.2019.06.
010

Griciuc, A., Serrano-Pozo, A., Parrado, A. R., Lesinski, A. N., Asselin, C. N., Mullin,
K., et al. (2013). Alzheimer’s disease risk gene CD33 inhibits microglial uptake
of amyloid beta. Neuron 78, 631–643. doi: 10.1016/j.neuron.2013.04.014

Griffin, R., Nally, R., Nolan, Y., Mccartney, Y., Linden, J., and Lynch, M. A.
(2006). The age-related attenuation in long-term potentiation is associated with
microglial activation. J. Neurochem. 99, 1263–1272. doi: 10.1111/j.1471-4159.
2006.04165.x

Griffin, W. S., Sheng, J. G., Roberts, G. W., and Mrak, R. E. (1995). Interleukin-
1 expression in different plaque types in Alzheimer’s disease: significance
in plaque evolution. J. Neuropathol. Exp. Neurol. 54, 276–281. doi: 10.1097/
00005072-199503000-00014

Habib, N., Mccabe, C., Medina, S., Varshavsky, M., Kitsberg, D., Dvir-Szternfeld,
R., et al. (2020). Disease-associated astrocytes in Alzheimer’s disease and aging.
Nat. Neurosci. 23, 701–706. doi: 10.1038/s41593-020-0624-8

Heneka, M. T., Carson, M. J., Khoury, J. E., Landreth, G. E., Brosseron, F.,
Feinstein, D. L., et al. (2015). Neuroinflammation in Alzheimer’s disease. Lancet
Neurol. 14, 388–405.

Heneka, M. T., Kummer, M. P., Stutz, A., Delekate, A., Schwartz, S., Vieira-Saecker,
A., et al. (2013). NLRP3 is activated in Alzheimer’s disease and contributes to
pathology in APP/PS1 mice. Nature 493, 674–678. doi: 10.1038/nature11729

Henningfield, C. M., Arreola, M. A., Soni, N., Spangenberg, E. E., and Green, K. N.
(2022). Microglia-specific ApoE knock-out does not alter Alzheimer’s disease
plaque pathogenesis or gene expression. Glia 70, 287–302. doi: 10.1002/glia.
24105

Henry, C. J., Huang, Y., Wynne, A. M., and Godbout, J. P. (2009). Peripheral
lipopolysaccharide (LPS) challenge promotes microglial hyperactivity in aged
mice that is associated with exaggerated induction of both pro-inflammatory
IL-1beta and anti-inflammatory IL-10 cytokines. Brain Behav. Immun. 23,
309–317. doi: 10.1016/j.bbi.2008.09.002

Hernández-Espinosa, D. R., Massieu, L., Montiel, T., and Morán, J. (2019). Role of
NADPH oxidase-2 in the progression of the inflammatory response secondary
to striatum excitotoxic damage. J. Neuroinflam. 16:91. doi: 10.1186/s12974-019-
1478-4

Hickman, S. E., Allison, E. K., and El Khoury, J. (2008). Microglial dysfunction and
defective beta-amyloid clearance pathways in aging Alzheimer’s disease mice.
J. Neurosci. 28, 8354–8360. doi: 10.1523/JNEUROSCI.0616-08.2008

Hickman, S. E., Kingery, N. D., Ohsumi, T. K., Borowsky, M. L., Wang, L. C.,
Means, T. K., et al. (2013). The microglial sensome revealed by direct RNA
sequencing. Nat. Neurosci. 16, 1896–1905. doi: 10.1038/nn.3554

Holloway, O. G., Canty, A. J., King, A. E., and Ziebell, J. M. (2019). Rod microglia
and their role in neurological diseases. Semin. Cell Dev. Biol. 94, 96–103. doi:
10.1016/j.semcdb.2019.02.005

Holloway, O. G., King, A. E., and Ziebell, J. M. (2020). Microglia Demonstrate Local
Mixed Inflammation and a Defined Morphological Shift in an APP/PS1 Mouse
Model. J. Alzheimers Dis. 77, 1765–1781. doi: 10.3233/JAD-200098

Honig, L. S., Vellas, B., Woodward, M., Boada, M., Bullock, R., Borrie, M., et al.
(2018). Trial of Solanezumab for Mild Dementia Due to Alzheimer’s Disease. N
Engl. J. Med. 378, 321–330. doi: 10.1056/NEJMoa1705971

Horan, K. A., Watanabe, K., Kong, A. M., Bailey, C. G., Rasko, J. E., Sasaki,
T., et al. (2007). Regulation of FcgammaR-stimulated phagocytosis by the
72-kDa inositol polyphosphate 5-phosphatase: SHIP1, but not the 72-kDa
5-phosphatase, regulates complement receptor 3 mediated phagocytosis by
differential recruitment of these 5-phosphatases to the phagocytic cup. Blood
110, 4480–4491. doi: 10.1182/blood-2007-02-073874

Howard, R., Mcshane, R., Lindesay, J., Ritchie, C., Baldwin, A., Barber, R., et al.
(2012). Donepezil and memantine for moderate-to-severe Alzheimer’s disease.
N Engl. J. Med. 366, 893–903.

Huang, L. K., Chao, S. P., and Hu, C. J. (2020). Clinical trials of new drugs for
Alzheimer disease. J. Biomed. Sci. 27:18.

Huang, Y. A., Zhou, B., Wernig, M., and Sudhof, T. C. (2017). ApoE2, ApoE3, and
ApoE4 Differentially Stimulate APP Transcription and Abeta Secretion. Cell
168, 427–441.e21. doi: 10.1016/j.cell.2016.12.044

Huynh, T. V., Liao, F., Francis, C. M., Robinson, G. O., Serrano, J. R.,
Jiang, H., et al. (2017). Age-Dependent Effects of apoE Reduction Using
Antisense Oligonucleotides in a Model of beta-amyloidosis. Neuron 96, 1013–
<PRESENTADDRESS>1023.e4. doi: 10.1016/j.neuron.2017.11.014

Hwang, I. K., Lee, C. H., Li, H., Yoo, K. Y., Choi, J. H., Kim, D. W., et al. (2008).
Comparison of ionized calcium-binding adapter molecule 1 immunoreactivity
of the hippocampal dentate gyrus and CA1 region in adult and aged dogs.
Neurochem. Res. 33, 1309–1315. doi: 10.1007/s11064-007-9584-6

Iqbal, K., Grundke-Iqbal, I., Zaidi, T., Merz, P. A., Wen, G. Y., Shaikh, S. S., et al.
(1986). Defective brain microtubule assembly in Alzheimer’s disease. Lancet 2,
421–426. doi: 10.1016/s0140-6736(86)92134-3

Ising, C., Venegas, C., Zhang, S., Scheiblich, H., Schmidt, S. V., Vieira-Saecker, A.,
et al. (2019). NLRP3 inflammasome activation drives tau pathology. Nature 575,
669–673. doi: 10.1038/s41586-019-1769-z

Jansen, R., Hottenga, J. J., Nivard, M. G., Abdellaoui, A., Laport, B., De Geus, E. J.,
et al. (2017). Conditional eQTL analysis reveals allelic heterogeneity of gene
expression. Hum. Mol. Genet. 26, 1444–1451. doi: 10.1093/hmg/ddx043

Jay, T. R., Hirsch, A. M., Broihier, M. L., Miller, C. M., Neilson, L. E., Ransohoff,
R. M., et al. (2017). Disease Progression-Dependent Effects of TREM2
Deficiency in a Mouse Model of Alzheimer’s Disease. J. Neurosci. 37, 637–647.
doi: 10.1523/JNEUROSCI.2110-16.2016

Jay, T. R., Miller, C. M., Cheng, P. J., Graham, L. C., Bemiller, S., Broihier,
M. L., et al. (2015). TREM2 deficiency eliminates TREM2+ inflammatory
macrophages and ameliorates pathology in Alzheimer’s disease mouse models.
J. Exp. Med. 212, 287–295. doi: 10.1084/jem.20142322

Jimenez, S., Baglietto-Vargas, D., Caballero, C., Moreno-Gonzalez, I., Torres, M.,
Sanchez-Varo, R., et al. (2008). Inflammatory response in the hippocampus
of PS1M146L/APP751SL mouse model of Alzheimer’s disease: age-dependent
switch in the microglial phenotype from alternative to classic. J. Neurosci. 28,
11650–11661. doi: 10.1523/JNEUROSCI.3024-08.2008

Kaether, C., Haass, C., and Steiner, H. (2006). Assembly, trafficking and function of
gamma-secretase. Neurodegener. Dis. 3, 275–283. doi: 10.1159/000095267

Kang, J., and Rivest, S. (2012). Lipid metabolism and neuroinflammation in
Alzheimer’s disease: a role for liver X receptors. Endocr. Rev. 33, 715–746.
doi: 10.1210/er.2011-1049

Frontiers in Aging Neuroscience | www.frontiersin.org 16 May 2022 | Volume 14 | Article 896852

https://doi.org/10.1073/pnas.0904532106
https://doi.org/10.1038/nn.4597
https://doi.org/10.1038/nn.4597
https://doi.org/10.1007/s00401-021-02263-w
https://doi.org/10.1007/s00401-021-02263-w
https://doi.org/10.1016/j.ebiom.2015.09.053
https://doi.org/10.1126/science.1194637
https://doi.org/10.1093/braincomms/fcaa227
https://doi.org/10.1096/fj.05-3776fje
https://doi.org/10.1007/s00281-015-0518-0
https://doi.org/10.1007/s00281-015-0518-0
https://doi.org/10.1038/nature10071
https://doi.org/10.1038/nature10071
https://doi.org/10.1016/s0002-9440(10)64700-1
https://doi.org/10.1016/j.neuron.2019.06.010
https://doi.org/10.1016/j.neuron.2019.06.010
https://doi.org/10.1016/j.neuron.2013.04.014
https://doi.org/10.1111/j.1471-4159.2006.04165.x
https://doi.org/10.1111/j.1471-4159.2006.04165.x
https://doi.org/10.1097/00005072-199503000-00014
https://doi.org/10.1097/00005072-199503000-00014
https://doi.org/10.1038/s41593-020-0624-8
https://doi.org/10.1038/nature11729
https://doi.org/10.1002/glia.24105
https://doi.org/10.1002/glia.24105
https://doi.org/10.1016/j.bbi.2008.09.002
https://doi.org/10.1186/s12974-019-1478-4
https://doi.org/10.1186/s12974-019-1478-4
https://doi.org/10.1523/JNEUROSCI.0616-08.2008
https://doi.org/10.1038/nn.3554
https://doi.org/10.1016/j.semcdb.2019.02.005
https://doi.org/10.1016/j.semcdb.2019.02.005
https://doi.org/10.3233/JAD-200098
https://doi.org/10.1056/NEJMoa1705971
https://doi.org/10.1182/blood-2007-02-073874
https://doi.org/10.1016/j.cell.2016.12.044
https://doi.org/10.1016/j.neuron.2017.11.014
https://doi.org/10.1007/s11064-007-9584-6
https://doi.org/10.1016/s0140-6736(86)92134-3
https://doi.org/10.1038/s41586-019-1769-z
https://doi.org/10.1093/hmg/ddx043
https://doi.org/10.1523/JNEUROSCI.2110-16.2016
https://doi.org/10.1084/jem.20142322
https://doi.org/10.1523/JNEUROSCI.3024-08.2008
https://doi.org/10.1159/000095267
https://doi.org/10.1210/er.2011-1049
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-896852 May 24, 2022 Time: 11:56 # 17

Xu et al. Microglia Diversity in Alzheimer’s Disease

Karahan, H., Smith, D. C., Kim, B., Dabin, L. C., Al-Amin, M. M., Wijeratne,
H. R. S., et al. (2021). Deletion of Abi3 gene locus exacerbates neuropathological
features of Alzheimer&#x2019;s disease in a mouse model of A&#x3b2;
amyloidosis. Sci. Adv. 7:eabe3954. doi: 10.1126/sciadv.abe3954

Karch, C. M., and Goate, A. M. (2015). Alzheimer’s disease risk genes and
mechanisms of disease pathogenesis. Biol. Psychiatr. 77, 43–51. doi: 10.1016/
j.biopsych.2014.05.006

Keren-Shaul, H., Spinrad, A., Weiner, A., Matcovitch-Natan, O., Dvir-Szternfeld,
R., Ulland, T. K., et al. (2017). A unique microglia type associated with
restricting development of Alzheimer’s disease. Cell 169, 1276–1290.e17. doi:
10.1016/j.cell.2017.05.018

Kettenmann, H., Hanisch, U. K., Noda, M., and Verkhratsky, A. (2011). Physiology
of microglia. Physiol. Rev. 91, 461–553.

Kienlen-Campard, P., Miolet, S., Tasiaux, B., and Octave, J. N. (2002). Intracellular
amyloid-beta 1-42, but not extracellular soluble amyloid-beta peptides, induces
neuronal apoptosis. J. Biol. Chem. 277, 15666–15670. doi: 10.1074/jbc.
M200887200

Kim, B.-Y., Lim, H.-S., Kim, Y., Kim, Y. J., Koo, I., and Jeong, S.-J. (2018).
Evaluation of animal models by comparison with human late-onset Alzheimer’s
disease. Mol. Neurobiol. 55, 9234–9250. doi: 10.1007/s12035-018-1036-6

Kim, J., Basak, J. M., and Holtzman, D. M. (2009). The role of apolipoprotein E in
Alzheimer’s disease. Neuron 63, 287–303.

Knobloch, M., Konietzko, U., Krebs, D. C., and Nitsch, R. M. (2007). Intracellular
Abeta and cognitive deficits precede beta-amyloid deposition in transgenic
arcAbeta mice. Neurobiol. Aging 28, 1297–1306. doi: 10.1016/j.neurobiolaging.
2006.06.019

Konishi, H., and Kiyama, H. (2018). Microglial TREM2/DAP12 Signaling: A
Double-Edged Sword in Neural Diseases. Front. Cell. Neurosci. 12:206. doi:
10.3389/fncel.2018.00206

Krasemann, S., Madore, C., Cialic, R., Baufeld, C., Calcagno, N., El Fatimy, R.,
et al. (2017). The TREM2-APOE pathway drives the transcriptional phenotype
of dysfunctional microglia in neurodegenerative diseases. Immunity 47, 566–
581.e9. doi: 10.1016/j.immuni.2017.08.008

LaFerla, F. M., Green, K. N., and Oddo, S. (2007). Intracellular amyloid-beta in
Alzheimer’s disease. Nat. Rev. Neurosci. 8, 499–509.

Lamb, J., Crawford, E. D., Peck, D., Modell, J. W., Blat, I. C., Wrobel, M. J., et al.
(2006). The Connectivity Map: using gene-expression signatures to connect
small molecules, genes, and disease. Science 313, 1929–1936. doi: 10.1126/
science.1132939

Lambert, J. C., Ibrahim-Verbaas, C. A., Harold, D., Naj, A. C., Sims, R.,
Bellenguez, C., et al. (2013). Meta-analysis of 74,046 individuals identifies 11
new susceptibility loci for Alzheimer’s disease. Nat. Genet. 45, 1452–1458. doi:
10.1038/ng.2802

Lee, C. Y. D., Daggett, A., Gu, X., Jiang, L.-L., Langfelder, P., Li, X., et al.
(2018). Elevated TREM2 Gene Dosage Reprograms Microglia Responsivity and
Ameliorates Pathological Phenotypes in Alzheimer’s Disease Models. Neuron
97, 1032–1048.e5. doi: 10.1016/j.neuron.2018.02.002

Lee, D. C., Ruiz, C. R., Lebson, L., Selenica, M. L., Rizer, J., Hunt, J. B. Jr., et al.
(2013). Aging enhances classical activation but mitigates alternative activation
in the central nervous system. Neurobiol. Aging 34, 1610–1620. doi: 10.1016/j.
neurobiolaging.2012.12.014

Leng, F., and Edison, P. (2021). Neuroinflammation and microglial activation in
Alzheimer disease: where do we go from here? Nat. Rev. Neurol. 17, 157–172.
doi: 10.1038/s41582-020-00435-y

Letiembre, M., Hao, W., Liu, Y., Walter, S., Mihaljevic, I., Rivest, S., et al. (2007).
Innate immune receptor expression in normal brain aging. Neuroscience 146,
248–254. doi: 10.1016/j.neuroscience.2007.01.004

Li, J. W., Zong, Y., Cao, X. P., Tan, L., and Tan, L. (2018). Microglial priming in
Alzheimer’s disease. Ann. Transl. Med. 6:176.

Li, Q., Cheng, Z., Zhou, L., Darmanis, S., Neff, N. F., Okamoto, J., et al. (2019).
Developmental Heterogeneity of Microglia and Brain Myeloid Cells Revealed
by Deep Single-Cell RNA Sequencing. Neuron 101, 207–223.e10. doi: 10.1016/j.
neuron.2018.12.006

Li, S., Jin, M., Koeglsperger, T., Shepardson, N. E., Shankar, G. M., and Selkoe,
D. J. (2011). Soluble Abeta oligomers inhibit long-term potentiation through
a mechanism involving excessive activation of extrasynaptic NR2B-containing
NMDA receptors. J. Neurosci. 31, 6627–6638. doi: 10.1523/JNEUROSCI.0203-
11.2011

Liddelow, S. A., Guttenplan, K. A., Clarke, L. E., Bennett, F. C., Bohlen, C. J.,
Schirmer, L., et al. (2017). Neurotoxic reactive astrocytes are induced by
activated microglia. Nature 541, 481–487. doi: 10.1038/nature21029

Lindwall, G., and Cole, R. D. (1984). Phosphorylation affects the ability of tau
protein to promote microtubule assembly. J. Biol. Chem. 259, 5301–5305. doi:
10.1016/s0021-9258(17)42989-9

Linnartz, B., Wang, Y., and Neumann, H. (2010). Microglial immunoreceptor
tyrosine-based activation and inhibition motif signaling in neuroinflammation.
Int. J. Alzheimer’s Dis. 2010:587463. doi: 10.4061/2010/587463

Linnartz-Gerlach, B., Kopatz, J., and Neumann, H. (2014). Siglec functions of
microglia. Glycobiology 24, 794–799. doi: 10.1093/glycob/cwu044

Loy, C., and Schneider, L. (2006). Galantamine for Alzheimer’s disease and mild
cognitive impairment. Cochrane Datab Syst. Rev. 2006:CD001747.

Lu, A., Magupalli, V. G., Ruan, J., Yin, Q., Atianand, M. K., Vos, M. R., et al.
(2014). Unified polymerization mechanism for the assembly of ASC-dependent
inflammasomes. Cell 156, 1193–1206. doi: 10.1016/j.cell.2014.02.008

Lue, L. F., Kuo, Y. M., Roher, A. E., Brachova, L., Shen, Y., Sue, L., et al. (1999).
Soluble amyloid beta peptide concentration as a predictor of synaptic change in
Alzheimer’s disease. Am. J. Pathol. 155, 853–862. doi: 10.1016/s0002-9440(10)
65184-x

Lue, L. F., Rydel, R., Brigham, E. F., Yang, L. B., Hampel, H., Murphy, G. M. Jr.,
et al. (2001). Inflammatory repertoire of Alzheimer’s disease and nondemented
elderly microglia in vitro. Glia 35, 72–79. doi: 10.1002/glia.1072

Luo, X. G., and Chen, S. D. (2012). The changing phenotype of microglia from
homeostasis to disease. Transl. Neurodegener. 1:9. doi: 10.1186/2047-9158-1-9

Ma, J., Jiang, T., Tan, L., and Yu, J.-T. (2015). TYROBP in Alzheimer’s disease. Mol.
Neurobiol. 51, 820–826. doi: 10.1007/s12035-014-8811-9

Magno, L., Lessard, C. B., Martins, M., Lang, V., Cruz, P., Asi, Y., et al. (2019).
Alzheimer’s disease phospholipase C-gamma-2 (PLCG2) protective variant is a
functional hypermorph. Alzheimer’s Res. Ther. 11:16. doi: 10.1186/s13195-019-
0469-0

Maguire, E., Menzies, G. E., Phillips, T., Sasner, M., Williams, H. M., Czubala,
M. A., et al. (2021). PIP2 depletion and altered endocytosis caused by expression
of Alzheimer’s disease-protective variant PLCγ2 R522. Embo J. 40:e105603.
doi: 10.15252/embj.2020105603

Mandelkow, E. M., and Mandelkow, E. (2012). Biochemistry and cell biology of
tau protein in neurofibrillary degeneration. Cold Spring Harb Perspect. Med.
2:a006247. doi: 10.1101/cshperspect.a006247

Mangialasche, F., Solomon, A., Winblad, B., Mecocci, P., and Kivipelto, M. (2010).
Alzheimer’s disease: clinical trials and drug development. Lancet Neurol. 9,
702–716.

Marasco, R. A. (2020). Current and evolving treatment strategies for the Alzheimer
disease continuum. Am. J. Manag. Care 26, S167–S176. doi: 10.37765/ajmc.
2020.88481

Masuda, T., Sankowski, R., Staszewski, O., Böttcher, C., Amann, L., Sagar, et al.
(2019). Spatial and temporal heterogeneity of mouse and human microglia at
single-cell resolution. Nature 566, 388–392. doi: 10.1038/s41586-019-0924-x

Masumoto, J., Taniguchi, S., Ayukawa, K., Sarvotham, H., Kishino, T., Niikawa,
N., et al. (1999). ASC, a novel 22-kDa protein, aggregates during apoptosis of
human promyelocytic leukemia HL-60 cells. J. Biol. Chem. 274, 33835–33838.
doi: 10.1074/jbc.274.48.33835

Mathys, H., Adaikkan, C., Gao, F., Young, J. Z., Manet, E., Hemberg, M., et al.
(2017). Temporal tracking of microglia activation in neurodegeneration at
single-cell resolution. Cell Rep. 21, 366–380. doi: 10.1016/j.celrep.2017.09.039

Matousek, S. B., Ghosh, S., Shaftel, S. S., Kyrkanides, S., Olschowka, J. A.,
and O’banion, M. K. (2012). Chronic IL-1beta-mediated neuroinflammation
mitigates amyloid pathology in a mouse model of Alzheimer’s disease without
inducing overt neurodegeneration. J. Neuroimmune. Pharmacol. 7, 156–164.
doi: 10.1007/s11481-011-9331-2

Matsuzaki, T., Sasaki, K., Hata, J., Hirakawa, Y., Fujimi, K., Ninomiya, T.,
et al. (2011). Association of Alzheimer disease pathology with abnormal lipid
metabolism: the Hisayama Study. Neurology 77, 1068–1075. doi: 10.1212/wnl.
0b013e31822e145d

McGeer, E. G., and McGeer, P. L. (2010). Neuroinflammation in Alzheimer’s
disease and mild cognitive impairment: a field in its infancy. J. Alzheimers Dis.
19, 355–361. doi: 10.3233/JAD-2010-1219

McLean, C. A., Cherny, R. A., Fraser, F. W., Fuller, S. J., Smith, M. J., Beyreuther,
K., et al. (1999). Soluble pool of Abeta amyloid as a determinant of severity

Frontiers in Aging Neuroscience | www.frontiersin.org 17 May 2022 | Volume 14 | Article 896852

https://doi.org/10.1126/sciadv.abe3954
https://doi.org/10.1016/j.biopsych.2014.05.006
https://doi.org/10.1016/j.biopsych.2014.05.006
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1074/jbc.M200887200
https://doi.org/10.1074/jbc.M200887200
https://doi.org/10.1007/s12035-018-1036-6
https://doi.org/10.1016/j.neurobiolaging.2006.06.019
https://doi.org/10.1016/j.neurobiolaging.2006.06.019
https://doi.org/10.3389/fncel.2018.00206
https://doi.org/10.3389/fncel.2018.00206
https://doi.org/10.1016/j.immuni.2017.08.008
https://doi.org/10.1126/science.1132939
https://doi.org/10.1126/science.1132939
https://doi.org/10.1038/ng.2802
https://doi.org/10.1038/ng.2802
https://doi.org/10.1016/j.neuron.2018.02.002
https://doi.org/10.1016/j.neurobiolaging.2012.12.014
https://doi.org/10.1016/j.neurobiolaging.2012.12.014
https://doi.org/10.1038/s41582-020-00435-y
https://doi.org/10.1016/j.neuroscience.2007.01.004
https://doi.org/10.1016/j.neuron.2018.12.006
https://doi.org/10.1016/j.neuron.2018.12.006
https://doi.org/10.1523/JNEUROSCI.0203-11.2011
https://doi.org/10.1523/JNEUROSCI.0203-11.2011
https://doi.org/10.1038/nature21029
https://doi.org/10.1016/s0021-9258(17)42989-9
https://doi.org/10.1016/s0021-9258(17)42989-9
https://doi.org/10.4061/2010/587463
https://doi.org/10.1093/glycob/cwu044
https://doi.org/10.1016/j.cell.2014.02.008
https://doi.org/10.1016/s0002-9440(10)65184-x
https://doi.org/10.1016/s0002-9440(10)65184-x
https://doi.org/10.1002/glia.1072
https://doi.org/10.1186/2047-9158-1-9
https://doi.org/10.1007/s12035-014-8811-9
https://doi.org/10.1186/s13195-019-0469-0
https://doi.org/10.1186/s13195-019-0469-0
https://doi.org/10.15252/embj.2020105603
https://doi.org/10.1101/cshperspect.a006247
https://doi.org/10.37765/ajmc.2020.88481
https://doi.org/10.37765/ajmc.2020.88481
https://doi.org/10.1038/s41586-019-0924-x
https://doi.org/10.1074/jbc.274.48.33835
https://doi.org/10.1016/j.celrep.2017.09.039
https://doi.org/10.1007/s11481-011-9331-2
https://doi.org/10.1212/wnl.0b013e31822e145d
https://doi.org/10.1212/wnl.0b013e31822e145d
https://doi.org/10.3233/JAD-2010-1219
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-896852 May 24, 2022 Time: 11:56 # 18

Xu et al. Microglia Diversity in Alzheimer’s Disease

of neurodegeneration in Alzheimer’s disease. Ann. Neurol. 46, 860–866. doi:
10.1002/1531-8249(199912)46:6<860::aid-ana8>3.0.co;2-m

Meilandt, W. J., Ngu, H., Gogineni, A., Lalehzadeh, G., Lee, S. H., Srinivasan,
K., et al. (2020). Trem2 Deletion Reduces Late-Stage Amyloid Plaque
Accumulation, Elevates the Aβ42:Aβ40 Ratio, and Exacerbates Axonal
Dystrophy and Dendritic Spine Loss in the PS2APP Alzheimer’s Mouse Model.
J. Neurosci. 40, 1956–1974. doi: 10.1523/JNEUROSCI.1871-19.2019

Morris, M. C., Evans, D. A., Bienias, J. L., Scherr, P. A., Tangney, C. C., Hebert,
L. E., et al. (2004). Dietary niacin and the risk of incident Alzheimer’s disease
and of cognitive decline. J. Neurol. Neurosurg. Psychiatr. 75, 1093–1099. doi:
10.1136/jnnp.2003.025858

Moss, M. L., Powell, G., Miller, M. A., Edwards, L., Qi, B., Sang, Q. X., et al. (2011).
ADAM9 inhibition increases membrane activity of ADAM10 and controls
alpha-secretase processing of amyloid precursor protein. J. Biol. Chem. 286,
40443–40451. doi: 10.1074/jbc.M111.280495

Moutinho, M., Puntambekar, S. S., Tsai, A. P., Coronel, I., Lin, P. B., Casali, B. T.,
et al. (2022). The niacin receptor HCAR2 modulates microglial response and
limits disease progression in a mouse model of Alzheimer&#x2019;s disease.
Sci. Transl. Med. 14:eabl7634. doi: 10.1126/scitranslmed.abl7634

Navarro, V., Sanchez-Mejias, E., Jimenez, S., Munoz-Castro, C., Sanchez-Varo,
R., Davila, J. C., et al. (2018). Microglia in Alzheimer’s Disease: Activated,
Dysfunctional or Degenerative. Front. Aging Neurosci. 10:140. doi: 10.3389/
fnagi.2018.00140

Nelson, P. T., Alafuzoff, I., Bigio, E. H., Bouras, C., Braak, H., Cairns, N. J.,
et al. (2012). Correlation of Alzheimer disease neuropathologic changes with
cognitive status: a review of the literature. J. Neuropathol. Exp. Neurol. 71,
362–381. doi: 10.1097/NEN.0b013e31825018f7

Nimmerjahn, A., Kirchhoff, F., and Helmchen, F. (2005). Resting microglial cells
are highly dynamic surveillants of brain parenchyma in vivo. Science 308,
1314–1318. doi: 10.1126/science.1110647

Nissl, F. (1899). Über einige Beziehungen zwischen Nervenzellerkrankungen und
gliösen Erscheinungen bei verschiedenen Psychosen. Arch. Psychiatr. 32, 656–
676.

Norden, D. M., and Godbout, J. P. (2013). Review: microglia of the aged brain:
primed to be activated and resistant to regulation. Neuropathol. Appl. Neurobiol.
39, 19–34. doi: 10.1111/j.1365-2990.2012.01306.x

Novak, P., Zilka, N., Zilkova, M., Kovacech, B., Skrabana, R., Ondrus, M., et al.
(2019). AADvac1, an Active Immunotherapy for Alzheimer’s Disease and Non
Alzheimer Tauopathies: An Overview of Preclinical and Clinical Development.
J. Prev. Alzheimers Dis. 6, 63–69. doi: 10.14283/jpad.2018.45

Nugent, A. A., Lin, K., Van Lengerich, B., Lianoglou, S., Przybyla, L., Davis,
S. S., et al. (2020). TREM2 Regulates Microglial Cholesterol Metabolism upon
Chronic Phagocytic Challenge. Neuron 105, 837–854.e9. doi: 10.1016/j.neuron.
2019.12.007

Oakley, H., Cole, S. L., Logan, S., Maus, E., Shao, P., Craft, J., et al. (2006).
Intraneuronal beta-amyloid aggregates, neurodegeneration, and neuron loss
in transgenic mice with five familial Alzheimer’s disease mutations: potential
factors in amyloid plaque formation. J. Neurosci. 26, 10129–10140. doi: 10.1523/
JNEUROSCI.1202-06.2006

Odawara, T., Iseki, E., Kosaka, K., Akiyama, H., Ikeda, K., and Yamamoto, T.
(1995). Investigation of tau-2 positive microglia-like cells in the subcortical
nuclei of human neurodegenerative disorders. Neurosci. Lett. 192, 145–148.
doi: 10.1016/0304-3940(95)11595-n

Ohyagi, Y., Asahara, H., Chui, D. H., Tsuruta, Y., Sakae, N., Miyoshi, K.,
et al. (2005). Intracellular Abeta42 activates p53 promoter: a pathway to
neurodegeneration in Alzheimer’s disease. FASEB J. 19, 255–257. doi: 10.1096/
fj.04-2637fje

Olah, M., Menon, V., Habib, N., Taga, M. F., Ma, Y., Yung, C. J., et al. (2020).
Single cell RNA sequencing of human microglia uncovers a subset associated
with Alzheimer’s disease. Nat. Commun. 11:6129. doi: 10.1038/s41467-020-
19737-2

Olive, C., Ibanez, L., Farias, F. H. G., Wang, F., Budde, J. P., Norton, J. B., et al.
(2020). Examination of the effect of rare variants in TREM2, ABI3, and PLCG2
in LOAD through multiple phenotypes. J. Alzheimer’s Dis. 77, 1469–1482. doi:
10.3233/JAD-200019

Ostrowitzki, S., Lasser, R. A., Dorflinger, E., Scheltens, P., Barkhof, F., Nikolcheva,
T., et al. (2017). A phase III randomized trial of gantenerumab in prodromal
Alzheimer’s disease. Alzheimers Res. Ther. 9:95.

Pan, J., Ma, N., Yu, B., Zhang, W., and Wan, J. (2020). Transcriptomic profiling of
microglia and astrocytes throughout aging. J. Neuroinflam. 17:97. doi: 10.1186/
s12974-020-01774-9

Paris, D., Ait-Ghezala, G., Bachmeier, C., Laco, G., Beaulieu-Abdelahad, D., Lin, Y.,
et al. (2014). The spleen tyrosine kinase (Syk) regulates Alzheimer amyloid-beta
production and Tau hyperphosphorylation. J. Biol. Chem. 289, 33927–33944.
doi: 10.1074/jbc.M114.608091

Pascoal, T. A., Benedet, A. L., Ashton, N. J., Kang, M. S., Therriault, J., Chamoun,
M., et al. (2021). Microglial activation and tau propagate jointly across Braak
stages. Nat. Med. 27, 1592–1599. doi: 10.1038/s41591-021-01456-w

Pedicone, C., Fernandes, S., Dungan, O. M., Dormann, S. M., Viernes, D. R.,
Adhikari, A. A., et al. (2020). Pan-SHIP1/2 inhibitors promote microglia
effector functions essential for CNS homeostasis. J. Cell Sci. 133:jcs238030.
doi: 10.1242/jcs.238030

Pensalfini, A., Albay, R. III, Rasool, S., Wu, J. W., Hatami, A., Arai, H., et al. (2014).
Intracellular amyloid and the neuronal origin of Alzheimer neuritic plaques.
Neurobiol. Dis. 71, 53–61. doi: 10.1016/j.nbd.2014.07.011

Perry, V. H., and Holmes, C. (2014). Microglial priming in neurodegenerative
disease. Nat. Rev. Neurol. 10, 217–224. doi: 10.1038/nrneurol.2014.38

Perry, V. H., Matyszak, M. K., and Fearn, S. (1993). Altered antigen expression of
microglia in the aged rodent CNS. Glia 7, 60–67. doi: 10.1002/glia.440070111

Petersen, R. C. (2011). Mild cognitive impairment. N Engl. J. Med. 364, 2227–2234.
Piaceri, I., Nacmias, B., and Sorbi, S. (2013). Genetics of familial and sporadic

Alzheimer’s disease. Front. Biosci. 5:167–177. doi: 10.2741/e605
Povova, J., Ambroz, P., Bar, M., Pavukova, V., Sery, O., Tomaskova, H., et al. (2012).

Epidemiological of and risk factors for Alzheimer’s disease: a review. Biomed.
Pap. Med. Fac. Univ. Palacky. Olomouc. Czech Repub. 156, 108–114.

Raina, P., Santaguida, P., Ismaila, A., Patterson, C., Cowan, D., Levine, M., et al.
(2008). Effectiveness of cholinesterase inhibitors and memantine for treating
dementia: evidence review for a clinical practice guideline. Ann. Intern. Med.
148, 379–397. doi: 10.7326/0003-4819-148-5-200803040-00009

Ransohoff, R. M. (2016a). How neuroinflammation contributes to
neurodegeneration. Science 353, 777–783. doi: 10.1126/science.aag2590

Ransohoff, R. M. (2016b). A polarizing question: do M1 and M2 microglia exist?
Nat. Neurosci. 19, 987–991. doi: 10.1038/nn.4338

Ray, S., Britschgi, M., Herbert, C., Takeda-Uchimura, Y., Boxer, A., Blennow, K.,
et al. (2007). Classification and prediction of clinical Alzheimer’s diagnosis
based on plasma signaling proteins. Nat. Med. 13, 1359–1362. doi: 10.1038/
nm1653

Rebeck, G. W., Reiter, J. S., Strickland, D. K., and Hyman, B. T. (1993).
Apolipoprotein E in sporadic Alzheimer’s disease: allelic variation and receptor
interactions. Neuron 11, 575–580. doi: 10.1016/0896-6273(93)90070-8

Reed-Geaghan, E. G., Reed, Q. W., Cramer, P. E., and Landreth, G. E. (2010).
Deletion of CD14 Attenuates Alzheimer’s Disease Pathology by Influencing
the Brain’s Inflammatory Milieu. J. Neurosci. 30, 15369–15373. doi: 10.1523/
JNEUROSCI.2637-10.2010

Reisberg, B., Doody, R., Stöffler, A., Schmitt, F., Ferris, S., and Möbius, H. J. (2003).
Memantine in moderate-to-severe Alzheimer’s disease. N Engl. J. Med. 348,
1333–1341.

Rice, H. C., De Malmazet, D., Schreurs, A., Frere, S., Van Molle, I., Volkov, A. N.,
et al. (2019). Secreted amyloid-beta precursor protein functions as a GABABR1a
ligand to modulate synaptic transmission. Science 363:eaao4827.

Rinne, J. O., Brooks, D. J., Rossor, M. N., Fox, N. C., Bullock, R., Klunk, W. E.,
et al. (2010). 11C-PiB PET assessment of change in fibrillar amyloid-beta load in
patients with Alzheimer’s disease treated with bapineuzumab: a phase 2, double-
blind, placebo-controlled, ascending-dose study. Lancet Neurol. 9, 363–372.
doi: 10.1016/S1474-4422(10)70043-0

Rivera-Escalera, F., Matousek, S. B., Ghosh, S., Olschowka, J. A., and O’banion,
M. K. (2014). Interleukin-1beta mediated amyloid plaque clearance is
independent of CCR2 signaling in the APP/PS1 mouse model of Alzheimer’s
disease. Neurobiol. Dis. 69, 124–133. doi: 10.1016/j.nbd.2014.05.018

Rivera-Escalera, F., Pinney, J. J., Owlett, L., Ahmed, H., Thakar, J., Olschowka,
J. A., et al. (2019). IL-1β-driven amyloid plaque clearance is associated with
an expansion of transcriptionally reprogrammed microglia. J. Neuroinflam.
16:261. doi: 10.1186/s12974-019-1645-7

Rodrigue, K. M., Kennedy, K. M., and Park, D. C. (2009). Beta-amyloid deposition
and the aging brain. Neuropsychol. Rev. 19, 436–450. doi: 10.1007/s11065-009-
9118-x

Frontiers in Aging Neuroscience | www.frontiersin.org 18 May 2022 | Volume 14 | Article 896852

https://doi.org/10.1002/1531-8249(199912)46:6<860::aid-ana8>3.0.co;2-m
https://doi.org/10.1002/1531-8249(199912)46:6<860::aid-ana8>3.0.co;2-m
https://doi.org/10.1523/JNEUROSCI.1871-19.2019
https://doi.org/10.1136/jnnp.2003.025858
https://doi.org/10.1136/jnnp.2003.025858
https://doi.org/10.1074/jbc.M111.280495
https://doi.org/10.1126/scitranslmed.abl7634
https://doi.org/10.3389/fnagi.2018.00140
https://doi.org/10.3389/fnagi.2018.00140
https://doi.org/10.1097/NEN.0b013e31825018f7
https://doi.org/10.1126/science.1110647
https://doi.org/10.1111/j.1365-2990.2012.01306.x
https://doi.org/10.14283/jpad.2018.45
https://doi.org/10.1016/j.neuron.2019.12.007
https://doi.org/10.1016/j.neuron.2019.12.007
https://doi.org/10.1523/JNEUROSCI.1202-06.2006
https://doi.org/10.1523/JNEUROSCI.1202-06.2006
https://doi.org/10.1016/0304-3940(95)11595-n
https://doi.org/10.1096/fj.04-2637fje
https://doi.org/10.1096/fj.04-2637fje
https://doi.org/10.1038/s41467-020-19737-2
https://doi.org/10.1038/s41467-020-19737-2
https://doi.org/10.3233/JAD-200019
https://doi.org/10.3233/JAD-200019
https://doi.org/10.1186/s12974-020-01774-9
https://doi.org/10.1186/s12974-020-01774-9
https://doi.org/10.1074/jbc.M114.608091
https://doi.org/10.1038/s41591-021-01456-w
https://doi.org/10.1242/jcs.238030
https://doi.org/10.1016/j.nbd.2014.07.011
https://doi.org/10.1038/nrneurol.2014.38
https://doi.org/10.1002/glia.440070111
https://doi.org/10.2741/e605
https://doi.org/10.7326/0003-4819-148-5-200803040-00009
https://doi.org/10.1126/science.aag2590
https://doi.org/10.1038/nn.4338
https://doi.org/10.1038/nm1653
https://doi.org/10.1038/nm1653
https://doi.org/10.1016/0896-6273(93)90070-8
https://doi.org/10.1523/JNEUROSCI.2637-10.2010
https://doi.org/10.1523/JNEUROSCI.2637-10.2010
https://doi.org/10.1016/S1474-4422(10)70043-0
https://doi.org/10.1016/j.nbd.2014.05.018
https://doi.org/10.1186/s12974-019-1645-7
https://doi.org/10.1007/s11065-009-9118-x
https://doi.org/10.1007/s11065-009-9118-x
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-896852 May 24, 2022 Time: 11:56 # 19

Xu et al. Microglia Diversity in Alzheimer’s Disease

Roses, A. D. (1996). Apolipoprotein E alleles as risk factors in Alzheimer’s disease.
Annu. Rev. Med. 47, 387–400. doi: 10.1146/annurev.med.47.1.387

Ruganzu, J. B., Zheng, Q., Wu, X., He, Y., Peng, X., Jin, H., et al. (2021).
TREM2 overexpression rescues cognitive deficits in APP/PS1 transgenic mice
by reducing neuroinflammation via the JAK/STAT/SOCS signaling pathway.
Exp. Neurol. 336:113506. doi: 10.1016/j.expneurol.2020.113506

Saito, T., Matsuba, Y., Mihira, N., Takano, J., Nilsson, P., Itohara, S., et al. (2014).
Single App knock-in mouse models of Alzheimer’s disease. Nat. Neurosci.
17:661–663. doi: 10.1038/nn.3697

Sala Frigerio, C., Wolfs, L., Fattorelli, N., Thrupp, N., Voytyuk, I., Schmidt, I., et al.
(2019). The Major Risk Factors for Alzheimer’s Disease: Age, Sex, and Genes
Modulate the Microglia Response to Aβ Plaques. Cell Rep. 27, 1293–1306.e6.
doi: 10.1016/j.celrep.2019.03.099

Salloway, S., Sperling, R., Fox, N. C., Blennow, K., Klunk, W., Raskind, M., et al.
(2014). Two phase 3 trials of bapineuzumab in mild-to-moderate Alzheimer’s
disease. N Engl. J. Med. 370, 322–333.

Sato, T., Hanyu, H., Hirao, K., Kanetaka, H., Sakurai, H., and Iwamoto, T. (2011).
Efficacy of PPAR-gamma agonist pioglitazone in mild Alzheimer disease.
Neurobiol. Aging 32, 1626–1633. doi: 10.1016/j.neurobiolaging.2009.10.009

Satoh, J. I., Kino, Y., Yanaizu, M., Tosaki, Y., Sakai, K., Ishida, T., et al. (2017).
Microglia express ABI3 in the brains of Alzheimer’s disease and Nasu-Hakola
disease. Intract. Rare Dis. Res. 6, 262–268. doi: 10.5582/irdr.2017.01073

Saunders, A. M., Strittmatter, W. J., Schmechel, D., George-Hyslop, P. H., Pericak-
Vance, M. A., Joo, S. H., et al. (1993). Association of apolipoprotein E allele
epsilon 4 with late-onset familial and sporadic Alzheimer’s disease. Neurology
43, 1467–1472. doi: 10.1212/wnl.43.8.1467

Schindowski, K., Bretteville, A., Leroy, K., Begard, S., Brion, J. P., Hamdane, M.,
et al. (2006). Alzheimer’s disease-like tau neuropathology leads to memory
deficits and loss of functional synapses in a novel mutated tau transgenic mouse
without any motor deficits. Am. J. Pathol. 169, 599–616. doi: 10.2353/ajpath.
2006.060002

Schuitemaker, A., Dik, M. G., Veerhuis, R., Scheltens, P., Schoonenboom, N. S.,
Hack, C. E., et al. (2009). Inflammatory markers in AD and MCI patients with
different biomarker profiles. Neurobiol. Aging 30, 1885–1889. doi: 10.1016/j.
neurobiolaging.2008.01.014

Sekino, S., Kashiwagi, Y., Kanazawa, H., Takada, K., Baba, T., Sato, S., et al. (2015).
The NESH/Abi-3-based WAVE2 complex is functionally distinct from the Abi-
1-based WAVE2 complex. Cell Commun. Signal. 13:41. doi: 10.1186/s12964-
015-0119-5

Selkoe, D. J. (2019). Alzheimer disease and aducanumab: adjusting our approach.
Nat. Rev. Neurol. 15, 365–366. doi: 10.1038/s41582-019-0205-1

Sevigny, J., Chiao, P., Bussiere, T., Weinreb, P. H., Williams, L., Maier, M.,
et al. (2016). The antibody aducanumab reduces Abeta plaques in Alzheimer’s
disease. Nature 537, 50–56.

Sheedy, F. J., Grebe, A., Rayner, K. J., Kalantari, P., Ramkhelawon, B., Carpenter,
S. B., et al. (2013). CD36 coordinates NLRP3 inflammasome activation
by facilitating intracellular nucleation of soluble ligands into particulate
ligands in sterile inflammation. Nat. Immunol. 14, 812–820. doi: 10.1038/ni.
2639

Siemers, E. R., Sundell, K. L., Carlson, C., Case, M., Sethuraman, G., Liu-Seifert,
H., et al. (2016). Phase 3 solanezumab trials: Secondary outcomes in mild
Alzheimer’s disease patients. Alzheimers Dement 12, 110–120. doi: 10.1016/j.
jalz.2015.06.1893

Sierra, A., Gottfried-Blackmore, A. C., Mcewen, B. S., and Bulloch, K. (2007).
Microglia derived from aging mice exhibit an altered inflammatory profile. Glia
55, 412–424. doi: 10.1002/glia.20468

Sims, R., Van Der Lee, S. J., Naj, A. C., Bellenguez, C., Badarinarayan, N.,
Jakobsdottir, J., et al. (2017a). Rare coding variants in PLCG2, ABI3, and
TREM2 implicate microglial-mediated innate immunity in Alzheimer’s disease.
Nat. Genet. 49, 1373–1384.

Sims, R., Van Der Lee, S. J., Naj, A. C., Bellenguez, C., Badarinarayan, N.,
Jakobsdottir, J., et al. (2017b). Rare coding variants in PLCG2, ABI3, and
TREM2 implicate microglial-mediated innate immunity in Alzheimer’s disease.
Nat. Genet. 49, 1373–1384.

Sobue, A., Komine, O., Hara, Y., Endo, F., Mizoguchi, H., Watanabe, S.,
et al. (2021). Microglial gene signature reveals loss of homeostatic microglia
associated with neurodegeneration of Alzheimer’s disease. Acta Neuropathol.
Commun. 9:1. doi: 10.1186/s40478-020-01099-x

Spielmeyer„ W. (1923). Histopathologie des Nervensystems. LWW. doi: 10.1007/
978-3-642-50703-8_1

Spittau, B. (2017). Aging Microglia-Phenotypes, Functions and Implications for
Age-Related Neurodegenerative Diseases. Front. Aging Neurosci. 9:194. doi:
10.3389/fnagi.2017.00194

Srinivasan, K., Friedman, B. A., Etxeberria, A., Huntley, M. A., Van Der Brug, M. P.,
Foreman, O., et al. (2020). Alzheimer’s patient microglia exhibit enhanced aging
and unique transcriptional activation. Cell Rep. 31:107843. doi: 10.1016/j.celrep.
2020.107843

Stewart, C. R., Stuart, L. M., Wilkinson, K., Van Gils, J. M., Deng, J., Halle, A.,
et al. (2010). CD36 ligands promote sterile inflammation through assembly
of a Toll-like receptor 4 and 6 heterodimer. Nat. Immunol. 11, 155–161. doi:
10.1038/ni.1836

Streit, W. J., Braak, H., Xue, Q. S., and Bechmann, I. (2009). Dystrophic (senescent)
rather than activated microglial cells are associated with tau pathology and
likely precede neurodegeneration in Alzheimer’s disease. Acta Neuropathol. 118,
475–485. doi: 10.1007/s00401-009-0556-6

Sudom, A., Talreja, S., Danao, J., Bragg, E., Kegel, R., Min, X., et al. (2018).
Molecular basis for the loss-of-function effects of the Alzheimer’s disease-
associated R47H variant of the immune receptor TREM2. J. Biol. Chem. 293,
12634–12646. doi: 10.1074/jbc.RA118.002352

Sundaram, J. R., Chan, E. S., Poore, C. P., Pareek, T. K., Cheong, W. F.,
Shui, G., et al. (2012). Cdk5/p25-induced cytosolic PLA2-mediated
lysophosphatidylcholine production regulates neuroinflammation and triggers
neurodegeneration. J. Neurosci. 32, 1020–1034. doi: 10.1523/JNEUROSCI.
5177-11.2012

Suo, Z., Cox, A. A., Bartelli, N., Rasul, I., Festoff, B. W., Premont, R. T., et al. (2007).
GRK5 deficiency leads to early Alzheimer-like pathology and working memory
impairment. Neurobiol. Aging 28, 1873–1888. doi: 10.1016/j.neurobiolaging.
2006.08.013

Swanson, K. V., Deng, M., and Ting, J. P. (2019). The NLRP3 inflammasome:
molecular activation and regulation to therapeutics. Nat. Rev. Immunol. 19,
477–489. doi: 10.1038/s41577-019-0165-0

Takalo, M., Wittrahm, R., Wefers, B., Parhizkar, S., Jokivarsi, K., Kuulasmaa, T.,
et al. (2020). The Alzheimer’s disease-associated protective Plcγ2-P522R variant
promotes immune functions. Mol. Neurodegen. 15:52. doi: 10.1186/s13024-
020-00402-7

Takata, K., Kitamura, Y., Saeki, M., Terada, M., Kagitani, S., Kitamura, R.,
et al. (2010). Galantamine-induced amyloid-{beta} clearance mediated via
stimulation of microglial nicotinic acetylcholine receptors. J. Biol. Chem. 285,
40180–40191. doi: 10.1074/jbc.M110.142356

Tam, W. Y., and Ma, C. H. E. (2014). Bipolar/rod-shaped microglia are proliferating
microglia with distinct M1/M2 phenotypes. Sci. Rep. 4:7279. doi: 10.1038/
srep07279

Tam, W. Y., Au, N. P., and Ma, C. H. (2016). The association between laminin
and microglial morphology in vitro. Sci. Rep. 6:28580. doi: 10.1038/srep
28580

Tang, Y., and Le, W. (2016). Differential Roles of M1 and M2 Microglia in
Neurodegenerative Diseases. Mol. Neurobiol. 53, 1181–1194. doi: 10.1007/
s12035-014-9070-5

Taylor, S. E., Morganti-Kossmann, C., Lifshitz, J., and Ziebell, J. M. (2014). Rod
microglia: a morphological definition. PLoS One 9:e97096. doi: 10.1371/journal.
pone.0097096

Tsai, A. P., Lin, P. B.-C., Dong, C., Moutinho, M., Casali, B. T., Liu, Y., et al. (2021).
INPP5D expression is associated with risk for Alzheimer’s disease and induced
by plaque-associated microglia. Neurobiol. Dis. 153:105303. doi: 10.1016/j.nbd.
2021.105303

Underhill, D. M., and Goodridge, H. S. (2007). The many faces of ITAMs. Trends
Immunol. 28, 66–73. doi: 10.1016/j.it.2006.12.004

Van Zeller, M., Dias, D., Sebastiao, A. M., and Valente, C. A. (2021). NLRP3
Inflammasome: A Starring Role in Amyloid-beta- and Tau-Driven Pathological
Events in Alzheimer’s Disease. J. Alzheimers Dis. 83, 939–961. doi: 10.3233/JAD-
210268

VanGuilder, H. D., Bixler, G. V., Brucklacher, R. M., Farley, J. A., Yan, H.,
Warrington, J. P., et al. (2011). Concurrent hippocampal induction of MHC II
pathway components and glial activation with advanced aging is not correlated
with cognitive impairment. J. Neuroinflam. 8:138. doi: 10.1186/1742-2094-8-
138

Frontiers in Aging Neuroscience | www.frontiersin.org 19 May 2022 | Volume 14 | Article 896852

https://doi.org/10.1146/annurev.med.47.1.387
https://doi.org/10.1016/j.expneurol.2020.113506
https://doi.org/10.1038/nn.3697
https://doi.org/10.1016/j.celrep.2019.03.099
https://doi.org/10.1016/j.neurobiolaging.2009.10.009
https://doi.org/10.5582/irdr.2017.01073
https://doi.org/10.1212/wnl.43.8.1467
https://doi.org/10.2353/ajpath.2006.060002
https://doi.org/10.2353/ajpath.2006.060002
https://doi.org/10.1016/j.neurobiolaging.2008.01.014
https://doi.org/10.1016/j.neurobiolaging.2008.01.014
https://doi.org/10.1186/s12964-015-0119-5
https://doi.org/10.1186/s12964-015-0119-5
https://doi.org/10.1038/s41582-019-0205-1
https://doi.org/10.1038/ni.2639
https://doi.org/10.1038/ni.2639
https://doi.org/10.1016/j.jalz.2015.06.1893
https://doi.org/10.1016/j.jalz.2015.06.1893
https://doi.org/10.1002/glia.20468
https://doi.org/10.1186/s40478-020-01099-x
https://doi.org/10.1007/978-3-642-50703-8_1
https://doi.org/10.1007/978-3-642-50703-8_1
https://doi.org/10.3389/fnagi.2017.00194
https://doi.org/10.3389/fnagi.2017.00194
https://doi.org/10.1016/j.celrep.2020.107843
https://doi.org/10.1016/j.celrep.2020.107843
https://doi.org/10.1038/ni.1836
https://doi.org/10.1038/ni.1836
https://doi.org/10.1007/s00401-009-0556-6
https://doi.org/10.1074/jbc.RA118.002352
https://doi.org/10.1523/JNEUROSCI.5177-11.2012
https://doi.org/10.1523/JNEUROSCI.5177-11.2012
https://doi.org/10.1016/j.neurobiolaging.2006.08.013
https://doi.org/10.1016/j.neurobiolaging.2006.08.013
https://doi.org/10.1038/s41577-019-0165-0
https://doi.org/10.1186/s13024-020-00402-7
https://doi.org/10.1186/s13024-020-00402-7
https://doi.org/10.1074/jbc.M110.142356
https://doi.org/10.1038/srep07279
https://doi.org/10.1038/srep07279
https://doi.org/10.1038/srep28580
https://doi.org/10.1038/srep28580
https://doi.org/10.1007/s12035-014-9070-5
https://doi.org/10.1007/s12035-014-9070-5
https://doi.org/10.1371/journal.pone.0097096
https://doi.org/10.1371/journal.pone.0097096
https://doi.org/10.1016/j.nbd.2021.105303
https://doi.org/10.1016/j.nbd.2021.105303
https://doi.org/10.1016/j.it.2006.12.004
https://doi.org/10.3233/JAD-210268
https://doi.org/10.3233/JAD-210268
https://doi.org/10.1186/1742-2094-8-138
https://doi.org/10.1186/1742-2094-8-138
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-896852 May 24, 2022 Time: 11:56 # 20

Xu et al. Microglia Diversity in Alzheimer’s Disease

Vargas, D. M., De Bastiani, M. A., Zimmer, E. R., and Klamt, F. (2018). Alzheimer’s
disease master regulators analysis: search for potential molecular targets and
drug repositioning candidates. Alzheimers Res. Ther. 10:59. doi: 10.1186/
s13195-018-0394-7

Venegas, C., Kumar, S., Franklin, B. S., Dierkes, T., Brinkschulte, R., Tejera, D.,
et al. (2017). Microglia-derived ASC specks cross-seed amyloid-β in Alzheimer’s
disease. Nature 552, 355–361. doi: 10.1038/nature25158

Walsh, D. M., and Selkoe, D. J. (2020). Amyloid beta-protein and beyond: the
path forward in Alzheimer’s disease. Curr. Opin. Neurobiol. 61, 116–124. doi:
10.1016/j.conb.2020.02.003

Wang, H., Kulas, J. A., Wang, C., Holtzman, D. M., Ferris, H. A., and Hansen, S. B.
(2021). Regulation of beta-amyloid production in neurons by astrocyte-derived
cholesterol. Proc. Natl. Acad. Sci. U S A. 118:e2102191118. doi: 10.1073/pnas.
2102191118

Wang, Y., Cella, M., Mallinson, K., Ulrich, J. D., Young, K. L., Robinette, M. L., et al.
(2015a). TREM2 lipid sensing sustains the microglial response in an Alzheimer’s
disease model. Cell 160, 1061–1071.

Wang, Y., Cella, M., Mallinson, K., Ulrich, J. D., Young, K. L., Robinette, M. L.,
et al. (2015b). TREM2 Lipid Sensing Sustains the Microglial Response in an
Alzheimer’s Disease Model. Cell 160, 1061–1071.

Wang, Y., Ulland, T. K., Ulrich, J. D., Song, W., Tzaferis, J. A., Hole, J. T.,
et al. (2016). TREM2-mediated early microglial response limits diffusion and
toxicity of amyloid plaques. J. Exp. Med. 213, 667–675. doi: 10.1084/jem.201
51948

Wierzba-Bobrowicz, T., Gwiazda, E., Kosno-Kruszewska, E., Lewandowska,
E., Lechowicz, W., Bertrand, E., et al. (2002). Morphological
analysis of active microglia–rod and ramified microglia in
human brains affected by some neurological diseases (SSPE,
Alzheimer’s disease and Wilson’s disease). Folia. Neuropathol. 40,
125–131.

Wilton, D. K., Dissing-Olesen, L., and Stevens, B. (2019). Neuron-Glia Signaling in
Synapse Elimination. Annu. Rev. Neurosci. 42, 107–127. doi: 10.1146/annurev-
neuro-070918-050306

Wißfeld, J., Nozaki, I., Mathews, M., Raschka, T., Ebeling, C., Hornung, V.,
et al. (2021). Deletion of Alzheimer’s disease-associated CD33 results in an
inflammatory human microglia phenotype. Glia 69, 1393–1412. doi: 10.1002/
glia.23968

World Health Organization. (2020). Dementia fact sheet World Health
Organization. Geneve, Switzerland: WHO Press.

Wu, X., and Reddy, D. S. (2012). Integrins as receptor targets for neurological
disorders. Pharmacol. Ther. 134, 68–81. doi: 10.1016/j.pharmthera.2011.12.008

Xu, W., Tan, L., Wang, H.-F., Jiang, T., Tan, M.-S., Tan, L., et al. (2015). Meta-
analysis of modifiable risk factors for Alzheimer’s disease. J. Neurol. Neurosurg.
Psychiatr. 86, 1299–1306. doi: 10.1136/jnnp-2015-310548

Yamaguchi, T., Hamano, T., Sada, K., Kanaan, N. M., Sasaki, H., Yen, S. H., et al.
(2020). Syk inhibitor reduces oligomeric tau associated with GSK3β inactivation
and autophagy activation: Molecular and cell biology/tau. Alzheimer’s Dement.
16:e042633.

Yuan, P., Condello, C., Keene, C. D., Wang, Y., Bird, T. D., Paul, S. M.,
et al. (2016b). TREM2 Haplodeficiency in Mice and Humans Impairs the
Microglia Barrier Function Leading to Decreased Amyloid Compaction and
Severe Axonal Dystrophy. Neuron 92, 252–264. doi: 10.1016/j.neuron.2016.
09.016

Yuan, P., Condello, C., Keene, C. D., Wang, Y., Bird, T. D., Paul, S. M., et al. (2016a).
TREM2 Haplodeficiency in Mice and Humans Impairs the Microglia Barrier
Function Leading to Decreased Amyloid Compaction and Severe Axonal
Dystrophy. Neuron 90, 724–739. doi: 10.1016/j.neuron.2016.05.003

Zhou, Y., Song, W. M., Andhey, P. S., Swain, A., Levy, T., Miller, K. R., et al. (2020).
Human and mouse single-nucleus transcriptomics reveal TREM2-dependent
and TREM2-independent cellular responses in Alzheimer’s disease. Nat. Med.
26, 131–142.

Ziebell, J. M., Taylor, S. E., Cao, T., Harrison, J. L., and Lifshitz, J. (2012).
Rod microglia: elongation, alignment, and coupling to form trains across the
somatosensory cortex after experimental diffuse brain injury. J. Neuroinflam.
9:247. doi: 10.1186/1742-2094-9-247

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 Xu, Au and Ma. 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.

Frontiers in Aging Neuroscience | www.frontiersin.org 20 May 2022 | Volume 14 | Article 896852

https://doi.org/10.1186/s13195-018-0394-7
https://doi.org/10.1186/s13195-018-0394-7
https://doi.org/10.1038/nature25158
https://doi.org/10.1016/j.conb.2020.02.003
https://doi.org/10.1016/j.conb.2020.02.003
https://doi.org/10.1073/pnas.2102191118
https://doi.org/10.1073/pnas.2102191118
https://doi.org/10.1084/jem.20151948
https://doi.org/10.1084/jem.20151948
https://doi.org/10.1146/annurev-neuro-070918-050306
https://doi.org/10.1146/annurev-neuro-070918-050306
https://doi.org/10.1002/glia.23968
https://doi.org/10.1002/glia.23968
https://doi.org/10.1016/j.pharmthera.2011.12.008
https://doi.org/10.1136/jnnp-2015-310548
https://doi.org/10.1016/j.neuron.2016.09.016
https://doi.org/10.1016/j.neuron.2016.09.016
https://doi.org/10.1016/j.neuron.2016.05.003
https://doi.org/10.1186/1742-2094-9-247
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Functional and Phenotypic Diversity of Microglia: Implication for Microglia-Based Therapies for Alzheimer's Disease
	Introduction
	Microglial Activation and Neuroinflammation in the Aging Brain
	Microglial Activation in the Pathogenesis of Alzheimer's Disease
	Disease-Associated Microglia and Its Involvement in the Pathogenesis of Alzheimer's Disease
	TREM2-DAP12 Signaling Pathway in Alzheimer's Disease
	Bipolar/Rod-Shaped Microglia in Alzheimer's Disease
	Microglia-Related Risk Factors for Late-Onset Alzheimer's Disease
	Future Perspective: Therapeutic Interventions Targeting Microglial Activation and Alzheimer's Disease Pathogenesis
	Author Contributions
	Funding
	References


