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Pathogenesis, therapeutic strategies 
and biomarker development based on “omics” 
analysis related to microglia in Alzheimer’s 
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Abstract 

Alzheimer’s disease (AD) is the most common neurodegenerative disease and the most common cause of dementia. 
Among various pathophysiological aspects, microglia are considered to play important roles in the pathogenesis 
of AD. Genome wide association studies (GWAS) showed that the majority of AD risk genes are highly or exclusively 
expressed in microglia, underscoring the critical roles of microglia in AD pathogenesis. Recently, omics technologies 
have greatly advanced our knowledge of microglia biology in AD. Omics approaches, including genomics, epigenom-
ics, transcriptomics, proteomics, and metabolomics/lipidomics, present remarkable opportunities to delineate the 
underlying mechanisms, discover novel diagnostic biomarkers, monitor disease progression, and shape therapeutic 
strategies for diseases. In this review, we summarized research based on microglial “omics” analysis in AD, especially 
the recent research advances in the identification of AD-associated microglial subsets. This review reinforces the 
important role of microglia in AD and advances our understanding of the mechanism of microglia in AD pathogen-
esis. Moreover, we proposed the value of microglia-based omics in the development of therapeutic strategies and 
biomarkers for AD.
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Background
Alzheimer’s disease (AD) is the most common neuro-
degenerative disease and the most common cause of 
dementia [1]. AD is manifested by memory decline at the 
early stage and by more severe global cognitive impair-
ments with disease progression. Eventually individuals 
become bed-bound and require round-the-clock care. 
However, we still lack effective therapy strategies. The 
main pathological manifestations of AD include amyloid 

plaques formed by the deposition of amyloid β (Aβ), neu-
rofibrillary tangles caused by abnormal accumulation of 
the tau protein, decreased numbers of synapses, and neu-
ronal death in the brain [2].

Previous studies have found that many activated 
microglia are clustered in close proximity to Aβ plaques 
in various brain regions (including the cerebral cortex 
and hippocampus) of AD mice and human postmortem 
cases [3, 4]. However, these observations do not indicate 
whether microglia accumulation around the plaques is a 
cause of the disease or if AD pathology elicits a second-
ary response by microglia. Recently, genome wide asso-
ciation studies (GWAS) showed that the majority of AD 
risk genes were highly or exclusively expressed in brain 
microglia [5]. The R47H variant of triggering receptor 
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expressed on myeloid cells 2 (TREM2) increased the risk 
of developing AD by approximately 2- to 4- fold [6, 7], 
similar to what has been found in patients with one copy 
of APOE (encoding apolipoprotein E (APOE) ε4). Muta-
tions in other microglial genes, such as CR1 (encoding 
complement C3b/C4b receptor 1 (Knops Blood Group)), 
CD33, and MS4A6A (encoding membrane spanning 
4-domains A6A), were associated with modest risk of 
AD [5]. Additionally, gene expression network analysis 
supported the involvement of microglia in the develop-
ment and progression of AD [5]. Collectively, the above 
evidence suggests that microglia are critically involved 
in the pathogenesis of AD, as opposed to being merely 
a consequence of the response, suggesting microglia as 
potential therapeutic targets.

Microglia, the resident macrophages of the central 
nervous system (CNS), perform dynamic surveillance of 
their microenvironment via their specific receptor rep-
ertoire [8]. Microglia maintain homeostasis by phagocy-
tosis to remove cellular debris, dying cells, or misfolded 
proteins [9]. Microglia could also utilize somatic micro-
glia-neuron junctions to monitor and protect neuron 
functions [10]. However, microglia are a double-edged 
sword in AD [11]. On the one hand, microglia phagocy-
tose Aβ and promote Aβ clearance. On the other hand, 
persistent production of Aβ and its effects on microglia 
promote Aβ deposition. Aβ-induced pro-inflammatory 
factors attenuate the ability of microglia to scavenge Aβ 
[11]. Moreover, Aβ induces activation of the NACHT-, 
LRR- and pyrin (PYD)-domain-containing protein 3 
(NLRP3) inflammasome in microglia, which further 
promotes the formation and release of apoptosis-asso-
ciated speck-like protein containing a caspase activation 
and recruitment domain (CARD) (ASC) specks. ASC 
specks bind to and cross-seed Aβ after being released 
from microglia, leading to amyloid seeding and spread-
ing of amyloid pathology [12]. Similarly, the interac-
tion of microglia and tau is also a double-edged sword. 
Microglia can recognize, engulf, degrade, and clear tau. 
However, when activated, pro-inflammatory microglia 
increase tau phosphorylation, and facilitate tau propa-
gation by either trans-synaptic propagation through 
anatomically connected synapses or via endocytosis 
and exocytosis [13, 14]. It is argued that microglia play 
different roles at different stages of disease progres-
sion. Microglia might play a protective role to promote 
misfolded protein clearance in the early stage, and then 
progress into an irritated state that ultimately becomes 
deleterious [11]. Additionally, activated microglia medi-
ate synapse loss by engulfment of synapses via a com-
plement-dependent mechanism [15]. However, although 
studies have emphasized the importance of microglia in 
AD, our understanding of microglia is still insufficient, 

which has hindered the development of microglia-target-
ing therapeutic strategies.

Previously, microglia were classified into two opposite 
types, the M1 pro-inflammatory phenotype and the M2 
anti-inflammatory phenotype, in response to different 
stimuli in the microenvironment [16–18]. M1 micro-
glia, activated mainly by pathogens and pro-inflamma-
tory factors such as lipopolysaccharide (LPS) and tumor 
necrosis factor, could release inflammatory cytokines 
and chemokines, resulting in inflammation and neu-
ronal death. In contrast, M2 microglia are activated by 
anti-inflammatory factors (e.g., Interleukin (IL)-4, IL-13), 
leading to the reintroduction of environmental homeo-
stasis and promoting tissue repair [16–18]. However, in 
recent years, the utility of the M1/M2 classification has 
been questioned, and the terms M1 and M2 seem to be 
outdated because they fail to capture the complexity of 
microglial responses to aging, injury, and disease, and 
even single stimuli can induce both M1 and M2 responses 
[19]. It is argued that research has not established micro-
glial polarization [19]. Previously, the ontogeny and func-
tional significance of microglia was not well understood, 
and the M1/M2 classification was used, which simpli-
fied the data interpretation. Lately, omics analysis com-
bined with single-cell technology helped to identify the 
dynamic changes and heterogeneity of microglia during 
disease progression. In addition omics technologies have 
greatly advanced our knowledge of microglia biology in 
AD. In particular, single-cell RNA sequencing (scRNA-
seq) and single-nuclei RNA sequencing (snRNA-seq) 
analyses have identified special AD-associated micro-
glial subsets in both mouse models and human patient 
specimens [20, 21]. For example, recent studies have a 
discovered disease-associated microglia (DAM) sub-
set, which is localized near Aβ plaques, participating in 
Aβ clearance [21], and a white matter-associated micro-
glia (WAM) subset, which frequently cluster in nodules 
within the white matter, in which they clear degener-
ated myelin [22]. Boche et al. reviewed significant recent 
findings regarding the phenotypic diversity of microglial 
cells in healthy, aging, and AD brains [23]. The findings 
implied that the transition from homeostatic microglia 
to pathological microglia is a dynamic and continuous 
process involving morphology, motility, metabolism, and 
proliferation changes [23, 24]. Thus the terminology M1/
M2 phenotype should be discarded and microglial states 
should be defined by their intrinsic and extrinsic deter-
minants, spatiotemporal context, and across multiple 
omics layers from the genome, transcriptome, and pro-
teome to the metabolome.

In this review, research based on “omics” analysis 
related to microglia, including genomics, transcriptom-
ics, proteomics, and metabolomics/lipidomics, in AD will 
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be discussed. The findings of these omics studies rein-
force the important role of microglia in AD and provide 
a deeper understanding of the underlying mechanism of 
microglia in AD, which will help to develop new thera-
peutic strategies and find biomarkers to monitor disease 
progression (Fig. 1).

Clues to the pathogenesis of AD based on “omics” 
analysis related to microglia
Genomics
GWAS have identified more than 40 loci associated with 
AD [25]. AD risk alleles are specifically enriched in active 
enhancers of microglia, monocytes, and macrophages 
[26, 27].  Notably, many of these AD-associated genes 
(including TREM2, MS4As, ABCA7 (encoding ATP bind-
ing cassette subfamily A member 7), CD33, and CR1) are 

expressed in microglia [5], suggesting that the change of 
microglial gene expression is involved in the pathogenesis 
of AD. These AD risk genes that are expressed in micro-
glia have been reviewed in detail previously [5]. Here, we 
briefly introduced the risk genes supported by relatively 
more evidence (Fig. 2).

TREM2
TREM2 is expressed highly and exclusively in microglia 
in the brain [28]. TREM2 suppresses pro-inflammatory 
cytokine production, facilitates phagocytosis following 
injury or insult, enhances myeloid cell proliferation, 
and reduces cell death, which imply multi-faceted roles 
of TREM2 in maintaining homeostasis in the CNS [29]. 
Studies of genetic risk for sporadic AD have suggested 
that coding variants TREM2 R47H (rs75932628) [6, 7] 

Fig. 1 Schematic indicating application of microglial omics in AD. This schematic shows that omics approaches, including genomics, epigenomics, 
transcriptomics, proteomics, and metabolomics/lipidomics, can be used to delineate the underlying mechanisms of microglia in AD, which is 
helpful to develop new therapeutic strategies and identify biomarkers to monitor disease progression
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and R62H (rs143332484) [30] are associated with late-
onset AD (LOAD). The studies showed that the rare 
R47H variant of TREM2 increased AD risk by approxi-
mately 2- to fourfold [6, 7], which was comparable to 
the effect of the ε4 allele of APOE on the risk of spo-
radic AD. Patients with AD carrying the TREM2-R47H 
or TREM2-R62H variant showed defective microglial 
transcriptional activation and a less evident reactive 
phenotype [31]. As for the underlying mechanism, 
microglial TREM2 binds to Aβ, APOE, and various 
lipids. After binding, TREM2 interacts with the immu-
noreceptor tyrosine-based activation motif (ITAM) in 

DNAX-activating protein of 12 kDa (DAP12), initiating 
the recruitment and phosphorylation of spleen tyrosine 
kinase (SYK) [32]. Furthermore, downstream signaling 
pathways including, nuclear factor kappa b (NF-κB) 
and phosphatidylinositol-4,5-bisphosphate 3-kinase 
(PI3K), were activated, which led to a change in the 
phagocytosis, proliferation, and cell differentiation of 
microglia [33]. In the APP/PS1 transgenic mouse model 
of AD with Trem2 knockout or Trem2 p.T66M muta-
tion, the loss of TREM2 function resulted in impaired 
microglia phagocytosis ability for Aβ clearance and 
increased amyloid seeding [34].

Fig. 2 Alzheimer risk genes implicate microglial pathways in AD pathogenesis. (1) TREM2 on microglia binds to extracellular Aβ, ApoE, and 
lipids, and then interacts with the ITAM in DAP12. This process recruits and phosphorylates SYK. Furthermore, the downstream signaling 
pathways, including PI3K, are activated and lead to the expression of certain genes, which changes microglial phagocytosis, proliferation, and 
cell differentiation. (2) MS4As affect the release of sTREM2 and might sense the change of pathological lipids as chemical sensors in combination 
with TREM2. (3) ABCA7 conserves the function of lipid transport and might transport ApoE in AD. In addition, ABCA7 inhibits Aβ generation and 
promotes the clearance of Aβ. (4) The ITIM of CD33 combines with SHP, which inhibits the phosphorylation of SYK and the downstream signaling 
pathways. Furthermore, amyloid plaques decorated by glycoproteins or glycolipids might activate CD33 signaling and then be masked against 
microglial recognition. (5) CR1 in microglia is involved in the dysregulation of synaptic pruning in AD. However, it also accelerates the clearance 
of Aβ by complement-mediated phagocytosis. TREM2 triggering receptor expressed on myeloid cells 2, Aβ amyloid β, ApoE apolipoprotein E, 
ITAM immunoreceptor tyrosine-based activation motif, Syk spleen tyrosine kinase, ITIM immunoreceptor tyrosine-based inhibitory motif, MS4A 
membrane-spanning 4-domains subfamily A, sTREM2 soluble TREM2, ABCA7 ATP-binding cassette transporter A7, CR1 complement receptor 1
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Membrane‑spanning 4‑domains subfamily A (MS4A)
GWAS reported the association between variants of 
MS4A genes and the risk of AD [35]. A meta-analysis fur-
ther revealed that the rs610932 G allele and rs670139 T 
allele increased AD susceptibility both in Caucasian and 
Asian populations, while rs670139 had no association 
with AD using genetic models (additive, dominant, and 
recessive models) in an Asian population [36]. Besides, 
GWAS found that AD-associated variants rs1582763 
(an intergenic variant nearest MS4A4A) and rs6591561 
(MS4A4A p.M159V) were associated with cerebrospi-
nal fluid (CSF) soluble TREM2 (sTREM2) concentra-
tions, which was validated in an independent dataset 
[37]. An in vitro study found that an antibody targeting 
MS4A4A significantly reduced sTREM2 concentrations 
in macrophage cultures [37], which provided a mecha-
nistic explanation of the MS4A genetic association with 
AD risk. In addition to TREM2 and MS4A4A, MS4A6A 
is also exclusively expressed in microglia in the CNS [37]. 
GWAS identified that rs7232 in MS4A6A was associated 
with CSF sTREM2 levels [38], reinforcing the view that 
MS4As are involved in the regulation of sTREM2. How-
ever, functional studies did not find that MS4A6A could 
modify sTREM2 [37]. Considering their function, both 
TREM2 and MS4As sense the lipids in the micro-envi-
ronment; therefore, it was hypothesized that microglia 
detected the environmental changes of chemical mol-
ecules through MS4As in combination with TREM2 [39].

ATP‑binding cassette transporter A7 (ABCA7)
Several variants in ABCA7 are associated with AD, as 
identified in GWAS and meta-analyses [35, 40, 41]. Some 
studies found that decreased expression of ABCA7 was 
associated with increased risk of developing AD [42–45]. 
Notably, ABCA7 conserves the function of lipid trans-
port activity [46]. The loss of ABCA7 function might 
contribute to AD pathogenesis by altering proper micro-
glia responses to acute inflammatory challenges [47], 
disturbing amyloid processing [48], and accelerating Aβ 
generation [49].

CD33
Polymorphisms of CD33 regulate AD susceptibility and 
Aβ pathology of LOAD [50–55]. Large scale GWAS iden-
tified that rs3865444C was a common allele (> 70%) and 
was associated with an increased risk of AD [51, 55–57]. 
This allele produces more full-length CD33 [52–54] and 
contributes to more severe cognitive deficits in AD [58]. 
In contrast, the minor A allele of rs3865444 (rs3865444A) 
decreases the expression of CD33 and increases the pro-
portion of short isoform of CD33, which lacks exon 2, 

conferring protection against AD [52–54]. In the brain, 
CD33 is exclusively expressed by microglia and infiltrat-
ing macrophages [52, 53]; therefore, the effects of CD33 
on microglia may be critical to the role of CD33-medi-
ated regulation of AD susceptibility. Increased CD33 
expression in microglia impeded the clearance of Aβ by 
inhibiting microglial phagocytosis [52]. Previous stud-
ies indicated several mechanism. Firstly, TREM2 medi-
ates microglial phagocytosis [33] by interacting with the 
ITAM in DAP12, leading to recruitment and phospho-
rylation of SYK [32], while CD33 activates the tyrosine-
protein phosphatases SHP-1 and SHP-2 [59], which may 
dephosphorylate SYK; therefore, CD33 potentially antag-
onizes phagocytic signaling by TREM2. Secondly, full-
length CD33 contains an IgV domain that is not present 
in the short isoform and the IgV domain is crucial for 
CD33 to suppress amyloid fragment uptake [28]. Thirdly, 
CD33 might interact with other microglial AD risk fac-
tors to influence microglial phagocytosis. For example, 
TREM2 and CD33 are microglial receptors and TREM2 
acts downstream of CD33 in modulating the microglial 
phenotype in AD [60]. The loss of CD33 attenuated Aβ 
pathology and improved cognition in 5 × FAD mice (mice 
expressing human APP and PSEN1 transgenes with five 
AD-linked mutations) is dependent on TREM2 signaling 
[60]. Taken together, polymorphisms of CD33 modulate 
the expression level of CD33 and the ratio of full-length 
CD33 to short isoform CD33, which in turn alters the 
phagocytic capacity of microglia, ultimately exerting del-
eterious or protective effects in AD.

Complement receptor 1 (CR1)
Multiple GWAS implied that several single nucleo-
tide polymorphisms (SNPs) within or around CR1 
were associated with LOAD [61–63]. Some studies 
showed that CR1 polymorphisms increased the risk of 
LOAD [64–67]. In the periphery, CR1 is expressed on 
immune-related cells in the blood and binds to frag-
ments of complements to activate the complement cas-
cade. Previous studies reported that CR1 could also be 
found in microglia in the human brain [68]. CR1 pro-
motes the clearance of Aβ through microglial phagocy-
tosis mediated by complements [69–71]. Additionally, 
CR1 might play a role in excess synaptic pruning in AD. 
Evidence showed that direct opsonization and elimi-
nation of synapses by C1q is likely mediated through 
CR1 [72] and C1q-mediated synaptic pruning is inap-
propriately activated, leading to excess synapse loss in 
AD [73]. Besides, CR1 is widely expressed in many cell 
types both in the periphery and in the brain; therefore, 
it is possible that the role of CR1 in LOAD could be 
mediated by other pathways besides microglia.
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Bridging Integrator 1 (BIN1)
GWAS has identified BIN1 as a significant genetic risk 
factor locus for LOAD [40, 74]. Bin1 was highly expressed 
in microglia of wild-type mice and mouse models of AD 
pathology, as measured by quantitative mass spectrom-
etry [75–77]. The BIN1 enhancer region contains the 
AD-risk variant rs6733839, which has the second high-
est AD-risk score after APOE. CRISPR/Cas9-mediated 
deletion of the BIN1 enhancer ablated BIN1 expression 
in human pluripotent stem cell (PSC)-derived microglia, 
but not in human PSC-derived neurons and astrocytes 
[27]. This finding that the most significant GWAS risk 
allele associated with BIN1 resides in a microglia-specific 
enhancer indicates that abnormal expression of BIN1 in 
microglia is probably associated with AD pathogenesis. 
Mechanistically, BIN1 is a key regulator of microglia 
activation and the proinflammatory response. In  vitro 
and in  vivo studies involving silencing Bin1 expression 
in primary mouse microglia found that BIN1 regulated 
the activation of proinflammatory responses upstream 
of Apoe, Trem2, and Tyrobp (encoding TYRO protein 
tyrosine kinase binding protein), and upstream of Pu.1 
(encoding Spi-1 proto-oncogene) and Irf1 (encoding 
interferon regulatory factor 1), which mediated the tran-
sition to DAM [78]. Conditional knockout of microglial 
Bin1 mitigated LPS-mediated proinflammatory activa-
tion and the DAM gene expression profile in mice. BIN1 
was also found to regulate inflammation-induced expres-
sion of Ifitm3 [78], an interferon-response gene encod-
ing interferon induced transmembrane protein 3, which 
plays a role in microglial inflammatory responses to AD 
pathology [79]. LPS-induced upregulation of Ifitm3 was 
significantly impaired in the absence of Bin1 expression 
[78]. Additionally, BIN1 overexpression facilitated the 
release of tau via extracellular vesicles in vitro and aggra-
vated tau pathology in vivo. Bin1 knockout in the micro-
glia of male mice significantly reduced the expression of 
heat-shock proteins, which were previously implicated in 
tau proteostasis, suggesting that microglial BIN1 might 
also affect tau clearance [80]. Taken together, BIN1 is 
involved in AD pathogenesis by regulating microglia acti-
vation and proinflammatory response, altering tau clear-
ance, and promoting release of tau-enriched extracellular 
vesicles by microglia.

PU.1
SPI1 encodes PU.1, a transcription factor critical for mye-
loid cell development in the brain and periphery [81, 82]. 
In the brain, PU.1 is specifically expressed in microglia 
and recent evidence from GWAS suggests that the minor 
allele of rs1057233 (G), which lowers the expression of 
PU.1, showed association with delayed AD onset [83]. 
Experimentally altered PU.1 levels affected the expression 

of many AD-associated microglial genes involved in the 
innate and adaptive immune systems [83, 84], indicating 
that PU.1 is a key hub protein in regulating the microglial 
immune response in AD pathogenesis. PU.1 is required 
for microglial activation in response to neurodegenera-
tion. Mechanistically, PU.1 and insulin response factor 
8 (IRF8) were upregulated during microglial activation 
by directly targeting each other’s gene transcription in 
a positive feedback loop. PU.1 cooperates with IRF8 to 
bind to the composite IRF-ETS motifs that are specifi-
cally enriched on microglial activation-related genes [85]. 
Hence, PU.1 is implicated in the central transcriptional 
mechanism of microglial activation in response to neuro-
degenerative conditions.

Phospholipase C gamma 2 (PLCG2)
Recent identification of the rare LOAD-protective vari-
ant (rs72824905, p.P522R) has established PLCG2 as a 
new AD-linked gene [86]. PLCG2, encodes thephospho-
lipase C gamma 2 (PLCγ2) enzyme, which catalyzes the 
conversion of membrane phospholipid PIP2 (1-phos-
phatidyl-1D-myo-inositol 4,5-bisphosphate) into IP3 
(myo-inositol 1,4,5-trisphosphate) and DAG (diacyl-glyc-
erol). In turn, IP3 and DAG regulate microglial phagocy-
tosis, cytokine production, and survival [87]. PLCG2 is 
upregulated in the brains of patients with LOAD and in 
5 × FAD mice [88]. The expression level of PLCG2 cor-
related significantly and positively with amyloid plaque 
density [88]. PLCγ2 is expressed specifically in microglia 
within the CNS, acting as downstream effector of Toll-
like receptors to mediate inflammatory responses [89]. 
PLCγ2 also acts downstream of TREM2-DAP12 sign-
aling via interaction with SYK, thus mediating cell sur-
vival, phagocytosis, processing of neuronal debris, and 
lipid metabolism [89]. A PLCγ2-P522R knock-in mouse 
model was established to assess the role of the protective 
variant in immune cells, which showed that the PLCγ2-
P522R variant promoted microglial immune functions 
[90]. Besides, the PLCγ2-P522R variant increases the 
capacity of human microglia to present antigens and pro-
moted the recruitment of CD8 + T cells to the brain in 
AD mouse models [91]; however, the role of the PLCγ2-
P522R variant in the crosstalk between microglia and T 
cells in AD requires further study.

Notably, AD-risk variant SNPs do not always affect the 
function of their closest genes. In fact, some enhancer-
located SNPs influence the expression of surrounding or 
distant genes by contacting gene promoters and regu-
lating specific transcription factor activities via chro-
matin higher-order structures [92]. Moreover, in AD, 
some of these three-dimensional interaction-dependent 
extended gene regulation networks between enhancers 
and promotors are microglia specific [27]. For instance, 
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the SLC24A4 locus (encoding solute carrier family 24 
member 4), includes AD-risk variants that were linked 
to the proximal active promoters of ATXN3, TRIP11, and 
CPSF2, but not to SLC24A4 via chromatin loops. Another 
example is that AD-risk variant rs6733839 is located in 
the BIN1 enhancer, which interacts with the BIN1 pro-
moter by chromatin conformation changes. Deletion of 
the BIN1 enhancer harboring AD-risk variant rs6733839 
ablated BIN1 expression in microglia but not in neurons 
or astrocytes [27].

Overall, many AD risk genes are highly expressed in 
microglia and participate in multiple levels of microglia 
functions, such as microglia activation, toxic protein 
clearance by microglia, synaptic pruning of microglia, 
and dynamic surveillance of the microenvironment. 
These risk genes might have tight functional connections 
and work together to regulate microglia responses. More-
over, those AD risk genes that are expressed in microglia 
could also have impact on other AD risk genes that are 
not expressed in microglial cells, for example, a mutated 
SORL1 allele, encoding the sortilin related receptor 1 
R744X mutant, induced TREM2 expression to enhance 
APOE expression [93]. Gene coexpression networks that 
are enriched with genetic signals and are involved in the 
immune response for AD have been identified. Some 
investigators have used gene networks and computa-
tional drug repositioning analyses to screen candidate 
drugs for AD therapy [94]. Moreover, gene coexpression 
networks can link biological pathways to specific patho-
logical changes, e.g., some AD related risk genes deter-
mine the microglial response to Aβ [95].

Epigenomics
Epigenetic studies investigate the mechanisms that mod-
ify the expression levels of genes at the transcriptional 
level. There is growing evidence for the prominent role 
of DNA methylation in AD [96]. A meta-analysis includ-
ing 1030 prefrontal cortex samples from four independ-
ent cohorts found that 3751 CpGs and 119 differentially 
methylated regions (DMRs) were significantly associated 
with AD Braak stage [97]. The most significant DMR was 
in the promoter region of the MEF2-activating motif 
and SAP domain-containing transcriptional regulator 
(MAMSTR) gene [97]. MAMSTR is a transcriptional 
coactivator that stimulates Myocyte enhancer factor-
2C (MEF2C). TNF-injected mice lacking Mef2C in their 
microglia showed an exaggerated microglial response 
and had an adverse effect on mice behavior [98], sug-
gesting that MEF2C might function as a main constraint 
on the microglial over-response to immune stimuli in 
the context of AD. Moreover, MEF2C cooperates with 
another transcription factor, PU.1, to regulate the pro-
motor activity of specific genes such as that encoding the 

immunoglobulin J chain [99]. In the brain, PU.1 is spe-
cifically expressed in microglia and as a transcriptional 
factor, regulates AD-associated genes in primary human 
microglia, such as SPI1, TYROBP, and TREM2 [84]. 
Therefore, abnormal methylation regulation might affect 
the expression of MAMSTR and its functional role in 
immune regulation. Dysregulated MAMSTR expression 
might also interfere with the binding of PU.1 to its target 
genes and the gene expression network, promoting the 
development of AD. These hypotheses need to be verified 
by further experiments. Although APOE ε4 increases the 
risk for AD, not all ε4 carriers develop AD, indicating that 
there are some factors that might attenuate the risk of ε4 
on AD. Ma et  al. conducted a meta-analysis to explore 
the epigenome of the human brain for CpG dinucleotides 
that attenuate the impact of APOE ε4 on the risk of AD 
in the general population harboring the APOE ε4 haplo-
type [100]. DNA methylation of four CpG dinucleotides 
on different chromosomes (cg08706567 at MPL (encod-
ing myeloproliferative leukemia protein), cg26884773 at 
TOMM20 encoding translocase of outer mitochondrial 
membrane 20), cg12307200 between LPP (lipoma pre-
ferred partner) and TPRG1 (tumor protein p63 regulated 
1), and cg05157625 at RIN3 (Ras and Rab interactor 3)) 
were identified to be associated with AD susceptibility 
in APOE ε4 + individuals. In downstream analyses, they 
found that the identified CpG dinucleotides attenuated 
the risk of ε4 on AD probably through reduced microglial 
activation in the brain [100]. Overall, epigenetic changes, 
including DNA methylation or histone modifications, are 
important modifiers of gene expression, and are involved 
in the microglial cell phenotype regulation [101]. In AD 
brains, microglia possess disease-specific epigenomes 
and associated transcriptomes, which have impacts on 
microglia biology. Investigation of the epigenetic machin-
eries could provide interesting targets for the treatment 
of AD.

Transcriptomics
Microglial subsets reported in AD mouse models
Recently, the development of scRNA-seq and snRNA-
seq technologies paved the way for identifying micro-
glia subsets, and the emerging microglia subsets greatly 
advanced our knowledge of microglia responses in AD. 
For example, Keren-Shaul et  al. first performed scRNA-
seq in the 5 × FAD AD transgenic mouse model and 
identified a subgroup of microglia in AD, termed DAM 
[21]. Microglia displayed a transition from homeo-
static condition to DAM with disease progression in the 
5 × FAD mice. The authors identified that the transition 
was regulated in a two-step process. The first step, which 
is TREM2-independent, involves reduction in the expres-
sion of homeostatic microglia checkpoint genes such 
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as Cx3cr1 and P2ry12/P2ry13, and activation of a set of 
genes including Tyrobp, Apoe, and B2m. The second step, 
which is a TREM2-dependent pathway, involves upregu-
lation of phagocytic and lipid metabolism genes such as 
Cst7 and Lpl, corresponding to the need for plaque clear-
ance in AD [21]. scRNA-seq analysis in Trem2+/+ versus 
Trem2−/− AD mice demonstrated that the microglia in 
the intermediate state, but not the final state, were much 
more abundant in the Trem2 knockout AD mice, indicat-
ing TREM2 plays a crucial role in the transition of micro-
glia from the intermediate to the final state [21]. DAM 
were localized near Aβ plaques, which has also been 
validated in AD post-mortem brain samples [21]. DAM 
participated in the clearance of Aβ, suggesting their pro-
tective role in AD [21]. Notably, the above DAM signa-
ture was quite distinct from the previously categorized 
M1/M2 polarization phenotype [102], thus it was sug-
gested that scRNA-seq has started a new chapter in our 
understanding of microglia biology. The DAM-like subset 
was also found in mouse models of other neurodegenera-
tive diseases, such as amyotrophic lateral sclerosis (ALS) 
and multiple sclerosis, which was termed the microglial 
neurodegenerative phenotype, MGnD [103]. The MGnD 
phenotype was characterized by the loss of homeo-
static genes and upregulation of inflammatory mol-
ecules, of which Apoe was one of the most upregulated 
genes. Induced by phagocytosis of apoptotic neurons, 
homeostatic microglia convert into the MGnD signature 
through the TREM2-APOE pathway. Genetically ablated 
Trem2 in AD and ALS mice suppressed APOE signal-
ing and restored the homeostatic signature of microglia, 
indicated that targeting the TREM2-APOE pathway 
might provide a therapeutic strategy for neurodegenera-
tive disorders [103]. Besides, Mathys et  al. analyzed the 
dynamic changes of microglia during disease progres-
sion in the CK-p25 mouse model [104], which exhibited 
elevated Aβ levels, progressive neuronal death, reduced 
synaptic plasticity, and cognitive impairment [105]. In 
the early period of the disease, the microglia showed 
increased proliferation, while at the later stage of neuro-
degeneration, two distinct reactive microglia, the IFN-I 
subset, which expressed IFN-I-induced genes, and the 
MHC-II subset with strong expression of MHC-II genes, 
were present [104]. Whether the induction into these 
two distinct reactive microglia phenotypes in the CK-p25 
model is protective, neutral, or deleterious remains to be 
determined. Recently, white matter-associated micro-
glia (WAM) were discovered in a mouse model of AD 
[22]. WAM were characterized by downregulation of 
homeostatic genes and activation of phagocytic and 
lipid-metabolism-related genes. A WAM signature was 
also identified in previous scRNA-seq datasets [106, 
107], indicating its robustness and reproducibility. WAM 

formation depends on age, and TREM2 and APOE-medi-
ated signals. WAM function to clear degenerated myelin 
[22].

Microglial subsets reported in patients with AD
Microglia subsets have also been discovered in patients 
with AD. A recent study performed snRNA-seq of the 
occipital cortex which contained Aβ pathology, with 
no or low-level tau-pathology, and the occipitotempo-
ral cortex, which contained both Aβ pathology and tau 
pathology, from patients with AD and controls [20]. This 
identified three populations: homeostatic microglia, 
AD1-microglia, and AD2-microglia. AD1-microglia cor-
related strongly with the tissue Aβ load and were local-
ized to Aβ plaques. Gene ontology analysis indicated 
that AD1-microglia were associated with ‘cell migration’, 
‘phagocytosis’, and ‘lipid localization’, which are similar to 
the DAM signature in AD mouse models. AD2-microglia 
possibly have neurotrophic functions; however, that study 
did not examine the functional role of AD1- or AD2- 
microglia [20]. Besides, Nguyen et al. characterized four 
microglia subpopulations: dystrophic microglia, amyloid-
responsive microglia (ARM), homeostatic microglia, and 
motile microglia, in which the ARM subset depended on 
TREM2 and APOE signaling, because the ARM subsets 
were lost in cases with APOE and TREM2 risk variants 
[108]. Interestingly, discrepancies have been observed 
between human and mouse microglia signatures. Zhou 
et al. found that in AD, human microglia presented par-
tial DAM signatures such as upregulation of TREM2, 
APOE, CD68, and HLA-DRA, whereas other DAM-
related genes were undetected or downregulated [31]. A 
microglia subset identified in patients with AD showing 
upregulation of previously identified homeostatic genes 
in mice (TMEM119, P2RY12, and CX3CR1), along with 
higher expression of the transcription factor interferon 
regulatory factor 8 (IRF8) was remarkably similar to the 
IRF8-driven reactive microglia phenotype in the mouse 
peripheral nerve injury model. In vitro studies also found 
that IRF8 drove the expression of microglial markers 
linked to AD [31], which suggested that IRF8 might trig-
ger the microglia signature transition in the context of 
AD. The reasons for the discrepancies between human 
and mouse microglia profiles have been recently dis-
cussed elsewhere, including both biological and techni-
cal reasons [102, 109]. Summaries of microglial subsets 
reported in AD mouse models and patients with AD are 
listed in Tables 1 and 2.

Currently, except for microglia subsets such as DAM 
and WAM, most microglia subsets were only defined by 
transcriptional profiling; however, their cellular functions 
that positively or negatively contribute to AD pathogen-
esis remain unclear. Understanding the functional roles 
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of these subsets and identifying regulatory factors of spe-
cific microglia subsets will benefit AD therapy.

Proteomics
Proteomics is the analysis of the entire protein comple-
ment of a cell, tissue, or organism in the context of a 
specific, defined set of conditions, resulting in an infor-
mation-rich landscape of expressed proteins and their 
modulations. Rayaprolu et  al. used proteomics to ana-
lyze the fluorescence-activated cell sorting (FACS)-iso-
lated microglia proteome and the magnetic-activated 
cell sorting (MACS)-enriched microglia proteome from 
the brains of adult wild-type (WT) mice. A total of 203 
consensus microglial proteins in both datasets were 
identified, in which moesin (Msn) was highly expressed 
[110]. Further studies showed the Msn, a member of the 
ERM ((ezrin, radixin, and moesin) family that connects 
the actin cytoskeleton to the plasma membrane [111], 
was highly expressed in microglia that surrounded Aβ 
plaques in both AD mouse models and human AD brains. 

Msn probably plays a protective role in AD by mediat-
ing Aβ phagocytosis and decreased neuroinflammation. 
In control, asymptomatic AD cases (AsymAD, which 
had postmortem AD pathology but without dementia), 
and AD cases, the protein level of Msn in the precuneus 
region displayed a strong positive correlation with Aβ 
plaque and neurofibrillary tau tangle and a negative cor-
relation with cognitive function [110]. Recently, in a large 
proteomic study of the post-mortem brains of over 400 
patients with AD, a consensus network of protein co-
expression modules demonstrated Msn as a hub protein 
[112], indicating a key role of Msn in AD pathogenesis. 
Similarly, Cotl1, an actin binding protein, was first identi-
fied by proteomics as a novel microglia-specific marker 
[113]. Cotl1was highly expressed in purified  CD11b+ 
acutely isolated microglia from an AD mouse model 
and was further validated in morphologically-activated 
microglia derived from the frontal cortex of patients with 
AD. Cotl1 also showed a strong positive correlation with 
neurofibrillary tangle pathology [113]. Notably, although 

Table 1 Summary of microglial subsets reported in AD mouse models

AD Alzheimer’s disease, scRNA-seq single-cell RNA sequencing, DAM disease-associated microglia, MGnD microglial neurodegenerative phenotype, IFN-I type I 
interferons, WAMs white matter-associated microglia, TREM2 triggering receptor expressed on myeloid cells 2

Disease model Methods Subsets Signature Conversion Function Publication

5 × FAD scRNA-seq DAM ↓: P2ry12/P2ry13, 
Cx3cr1, Tmem119
↑: ApoE, Ctsd, Lpl, 
Tyrobp and Trem2

Two-Step Activation 
Mechanism:
First step, Trem2-
independent;
Second step, Trem2-
dependent

Participat-
ing in the 
clearance of 
amyloid β

Keren-Shaul et al. [21]

4-month-APP/PS1 Single-cell mass 
cytometry with fluo-
rescence cytometry

Confirm the DAM ↑: CD11c and CD14 Mrdjen et al. [184]

SOD1G93A
APP/PS1,
EAE mice

RNA-seq MGnD ↓: Homeostatic 
genes
↑: Inflammatory 
molecules, such as 
ApoE

Trem2-APOE 
pathway

Krasemann et al. [103]

CK-p25 scRNA-seq Proliferating micro-
glia (early stage)

Mathys et al. [104]

MHC-II
(later stage)

↑: Class II compo-
nents genes

IFN-I
(later stage)

↑: Type I interferon 
response gene

Trem2-/-, 
18–20 months 
old, 6-month-old 
5 × FAD

scRNA-seq WAMs ↓: Homeostatic 
genes and check-
point genes
↑: DAM-associated 
genes

In aged mice: age 
and Trem2 depend-
ent;
In AD model: age 
and Trem2, ApoE 
dependent

Clearing 
degenerated 
myelin

Safaiyan et al. [22]

PS2APP, 5 × FAD, 
APPswe/PS1De9 
and two tau models: 
P301S/L

RNA-seq Confirm the DAM 
and IFN-I

Friedman et al. [183]

Proliferating micro-
glia

Expressing prolifera-
tion module
↑:slightly: mitosis 
genes
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the protein levels of Cotl1 and Msn correlated positively 
with microglia activation, their levels were only increased 
in patients with AD, but not in those with ALS or Par-
kinson’s disease (PD) [110], despite microglia activation 
being regarded as a common immune response in neu-
rodegenerative diseases [11]. These findings indicated a 
unique microglia activation signature in AD.

Morshed et al. identified signaling pathways that were 
dysregulated in various mouse models of AD using quan-
titative phosphoproteomics and found that Siglec-F was 
upregulated as a shared response in a subset of reac-
tive microglia [114]. The levels of the human paralog, 
Siglec-8, were also increased in aged human microglia 
and in the microglia of patients with LOAD [114]. Pre-
vious studies showed Siglec-F is an eosinophil surface 
receptor, and Siglec-8 is expressed by human eosinophils. 
Genetic knockout of Siglecf lead to increased inflamma-
tion in asthma [115], indicating that Siglec-F mediated 
an immune response. An in vitro study showed that both 
Siglec-F and Siglec-8 were upregulated following micro-
glial activation, and Siglecf overexpression activated an 
endocytic and pyroptotic inflammatory response in BV-2 
cells, a mouse microglial cell line [114]. The functions 
and mechanisms of Siglec-F and Siglec-8 are unclear; 

therefore, whether their upregulation on microglia dur-
ing aging and AD are secondary to microglial activation, 
or whether they mediate microglial inflammatory path-
ways, requires further investigation.

The responses of microglia to AD pathology com-
prise dynamic changes during various stage of disease 
progression. A recent study performed an in-depth and 
time-resolved proteomic analysis and identified a large 
panel of microglial Aβ response proteins whose levels 
changed in parallel with microglial alterations during the 
early, middle, and advanced stages of Aβ deposition in 
two mouse models of Aβ pathology [116]. The dynamic 
changes characterized in the proteomic profiles of micro-
glia of AD provide a valuable resource for new thera-
peutic strategies and the development of biomarkers to 
monitor AD progression.

Metabolomics/lipidomics
Metabolomics is defined as  the comprehensive analy-
sis of metabolites in a biological specimen. Metabo-
lites are the substrates and products of metabolism that 
drive essential cellular functions. Thus, metabolomics 
is an emerging but powerful tool to provide insight into 
the mechanisms that underlie various physiological 

Table 2 Summary of microglial subsets reported in AD patients

AD Alzheimer’s disease, snRNA-seq single-nuclei RNA sequencing, DAM disease-associated microglia, ARM amyloid-responsive microglia, IRF8 transcription factor 
interferon regulatory factor 8, TREM2 triggering receptor expressed on myeloid cells 2

Subjects Methods Subsets Signature Conversion Function Publication

482,472 nuclei from 18 
non-demented control 
brains and AD brains

snRNA-seq Homeostatic microglia Expressing P2RY12
and CX3CR1

Gerrits et al. [20]

AD-1 microglia ↑: Phagocytic associated 
gene, DAM-like genes

Response to amyloid-β 
in the extracellular space

AD-2 microglia ↑: GRID2 Response to p-tau bear-
ing (dying) neurons

131,239 nuclei from 48 
cases

snRNA-seq Dystrophic microglia ↑: Pro-inflammatory 
related genes
↑: FTL and FTH1

Nguyen et al. [108]

Amyloid-responsive 
microglia (ARM)

↑: Pro-inflammatory 
related genes
↑: CD163, BIN1, MS4A6A, 
and CELF1

ARM subsets depend 
on APOE and TREM2 
signaling

Homeostatic microglia Expressing CX3CR1

Motile microglia ↑: Genes associated 
with cell motility, 
actin remodeling, and 
extracellular matrix 
remodeling

66,311 nuclei from 11 AD 
with the TREM2-CV, 10 
with TREM2-R62H and 11 
controls

snRNA-seq IRF8-driven reactive 
microglia

↑: TREM2, APOE, CD68, 
and HLA-DRA (Partial 
DAM)
↑: IRF8, SORL1, A2M and 
CHI3L1
↑: Homeostatic gene 
TMEM119, P2RY12, and 
CX3CR1
↓:SPP1

IRF8 is likely a major 
driver of this signature

Zhou et al. [31]
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conditions and diseases. TREM2 has been identified as a 
risk factor for LOAD [6, 7]. TREM2 was strongly impli-
cated in microglial phagocytosis to remove dead neurons, 
damaged myelin, and Aβ plaques [117, 118]. However, 
why the loss of TREM2 function resulted in impaired 
microglia phagocytosis ability for Aβ clearance [34] is 
not known. Using electron and confocal microscopy to 
analyze microglia, it has been revealed that microglia 
in patients with AD patients carrying TREM2 risk vari-
ants and a Trem2-deficient AD mouse model have abun-
dant autophagic vesicles [119]. Metabolomics combined 
with RNA sequencing (RNA-seq) linked those abundant 
autophagosomes to defective mTOR signaling, which 
affected biosynthetic pathways and ATP levels. Dietary 
supplementation with cyclocreatine, which can generate 
a supply of ATP for energy demands in Trem2-deficient 
mice with Aβ pathology, rescued microglial clustering 
around plaques, and ameliorated plaque adjacent neu-
ronal dystrophy [119]. Thus, metabolomics facilitates the 
uncovering of the mechanism of TREM2’s critical role in 
sustaining cellular energetic and biosynthetic metabolism 
of microglia to enable their responses during AD.

Lipidomics is considered a subfield of  metabolomics. 
TREM2 can bind to lipids and promote the phagocytic 
uptake of lipid-rich myelin [22, 120]; however, its role 
in microglial lipid metabolism is unknown. Combin-
ing chronic demyelination paradigms and cell sorting 
with RNA-seq and lipidomics, Nugent et  al. found that 
TREM2-deficient microglia could phagocytose myelin 
debris, but fail to clear myelin cholesterol, resulting in 
cholesteryl ester accumulation [120]. This finding was 
helpful to reveal the mechanism by which TREM2 regu-
lates cholesterol transport and metabolism in microglia 
under conditions of chronic myelin phagocytic activ-
ity. Thus, by analyzing the substrates and products of 
metabolic processes, metabolomics might reveal dysreg-
ulated metabolic pathways of microglia in the pathogen-
esis of AD and promote investigations to develop novel 
approaches that modulate microglial metabolism to slow 
down disease progression.

iPSCs as a powerful tool for “omics” study in AD
Human induced pluripotent stem cells (hiPSCs) have 
been used to investigate the molecular mechanisms 
underlying AD. iPSC-derived microglia can phago-
cytose Aβ or tau, two hallmark AD pathologies [121]. 
Moreover, once exposed to fibrillar Aβ, iPSC-derived 
microglia increased the expression of several AD-GWAS 
related genes, such as TREM2 and APOE, which were 
induced in disease-associated microglia in AD brains 
and were implicated in Aβ clearance or degradation 
[121]. Recent studies also analyzed the effect of APOE4 
on gene expression in iPSC-derived microglia and the 

ability of microglia to phagocytose Aβ. It was found that, 
compared with APOE3, APOE4 variants are more likely 
to induce microglial inflammatory gene activation and 
reduce microglial Aβ uptake, both of which are associ-
ated with AD development [122]. Similarly, iPSC-derived 
microglia harboring microglia-associated AD-risk gene 
TREM2 missense mutations showed marked impair-
ment of the phagocytosis of apoptotic bodies [123]. This 
evidence validated the feasibility of AD modeling using 
the iPSC microglial models because they can capture the 
relevant biology of AD, such as the Aβ-induced DAM 
phenotype and impaired phagocytosis with AD-related 
variants. In the future, iPSC-derived microglia could 
be used for high-throughput screening of drugs that 
enhance the phagocytosis of Aβ. More importantly, com-
bined with omics analysis, it is beneficial to clarify the 
mechanisms of GWAS-identified AD-related variants in 
the occurrence and development of AD (see the example 
in Sect. 2.7).

Advantages and limitations of integrative multi‑omics
Multi-omic analyses at the bulk microglia level pro-
vides a comprehensive understanding of cellular pro-
cesses through the integration of different types of 
molecular data from genomics, epigenomics, transcrip-
tomics, proteomics, and metabolomics/lipidomics. For 
example, GWAS have identified many genetic variants 
associated with AD; however their functional roles are 
rarely identified. Liu et al. integrated multi-omic analy-
sis including ATAC-seq (assay for transposase-acces-
sible chromatin with high-throughput sequencing), 
ChIPseq (chromatin immunoprecipitation sequencing), 
RNA-seq, and proteomics combined with an individual 
omics integrator network to study the regulatory role 
of AD variants in CD33, INPP5D, SORL1, and TREM2 
loci in isogenic human embryonic stem cell (ESC)-
derived microglia-like cell lines and identified upregu-
lation of APOE as a convergent pathogenic node [93]. 
Recent advances in single-cell isolation and barcod-
ing technologies have enabled mRNA, protein, lipid, 
and metabolite profiles to be measured at a single-cell 
resolution, which, in combination with multi-omic 
analysis, promotes the comprehensive elucidation of 
complex biological processes of microglia in the con-
tent of AD. For example, Cohn et al. identified that the 
loss of the homeostatic microglia signature in late AD 
stages was accompanied by endolysosomal impairment 
and the release of neuronal and myelin debris using an 
integrated analysis of proteins, lipids, and miRNAs of 
isolated microglial extracellular vesicles from cryopre-
served human brain tissue [124]. Therefore, single-cell 
multi-omic analysis can provide more comprehen-
sive insights into microglia-specific gene regulation 
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than bulk microglial omics or single-cell mono-omic 
analysis. Integrative analysis of single-cell genome and 
transcriptome data can demonstrate the link between 
genomic variants and the transcription of target genes. 
Integrative analysis of the epigenome and transcrip-
tome can reveal the regulatory role of epigenetic modi-
fications on the expression of target genes. Integrative 
analysis of single cell RNA-seq (scRNA-seq) and mass 
cytometry (cytometry by time-of-flight [CyTOF]) pro-
vides insights into cell signaling dynamics in targeted 
cells. Emerging microglia subsets in both AD mouse 
models and patients with ADs have been identified; 
however, the driving factors responsible for the emer-
gence of a specific subset of microglia remain unclear. 
In the future, using computational methods to analyze 
multi-omic data will help to more accurately predict 
the transcription factors involved in the regulation 
of specific subgroups, which will be beneficial to the 
development of therapeutic targets.

Notably, some limitations of single-cell techniques 
or multi-omic analyses need to be considered when 
interpreting the results and drawing conclusions [125]. 
Firstly, there is a measurement bias caused by technical 
limitations. Even the most sensitive scRNA-seq protocols 
detect only around 10% of the transcriptome [126, 127]. 
Moreover, the number of proteins that can be detected 
is limited because of the insufficient detection sensitivity 
of current single-cell multi-omic techniques. Cell fixation 
or post-mortem brain tissue further reduce the yield or 
quality of RNAs and proteins for omic-analyses, tend-
ing to lead to measurement bias. Secondly, measurement 
bias can also be introduced when processing samples. 
For instance, tissue dissociation, including enzymatic 
digestion and mechanical dissociation, might sometimes 
cause microglia activation, presented as an immediate 
early gene signature [128, 129]. Bisulfite treatment might 
cause DNA damage that can affect the accuracy of the 
DNA methylome measurement. Thirdly, human brain 
tissue samples are generally frozen or paraffin-embedded, 
and the freezing process disturbs the cytoplasmic mem-
brane, while the nuclear membrane remains intact. This 
will result in a lack of information for cytosolic mRNAs, 
which could lead to misleading conclusions, although 
the analysis of genomic DNA and nuclear mRNA after 
the isolation of single-cell nuclei is still possible [125]. 
Besides, computational methods for the integrative 
analysis of single-cell multi-omic data is at the very early 
stage. In the future, advances in experimental technolo-
gies and data analysis methods are needed to ensure 
more accurate identification of biological alterations in 
disease pathogenesis. These molecular mechanisms can 
be further used to develop new diagnostic markers and 
therapeutic targets.

Therapeutic strategies based on microglial “omics” 
analysis in AD
Targeting key factors and pathways to improve microglia 
function
Omics research provides a powerful approach to screen 
the key factors and pathways that are changed or dys-
regulated in microglia in the brains of AD mouse mod-
els and patients with AD. Moreover, interventions for 
these targets could probably treat the disease effectively 
or slow down disease progression. Metabolic profiling 
revealed that Aβ triggered acute microglial inflamma-
tion, accompanied by metabolic reprogramming from 
oxidative phosphorylation to glycolysis through mTOR-
HIF-1α pathway in cultured pure primary microglia. In 
5 × FAD mice with chronic Aβ stimulation, microglia 
energy metabolism was impaired and subsequently, the 
immune response was diminished [130]. IFN-γ, which 
drives mTOR signaling and reverses mTOR-dependent 
loss-of-function effects, was used to boost metabolic 
pathways in  vitro and in  vivo [131, 132]. Baik et  al. uti-
lized IFN-γ to boost metabolic pathways and found that 
IFN-γ could decrease amyloid pathology and reverses 
memory deficits in 5 × FAD mice [130]. Metabolomics 
identified the mTOR-HIF-1α pathway in Aβ-triggered 
microglia inflammation, thus providing an ideal target 
for treatment. These studies further proved that modula-
tion of microglial bioenergetic pathways by targeting the 
mTOR signaling pathway might be one of the strategies 
to treat AD.

Single-omics research is crucial; however, the inte-
grated analysis of multi-omic data can better reveal the 
overall changes in disease pathogenesis, thus providing 
more valuable data for the development of therapeutic 
targets in human diseases. Two independent genomic 
studies first identified the TREM2 variant R47H as a risk 
factor of LOAD in 2013 [6, 7]. Previous studies showed 
that TREM2 was almost exclusively expressed in micro-
glia in the brain, and mediated microglial phagocytosis 
and the response to inflammatory stimuli. However, the 
exact mechanism by which TREM2 gene variants link 
microglia with the risk of AD was unknown. Recently, 
transcriptomic analysis by scRNA-seq in Trem2+/+ ver-
sus Trem2−/− AD mice demonstrated that the develop-
ment of DAM from the intermediate state to the final 
state required the activation of TREM2 [21]. snRNA-seq 
analysis of human TREM2-R47H and TREM2-R62H car-
riers with AD showed reduced transcriptional microglial 
activation compared with that in non-carriers [31]. These 
findings indicated that TREM2 plays an important role in 
the transition of microglia from the intermediate to the 
DAM state and emphasized a potential therapeutic strat-
egy targeting TREM2-mediated microglia state transi-
tion. AL002c, a TREM2 agonistic monoclonal antibody, 
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has been applied recently in a mouse model of AD [133]. 
scRNA-seq was performed to characterize the impact of 
AL002c on the microglial state in vivo. AL002c injection 
expanded subsets that were characterized by upregulated 
expression of genes associated with metabolic activa-
tion and proliferation, indicating that AL002c promoted 
microglia transition from a homeostatic state to DAM 
and proliferating microglia. Prolonged systemic admin-
istration of AL002c reduced filamentous plaques and 
neurite dystrophy, impacted behavior, and enhanced the 
numbers of neuroprotective microglia [133]. Moreover, a 
first-in-human phase I clinical trial has been conducted, 
which demonstrated the safety of a variant of AL002c 
(https:// clini caltr ials. gov/ ct2/ show/ NCT03 635047).

A proteomic study found that many proteins were 
highly expressed in microglial cells in human AD brains. 
However, whether these abnormally expressed pro-
teins are involved in the pathophysiology of AD remains 
a mystery. For example, RIPK1 was one of the highly 
expressed proteins in microglial cells in human AD 
brains [134]. RNA-seq of microglia isolated from AD 
mouse models (APP/PS1 mice and APP/PS1  RIPK1D138N 
mice) demonstrated that RIPK1 mediated the transcrip-
tional upregulation of Cst7, which encodes an endoso-
mal/lysosomal cathepsin inhibitor, thus RIPK1 in turn 
impaired the microglial phagocytic capacity. Inhibition of 
RIPK1, using both pharmacological and genetic means, 
improved the behavioral deficits, reduced the neuroin-
flammation, and decreased the cerebral amyloid load by 
enhancing the microglial degradation of Aβ [134]. Thus, 
the transcriptomic approach provides a strong rationale 
for blocking RIPK1 as a novel therapeutic strategy for 
AD.

The above evidence demonstrated that integrated anal-
ysis of multi-omic data could mutually  reinforce each 
other, provide solid and abundant evidence, and will 
eventually lead to further disease modifying therapies for 
AD.

Targeting regulatory factors to induce specific microglia 
subsets
Signatures of microglia subsets in both AD mouse mod-
els and patients with AD have been identified; however, 
the regulatory or driving factors for a specific subset of 
microglia remain unclear. Grubman et  al. utilized Sin-
gle-Cell Regulatory Network Inference and Clustering 
(SCENIC), a computational method for simultaneous 
gene regulatory network reconstruction and cell-state 
identification from scRNA-seq data [135], to identify 
transcription factors inducing the signature formation 
of amyloid plaque-containing microglia (XO4 + micro-
glia) [136]. SCENIC identified Hif1α as having the high-
est transcription factor-influence that contributed to 

the gene expression signature in XO4 + microglia. Fur-
thermore, an in  vitro assay validated the predicted reg-
ulatory function of HIF1α. Knockdown Hif1a using a 
short hairpin RNA (shRNA) in BV2 cells impaired the 
induction of the XO4 + gene signature by fibrillar Aβ 
treatment. Meanwhile, Hif1a overexpression promoted 
synaptosome phagocytosis of microglia in vitro. Moreo-
ver, Ingenuity Pathway Analysis (IPA) was performed 
to predict upstream small molecules to regulate Hif1α 
and its targeted genes: in human ESC-derived micro-
glia-like cell lines, these predicted molecules (BMP9, 
MyD88, and mTOR) upregulated HIF1A mRNA, which 
in turn induced the network of genes associated with 
XO4 + microglia [136].

Recent scRNA-seq/snRNA-seq analyses revealed 
various subpopulations of microglia with differentially 
expressed gene sets. The function and impact of these 
microglial sub-populations in the CNS remain to be 
defined. Bioinformatic analysis is a powerful method to 
predict potential regulators of specific microglial sub-
sets; however, more precise studies are required to vali-
date these predictors by analyzing the expression levels 
of specific beneficial microglia subset signatures. These 
therapeutic strategies to control microglia fate towards a 
beneficial phenotype are worthy of exploration.

Targeting the brain microenvironment to restore microglia 
function
The brain microenvironment exerts regulatory functions 
in the phenotype conversion of microglia. For instance, 
in a co-culture of organotypic brain slices of 20-month 
old APP/PS1 mice with young, neonatal wild-type (WT) 
mice, old microglia cells derived from 20-month-old 
APP/PS1 mice moved towards to the amyloid plaques 
and cleared the plaque halo. The capacity for prolifera-
tion and amyloid plaque phagocytosis of microglia could 
also be enhanced using conditioned media of young 
microglia or the addition of granulocyte–macrophage 
colony-stimulating factor [137]. This evidence indicated 
that microenvironment-driven restoration of microglia 
function could be a viable therapeutic strategy for AD. 
Previously, the microenvironment was largely unknown. 
However, spatial transcriptomics and in situ sequencing 
have provided insights linking cellular gene expression 
alterations to the Aβ load in AD [138]. Chen et al. inves-
tigated the transcriptional changes occurring around 
amyloid plaques using spatial transcriptomics in an AD 
mouse model. They found a gene co-expression network 
enriched for genes involved in myelination, which were 
mainly expressed by oligodendrocytes, was activated 
in the early stage with mild amyloid stress, but became 
depleted with high amyloid accumulation in the later 
stage. In contrast, a multicellular gene co-expression 

https://clinicaltrials.gov/ct2/show/NCT03635047
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network involving inflammation, the complement sys-
tem, oxidative stress, and lysosomes was notable in the 
later stage of the disease [138]. This spatial transcriptom-
ics analysis untangled the molecular changes and cel-
lular interactions in the vicinity of amyloid plaques of 
AD, uncovering the microenvironment around the amy-
loid plaques. In future, comprehensively determining 
the expression profiles of the cells surrounding specific 
microglia subsets would provide potential therapeutic 
targets for microenvironment modulation and microglia 
state regulation, thereby delaying or even halting disease 
progression.

Biomarker development based on microglial 
“omics” analysis in AD
Body fluid microglial biomarkers
Both genomic and transcriptome studies revealed that 
TREM2 plays a crucial role in AD pathogenesis. TREM2 
undergoes proteolytic processing, releasing its ectodo-
main into the extracellular space as a soluble variant 
(sTREM2) via shedding by ADAM protease [139, 140], 
which can be detected in human plasma and CSF [141–
143]. TREM2 is a key protein involved in the activation of 
microglia and AD mouse models have consistently found 
increased  TREM2 expression during aging and disease 
progression [6, 144]; therefore, the question arises as to 
whether CSF sTREM2 would be an attractive candidate 
biomarker to track the disease. Below, we present a brief 
summary of findings that addressed the above question. 
Studies showed that the level of sTREM2 was significantly 
higher in the subjective cognitive decline group [145], the 
mild cognitive impairment (MCI) group [145] and the 
AD group [142, 143, 145–147] compared with that in 
healthy controls, and its level in AD was higher than that 
in MCI [145]. Notably, several years prior to the onset 
of symptoms, the level of CSF sTREM2 of dominantly 
inherited AD had already increased, and the increase was 
maintained after disease onset [148]. Most studies found 
that the CSF sTREM2 level correlated highly with mark-
ers of neurodegeneration, such as the CSF levels of total 
tau, phosphorylated-tau (p-Tau), and fibrillar tau pathol-
ogy [142, 143, 145, 146]. However, whether CSF sTREM2 
is related to Aβ pathology is still inconclusive [148–150]. 
The pathological roles of sTREM2 in AD have been 
studied by direct stereotaxic injection of recombinant 
sTREM2 protein or by adeno-associated virus-mediated 
expression of sTREM2 in the brain of 5 × FAD mice. The 
results showed that sTREM2 reduced amyloid plaques, 
and improved spatial memory impairment and long-term 
potentiation in the AD mouse model [151]. Mechanistic 
studies further found that sTREM2 promoted the prolif-
eration and activation of microglia, increased the migra-
tion of microglia around amyloid plaques, and enhanced 

microglia phagocytosis of Aβ [151, 152]. This evidence 
suggested that CSF sTREM2 might be a biomarker for 
microglia activation.

Quantitative mass spectrometry analysis identi-
fied a set of microglial proteins that were differentially 
abundant in patients with AD, and available evidence 
supported the view that these differentially abundant 
microglial proteins could be detected in the CSF. Johnson 
et al. performed a quantitative mass spectrometry analy-
sis of dorsolateral prefrontal cortex tissue of 453 con-
trol, asymptomatic AD, and AD brains. Co-expression 
network analysis constructed a 13 ‘module’-containing 
protein co-expression network. Module 4 (M4), which 
was enriched in microglial and astrocyte proteins dem-
onstrated maximal alterations in patients with AD and 
correlated most significantly with AD pathology and cog-
nitive impairment [112]. In the same study, CSF samples 
from two independent cohorts (one cohort of 297 sub-
jects consisting of controls and patients with ADs, and a 
second cohort of 96 subjects consisting of control, Asy-
mAD, and AD) were also analyzed. The proteins in M4 
were also increased in the CSF of AD and asymptomatic 
subjects [112].

Besides, Kim et  al. performed liquid chromatogra-
phy coupled to tandem mass spectrometry (LC–MS) 
analysis in the hippocampus and identified proteins that 
were differentially abundant between WT and 5 × FAD 
mice, in which vitamin K-dependent protein S (PROS1) 
was increased in the hippocampus of 5 × FAD mice at 
10  months of age [153]. PROS1 is mainly produced by 
microglia in the brain, and is likely to be closely associ-
ated with amyloid pathology. An in vitro study found that 
treatment with Aβ monomers induced primary microglia 
secretion and the secreted PROS1 might further promote 
the phagocytic activity of microglia [153]. Importantly, 
the level of PROS1 in serum was related to disease pro-
gression. In 5 × FAD mice, as the disease progressed, the 
level of PROS1 in serum increased. In patients with AD, 
the level of PROS1 in serum was also significantly higher 
than that in the healthy control and MCI groups. Com-
bined with amyloid imaging using Pittsburgh compound 
 ([11C]PIB) positron emission tomography (PIB-PET), it 
was further confirmed that the level of PROS1 in serum 
could reflect the deposition of Aβ in human brains [153]. 
Therefore, these findings suggest that serum PROS1 is 
expected to be a novel microglia-derived biomarker to 
monitor disease progression.

Through proteomic analysis of AD mouse models and 
post-mortem brain tissues of patients with AD, some 
microglia-specific and highly expressed proteins have 
been identified, such as Msn, Cotl1, and Siglec-8. These 
proteomic profiles of microglia provide a potential source 
of biomarkers; however, whether these highly expressed 
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proteins can be detected in CSF and peripheral blood, 
and whether they can reflect the same trend of changes in 
brain tissue samples require further study.

Microglial extracellular vesicles (EVs) might serve as source 
of biomarkers
EVs, existing in almost all body fluids, including CSF and 
blood, mediate cell-to-cell communication. Microglia-
derived EVs, consist of proteins, RNAs, and lipids, are a 
novel source of biomarkers to monitor pathology pro-
gression. In the CNS, EVs have been suggested as poten-
tial carriers that propagate misfolded proteins associated 
with neurodegenerative disorders, such as tau and Aβ in 
AD and α-synuclein in PD [154]. For example, a study by 
Clayton et  al. showed that in a humanized APP mouse 
model, MGnD microglia hyper-secrete phosphorylated 
(p)-Tau-encapsulating EVs, thereby accelerating tau prop-
agation [155]. Moreover, inhibiting microglia secretion of 
tau-containing EVs alleviated cognitive impairment and 
tau pathology in P301S tau transgenic mice [156]. Quan-
titative proteomic analysis of brain-derived EVs from an 
AD mouse model in the CAST/EiJ strain identified 3444 
unique proteins [157]. Compared with WT-derived EVs, 
CAST.APP/PS1-derived EVs showed significant enrich-
ment of integrin Itgax and Apoe, which are markers of 
microglia DAM/MGnD subsets, demonstrating that 
DAM/MGnD play critical roles in EVs secretion in the 
brains of AD mouse models [157]. A recent study used 
multi-omics, including proteomics, lipidomics, and 
NanoString nCounter technology, to analyze microglial 
 CD11b+ small EVs  from parietal cortex tissues of four 
late-stage AD (Braak V–VI) and three age-matched nor-
mal/low pathology cases [124]. Compared with control 
cases,  CD11b+ EVs from AD brains showed a reduc-
tion in the abundance of homeostatic microglia markers 
P2RY12 and TMEM119, and increased levels of DAM 
markers ferritin heavy chain-1 (FTH1) and TREM2. Lev-
els of free cholesterol were also elevated in microglial 
EVs from the AD brains [124]. Thus, these findings indi-
cated that microglial EVs from AD brain tissues revealed 
DAM signatures. EVs are regarded as novel diagnostic 
and prognostic biomarkers for many diseases. Currently, 
there is a lack of widely accepted specific markers of 
microglia-derived EVs in clinical application, and even 
more so for the specific subsets of microglia. However, 
future extraction of microglia-derived exosomes from 
CSF, combined with multiple omic analysis, has merit to 
identify novel EV-associated biomarkers.

Potential imaging biomarkers for microglia
Translocator protein 18  kDa (TSPO) is mainly 
expressed in the mitochondrial outer membrane of 

microglia, and its expression is remarkably increased 
when microglia are activated. Positron emission tomog-
raphy (PET) imaging of TSPO is a strategy to detect 
microglial activation in  vivo. However, this method 
has its limitations. Firstly, TSPO is also expressed by 
other cell types, such as astrocytes and endothelial cells 
[158], indicating its non-specificity for activated micro-
glia. Secondly, human TSPO polymorphisms affect the 
binding affinities of second-generation tracers [159]. 
Thirdly, and more importantly, the TSPO tracers are 
unable to differentiate between distinct microglia phe-
notypes [160]. For example, Fan et  al. conducted a 
longitudinal study to evaluate the temporal profile of 
microglia activation at baseline and at 14 ± 4  months 
of follow-up in 30 subjects (8 MCI, 8 AD, and 14 
healthy controls). Compared with that in the controls, 
microglia activation was increased in the MCI and AD 
groups, both at baseline and after follow-up. How-
ever, during follow-up, the TSPO PET signal intensity 
of microglia activation decreased compared with that 
at baseline in the MCI group, while it increased con-
tinuously in the AD group. One hypothesis was that 
activated microglia showed a protective phenotype in 
the early MCI stage; however, the protective activated 
microglia decreased with disease progression, thus the 
results showed that the longitudinal PET TSPO sig-
nal of MCI decreased compared with that at baseline, 
although it still showed an increased signal compared 
with that in the healthy controls. However, in the AD 
stage, the activated microglia had a pro-inflammatory 
impact; therefore, the PET TSPO signal increased con-
tinuously [160]. Thus, there might be one early pro-
tective peak and one later pro-inflammatory peak of 
microglial activation in the AD trajectory. Although 
the microglia phenotypes in MCI and AD are distinct, 
both of these different microglia phenotypes showed a 
significantly increased TSPO signal compared with that 
in the controls. Thus, TSPO tracers cannot be used to 
discriminate between different microglia phenotypes. 
Unfortunately, accurate biomarkers for in  vivo micro-
glia subsets with different phenotypes have not been 
discovered yet. Currently, the comprehensive charac-
terization of microglia subsets in multiple brain regions 
has become possible by combining massively parallel 
single-cell analysis, single-molecule fluorescence in situ 
hybridization, advanced immunohistochemistry, and 
computational modelling [161]. Once molecular sur-
face markers of specific temporal and spatial microglia 
subsets are identified, corresponding PET tracers will 
be developed. In this way, we could presage disease 
progression, and predict and evaluate the therapeutic 
effects of microglia-targeting drugs by observing the 
dynamic alterations of microglia subsets in vivo.
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Spatial transcriptomics, a promising tool to reveal 
intercellular communication
Microglia communicate with other cell types in the AD 
brain
Microglia‑astrocyte crosstalk
The influence of microglia and astrocytes on each other 
produces both beneficial and detrimental effects. Acti-
vated microglia induce the transformation of astrocytes 
into the A1 phenotype by releasing pro-inflammatory 
cytokines interleukin-1a (IL-1a), tumor necrosis factor-
alpha (TNF-α), and complement component1q (C1q). A1 
astrocytes, assumed to be a reactive neurotoxic form, lose 
their ability to provide trophic support, clear debris, and 
execute phagocytosis, finally leading to the death of neu-
rons and oligodendrocytes [162]. Alternatively, microglia 
can assist astrocytes to clear internalized pathological 
aggregates. HiPSC-derived astrocytes and microglia were 
exposed to αSYN or Aβ fibrils. Co-cultures of astrocytes 
and microglia significantly reduced intracellular αSYN 
and Aβ deposits compared with monocultures of either 
cell type. Astrocytes secreted internalized protein aggre-
gates and microglia attached to the astrocyte cell mem-
brane and phagocytosed αSYN and Aβ deposits [163].

Different studies have reported that astrocytes can 
both facilitate and inhibit microglia phagocytosis of 
Aβ. McAlpine et  al. found that upon recognition of Aβ 
deposits, microglia increased their expression of IL-3Rα, 
which is the specific receptor for IL-3. Astrocyte-derived 
IL-3 binds to the upregulated IL-3Rα in microglia, which 
elicits the immune response of microglia, manifested 
by enhanced motility, migration towards, and cluster 
around, Aβ deposits, and the clearance of Aβ aggre-
gates [164]. However, Lian et  al. reported that neuronal 
overproduction of Aβ activated NF-κB signaling in 
astrocytes, which in turn promoted the release of com-
plement C3. C3, secreted from astrocytes, interacts with 
the microglial C3a receptor (C3aR) and compromises 
microglial Aβ phagocytosis, resulting in increased Aβ 
deposition and cognitive decline in AD mouse models 
[165]. Besides, a recent study demonstrated that astro-
cyte-derived APOE contributed to microglia-depend-
ent synaptic phagocytosis in tau transgenic mice. In the 
brain, APOE is mainly produced by astrocytes. The tau 
transgenic mice were administrated with tamoxifen to 
decrease astrocytic APOE. Removal of astrocyte-specific 
APOE transformed astrocytes from an activated to a 
more homeostatic state. Meanwhile, snRNA-seq revealed 
that disease-associated gene signatures in microglia were 
decreased. In the tau transgenic mice, microglia engulfed 
synapses and reduced synapse density. However, removal 
of astrocytic APOE significantly attenuated synapse 
phagocytosis by microglia, and reduced tauopathy and 
tau-mediated neurodegeneration [166].

Microglia‑cerebral blood vessels crosstalk
The neurovascular unit (NVU) comprises functionally 
interacting cells, including neurons, glial cells, and vas-
cular cells, which are linked to each other to enable an 
effective blood–brain barrier (BBB). Microglia adjacent 
to the BBB constantly survey the integrity of the BBB and 
repair the damaged BBB via bidirectional communication 
with other NVU cells [167–169]. A recent study dem-
onstrated that in the healthy adult brain, microglia can 
interact with the vasculature to regulate vascular struc-
ture and function [170, 171]. Bisht et  al. discovered a 
class of microglia whose soma resided on the vasculature, 
called capillary-associated microglia (CAM). The P2RY12 
receptor is expressed on microglia and the ATP perme-
able integral membrane protein PANX1 is expressed on 
capillaries. Purines released from PANX1 on capillar-
ies attract and maintain microglia at the capillary wall, 
where microglia regulate cerebrovascular perfusion and 
reactivity through PANX1-P2RY12 coupling [171]. How 
microglia affect vascular function in neurodegenerative 
diseases raises exciting questions that will be addressed 
by future studies. Breakdown of the BBB and increased 
permeability have been observed in patients with AD and 
the disruption of BBB correlates with disease progres-
sion [172]. Compromised vascular integrity leads to the 
influx of blood proteins into the brain, and these proteins 
might be neurotoxic and aggravate neurodegeneration 
[173]. Fibrinogen, a blood coagulation protein that leaks 
through the BBB, is deposited in proximity to the elimi-
nated dendritic spine in the AD brain. Fibrinogen binds 
to CD11b on microglia to induce microglia activation, 
which in turn induces spine elimination and promotes 
cognitive deficits. Genetic elimination of the fibrinogen 
binding motif of CD11b reduced microglia activation, 
synaptic deficits, and cognitive impairment in AD trans-
genic mice [174]. Overall, microglial dysfunction might 
lead to BBB damage through the diminished ability to 
repair the BBB or by directly affecting vascular structure 
and function. In turn, the damaged BBB could cause sub-
stances to leak into the CNS to promote microglial acti-
vation and accelerate neurodegeneration.

Microglia‑neuron crosstalk
Precise regulation of synapse formation and elimination 
is critical for learning and memory, and microglia-neu-
ron interactions are involved in this process. Microglia 
can prune synapses via the complement pathway. C3 
and C1q are extensively expressed and localize to exces-
sive synapses, sending the “eat me” signal. Microglia rec-
ognize the "eat me" signal, and microglial complement 
receptor CR3 binds to neuronal C3, promoting syn-
apse engulfment by microglia [73, 175, 176]. Abnormal 
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upregulation of adenosine A2A receptor (A2AR) has 
been observed in AD and ageing populations. Neuronal 
A2AR upregulation led to a hippocampal upregulation 
of C1q complement in a tauopathy mouse model, which 
promoted synaptic loss and memory deficits [176]. In 
contrast, inhibition of C1q, C3, or CR3 reduced the num-
ber of phagocytic microglia, as well as rescued synaptic 
loss and dysfunction [73]. Meanwhile, some mechanisms 
protect synapses from excess pruning by microglia. CD47 
localize to synapses and send the “don’t eat me” signal. 
SIRPα is CD47 receptor expressed on microglia. Micro-
glia recognize the "don’t eat me" signal by CD47-SIRPα 
signaling. Mice with Cd47 knockout demonstrated 
increased microglial engulfment of synapses, and a sus-
tained reduction in synapse numbers [177]. In addi-
tion, microglia-specific deletion of Sirpa also resulted 
in increased synaptic loss mediated by microglia engulf-
ment and enhanced cognitive impairment in AD mouse 
models [178]. Importantly, SIRPα levels were remark-
ably decreased in the cortexes of patients with AD and 
AD mice brains compared with that in age-matched con-
trols and microglial SIRPα expression decreased together 
with disease progression in AD mice [178]. These results 
suggest that the balance of “eat me” and “don’t eat me” 
signals associated with synaptic pruning by microglia is 
disrupted in AD, resulting in excessive synapse loss and 
neuronal dysfunction.

Spatial transcriptomics reveal intercellular communication 
in the microenvironment
Cell communication is a fundamental process of multicel-
lular organisms. To respond to the external environment 
properly, cells have developed complex mechanisms of 
communication such that they can receive and trans-
fer the message, and then generate changes within the 
cell in response to the message. Therefore, understand-
ing cell-to-cell communication under physiological and 
pathological conditions is crucial to determine disease 
pathogenesis and identify therapeutic strategies. The 
availability of single-cell transcriptomics offers an excit-
ing opportunity to gain an insight into changes in individ-
ual cells. However, false positives are a possibility when 
using scRNA-seq data to analyze cell-to-cell interactions 
[179, 180]. For example, by identifying membrane bound 
ligand and receptor expression in different cell subsets, 
it is possible to discover two cell subsets that interact 
with each other; however, because of the lack of spatial 
information in scRNA-seq data, these two cell subsets 
might actually be spatially distant and cannot interact 
[179, 180]. The relative stability of cellular locations mean 
that spatial transcriptomics can reveal cell–cell commu-
nications with fewer false positives than similar analysis 
using scRNA-seq data. Using spatial transcriptome and 

analysis tools, interactions between cells that only have 
ligand-receptor co-expression, but without the physical 
possibility for communication between, them will be fil-
tered out [180].

Currently, spatial transcriptomic approaches alone can-
not provide deep transcriptomic information at the sin-
gle-cell level; however, they can identify distinct gene sets 
that are enriched in the analyzed niches. In these niches, 
different cell populations communicate with each other 
through ligand–receptor interactions or secreted sub-
stances. When spatial transcriptomes are combined with 
scRNA-seq, we can localize transcriptionally character-
ized single cells within the niche [181]. This is expected 
to facilitate further progress, for example: (1) Capturing 
the spatial distribution of cell subpopulations in the brain 
and revealing local networks of intercellular communica-
tion among neurons, microglia, and oligodendrocytes in 
development, homeostasis, and disease; (2) monitoring 
dynamic changes in cellular subpopulation composition 
in the microenvironment during disease progression; 
(3) combined with in  situ sequencing, untangling the 
molecular changes and cellular interactions in the vicin-
ity of amyloid plaques or other neuropathological mark-
ers of AD [138]. For example, spatial transcriptomics 
and in  situ sequencing demonstrated that in the early 
stage with a mild Aβ load, oligodendrocytes might be the 
first cells to show altered gene expression profiles that 
are enriched for genes involved in myelination. How-
ever, in the advanced stages of the disease, a multicellu-
lar gene co-expression network involving inflammation, 
the complement system, oxidative stress, and lysosomes 
was detected [138]. Although the spatial transcriptome 
technique is still in its infancy and has some limitations, 
it holds promise as a means by which we can determine 
cell–cell interactions in the microenvironment.

Conclusions
While the pathological roles of microglia in AD have 
been studied for decades, our understanding of the het-
erogeneity and dynamics of microglial responses dur-
ing AD progression remains poor. The advent of high 
throughput omic data analyses, especially scRNA-seq/
snRNA-seq techniques, facilitates the identification of 
special AD-associated microglial subsets. Currently, 
most of the microglia subsets have been defined by tran-
scriptional profiling, and thus determination of the func-
tional roles of these microglia subsets should be basis for 
the development of therapeutic strategies. Clarification 
of the dynamic changes in microglia subsets during dis-
ease progression is an essential  prerequisite for disease 
monitoring and treatment. In addition, analysis of spa-
tial information of specific microglia subsets in the brain 
will facilitate the interpretation of functions and the 
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understanding of the subset microenvironment. These 
issues are research priorities that should be addressed 
before future large-scale clinical applications. Although 
research into microglia subsets is still in its infancy, 
emerging microglia subsets could lead to the devel-
opment of novel therapeutics and biomarkers in AD. 
Besides microglia subset identification, microglial omic 
studies are helpful to discover dysregulated pathways and 
key molecules that are critical for AD pathogenesis, and 
will promote the development of new therapeutic strat-
egies. Meanwhile, these omic studies provide a source 
to develop biomarkers to monitor disease progression 
(Fig. 1).

With this in mind, the most important goal for the next 
decade of research into microglia in AD should include: 
(i) understanding the functional roles of novel identi-
fied microglia subsets; (ii) using bioinformatic analyses 
to identify regulatory factors of specific microglia sub-
sets; (iii) using human iPSC differentiation into microglia 
in combination with molecular genetic techniques (e.g., 
CRISPR) to study the pathogenic roles of AD-associated 
variants; (iv) validation of newly discovered microglia-
specific highly expressed proteins in CSF and blood; (v) 
using spatial transcriptomics to reveal microglial com-
munication with other cell types; and (vi) last but not 
least, the generation of chimeric mice using xenotrans-
plantation to recapitulate human microglial biology 
in vivo [182].

Abbreviations
AD: Alzheimer’s disease; Aβ: Amyloid β; GWAS: Genome wide association 
studies; TREM2: Triggering receptor expressed on myeloid cells 2; ApoE: 
Apolipoprotein E; CNS: Central nervous system; NLRP3: NACHT-, LRR- and pyrin 
(PYD)-domain-containing protein 3; ASC: Apoptosis-associated speck-like 
protein containing a caspase activation and recruitment domain (CARD); LPS: 
Lipopolysaccharide; IL: Interleukin; scRNA-seq: Single-cell RNA sequencing; 
snRNA-seq: Single-nuclei RNA sequencing; DAM: Disease-associated microglia; 
WAM: White matter-associated microglia; LOAD: Late-onset AD; ITAM: Immu-
noreceptor tyrosine-based activation motif; DAP12: DNAX-activating protein 
of 12 kDa; Syk: Spleen tyrosine kinase; MS4A: Membrane-spanning 4-domains 
subfamily A; CSF: Cerebrospinal fluid; sTREM2: Soluble TREM2; ABCA7: 
ATP-binding cassette transporter A7; CR1: Complement receptor 1; SNPs: 
Single-nucleotide polymorphisms; BIN1: Bridging Integrator 1; HiPSCs: Human 
induced pluripotent stem cells; PLCG2: Phospholipase C gamma 2; PIP2: 
1-Phosphatidyl-1D-myo-inositol 4,5-bisphosphate; IP3: Myo-inositol 1,4,5-tri-
sphosphate; DAG: Diacyl-glycerol; DMRs: Differentially methylated regions; 
MAMSTR: MEF2-activating motif and SAP domain-containing transcriptional 
regulator; MEF2C: Myocyte enhancer factor-2C; FACS: Fluorescence-activated 
cell sorting; MACS: Magnetic-activated cell sorting; ALS: Amyotrophic lateral 
sclerosis; ARM: Amyloid-responsive microglia; WT: Wild-type; Msn: Moesin; 
AsymAD: Asymptomatic AD; PD: Parkinson’s disease; SCENIC: Single-cell 
regulatory network inference and clustering; IPA: Ingenuity pathway analysis; 
MCI: Mild cognitive impairment; p-Tau: Phosphorylated-Tau; LC–MS: Liquid 
chromatography coupled to tandem mass spectrometry; PROS1: Vitamin 
K-dependent protein S; PIB-PET: Pittsburgh compound ([11C]PIB) positron 
emission tomography; EVs: Extracellular vesicles; FTH1: Ferritin heavy chain-1; 
TSPO: Translocator protein 18 kDa.

Acknowledgements
Not applicable.

Author contributions
CG: Conceptualization, Writing-original draft. XS: Writing-original draft. YT: 
Supervision, Writing-Reviewing and Editing. SC: Supervision, Writing-Review-
ing and Editing, Funding acquisition. All authors read and approved the final 
manuscript.

Funding
We acknowledge receipt of financial grant support from the National 
Natural Science Foundation of China (82171401, 82101477), Shanghai 
Municipal Science and Technology Major Project Grant (2018SHZDZX05) 
and Innovation Program of Shanghai Municipal Education Commission 
(2017-01-07-00-01-E00046).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors consented for publication.

Competing interests
The authors have no competing interests.

Availability of data and materials
Not applicable.

Author details
1 Department of Neurology and Institute of Neurology, Ruijin Hospital, Shang-
hai Jiao Tong University School of Medicine, Shanghai 200025, China. 2 Lab 
for Translational Research of Neurodegenerative Diseases, Shanghai Institute 
for Advanced Immunochemical Studies (SIAIS), Shanghai Tech University, 
Shanghai 201210, China. 

Received: 31 May 2022   Accepted: 27 August 2022

References
 1. 2021 Alzheimer’s disease facts and figures. Alzheimers Dement 2021; 

17:327–406.
 2. Duyckaerts C, Delatour B, Potier MC. Classification and basic pathology 

of Alzheimer disease. Acta Neuropathol. 2009;118:5–36.
 3. Savage JC, Carrier M, Tremblay ME. Morphology of microglia across 

contexts of health and disease. Methods Mol Biol. 2019;2034:13–26.
 4. Bouvier DS, Jones EV, Quesseveur G, Davoli MA, Quirion R, Mechawar N, 

Murai KK. High resolution dissection of reactive glial nets in Alzheimer’s 
disease. Sci Rep. 2016;6:24544.

 5. Efthymiou AG, Goate AM. Late onset Alzheimer’s disease genetics 
implicates microglial pathways in disease risk. Mol Neurodegener. 
2017;12:43.

 6. Guerreiro R, Wojtas A, Bras J, Carrasquillo M, Rogaeva E, Majounie E, 
Cruchaga C, Sassi C, Kauwe JS, Younkin S, et al. TREM2 variants in Alzhei-
mer’s disease. N Engl J Med. 2013;368:117–27.

 7. Jonsson T, Stefansson H, Steinberg S, Jonsdottir I, Jonsson PV, Snae-
dal J, Bjornsson S, Huttenlocher J, Levey AI, Lah JJ, et al. Variant of 
TREM2 associated with the risk of Alzheimer’s disease. N Engl J Med. 
2013;368:107–16.

 8. Arcuri C, Mecca C, Bianchi R, Giambanco I, Donato R. The pathophysi-
ological role of microglia in dynamic surveillance, phagocytosis and 
structural remodeling of the developing CNS. Front Mol Neurosci. 
2017;10:191.

 9. Sarlus H, Heneka MT. Microglia in Alzheimer’s disease. J Clin Invest. 
2017;127:3240–9.

 10. Cserep C, Posfai B, Lenart N, Fekete R, Laszlo ZI, Lele Z, Orsolits B, Molnar 
G, Heindl S, Schwarcz AD, et al. Microglia monitor and protect neuronal 
function through specialized somatic purinergic junctions. Science. 
2020;367:528–37.



Page 19 of 23Gao et al. Journal of Neuroinflammation          (2022) 19:215  

 11. Hickman S, Izzy S, Sen P, Morsett L, El Khoury J. Microglia in neurode-
generation. Nat Neurosci. 2018;21:1359–69.

 12. Venegas C, Kumar S, Franklin BS, Dierkes T, Brinkschulte R, Tejera D, 
Vieira-Saecker A, Schwartz S, Santarelli F, Kummer MP, et al. Microglia-
derived ASC specks cross-seed amyloid-beta in Alzheimer’s disease. 
Nature. 2017;552:355–61.

 13. Asai H, Ikezu S, Tsunoda S, Medalla M, Luebke J, Haydar T, Wolozin 
B, Butovsky O, Kugler S, Ikezu T. Depletion of microglia and inhibi-
tion of exosome synthesis halt tau propagation. Nat Neurosci. 
2015;18:1584–93.

 14. Perea JR, Llorens-Martin M, Avila J, Bolos M. The role of microglia in 
the spread of tau: relevance for tauopathies. Front Cell Neurosci. 
2018;12:172.

 15. Shi Q, Colodner KJ, Matousek SB, Merry K, Hong S, Kenison JE, Frost 
JL, Le KX, Li S, Dodart JC, et al. Complement C3-deficient mice fail to 
display age-related hippocampal decline. J Neurosci. 2015;35:13029–42.

 16. Colonna M, Butovsky O. Microglia function in the central nervous 
system during health and neurodegeneration. Annu Rev Immunol. 
2017;35:441–68.

 17. Guo S, Wang H, Yin Y. Microglia polarization from M1 to M2 in neurode-
generative diseases. Front Aging Neurosci. 2022;14: 815347.

 18. Jurga AM, Paleczna M, Kuter KZ. Overview of general and discriminat-
ing markers of differential microglia phenotypes. Front Cell Neurosci. 
2020;14:198.

 19. Ransohoff RM. A polarizing question: do M1 and M2 microglia exist? 
Nat Neurosci. 2016;19:987–91.

 20. Gerrits E, Brouwer N, Kooistra SM, Woodbury ME, Vermeiren Y, Lam-
bourne M, Mulder J, Kummer M, Moller T, Biber K, et al. Distinct amyloid-
beta and tau-associated microglia profiles in Alzheimer’s disease. Acta 
Neuropathol. 2021;141:681–96.

 21. Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-Natan O, Dvir-
Szternfeld R, Ulland TK, David E, Baruch K, Lara-Astaiso D, Toth B, et al. 
A unique microglia type associated with restricting development of 
Alzheimer’s disease. Cell. 2017;169(1276–1290): e1217.

 22. Safaiyan S, Besson-Girard S, Kaya T, Cantuti-Castelvetri L, Liu L, Ji H, 
Schifferer M, Gouna G, Usifo F, Kannaiyan N, et al. White matter aging 
drives microglial diversity. Neuron. 2021;109(1100–1117): e1110.

 23. Boche D, Gordon MN. Diversity of transcriptomic microglial phenotypes 
in aging and Alzheimer’s disease. Alzheimers Dement. 2022;18:360–76.

 24. Prinz M, Jung S, Priller J. Microglia biology: one century of evolving 
concepts. Cell. 2019;179:292–311.

 25. Andrews SJ, Fulton-Howard B, Goate A. Interpretation of risk loci from 
genome-wide association studies of Alzheimer’s disease. Lancet Neurol. 
2020;19:326–35.

 26. Novikova G, Kapoor M, Tcw J, Abud EM, Efthymiou AG, Chen SX, Cheng 
H, Fullard JF, Bendl J, Liu Y, et al. Integration of Alzheimer’s disease 
genetics and myeloid genomics identifies disease risk regulatory ele-
ments and genes. Nat Commun. 2021;12:1610.

 27. Nott A, Holtman IR, Coufal NG, Schlachetzki JCM, Yu M, Hu R, Han 
CZ, Pena M, Xiao J, Wu Y, et al. Brain cell type-specific enhancer-
promoter interactome maps and disease-risk association. Science. 
2019;366:1134–9.

 28. Jay TR, von Saucken VE, Landreth GE. TREM2 in neurodegenerative 
diseases. Mol Neurodegener. 2017;12:56.

 29. Painter MM, Atagi Y, Liu CC, Rademakers R, Xu H, Fryer JD, Bu G. TREM2 
in CNS homeostasis and neurodegenerative disease. Mol Neurode-
gener. 2015;10:43.

 30. Jin SC, Benitez BA, Karch CM, Cooper B, Skorupa T, Carrell D, Norton JB, 
Hsu S, Harari O, Cai Y, et al. Coding variants in TREM2 increase risk for 
Alzheimer’s disease. Hum Mol Genet. 2014;23:5838–46.

 31. Zhou Y, Song WM, Andhey PS, Swain A, Levy T, Miller KR, Poliani PL, 
Cominelli M, Grover S, Gilfillan S, et al. Human and mouse single-
nucleus transcriptomics reveal TREM2-dependent and TREM2-
independent cellular responses in Alzheimer’s disease. Nat Med. 
2020;26:131–42.

 32. Kober DL, Brett TJ. TREM2–ligand interactions in health and disease. J 
Mol Biol. 2017;429:1607–29.

 33. Hammond TR, Marsh SE, Stevens B. Immune signaling in neurodegen-
eration. Immunity. 2019;50:955–74.

 34. Parhizkar S, Arzberger T, Brendel M, Kleinberger G, Deussing M, Focke 
C, Nuscher B, Xiong M, Ghasemigharagoz A, Katzmarski N, et al. Loss of 

TREM2 function increases amyloid seeding but reduces plaque-associ-
ated ApoE. Nat Neurosci. 2019;22:191–204.

 35. Hollingworth P, Harold D, Sims R, Gerrish A, Lambert JC, Carrasquillo 
MM, Abraham R, Hamshere ML, Pahwa JS, Moskvina V, et al. Common 
variants at ABCA7, MS4A6A/MS4A4E, EPHA1, CD33 and CD2AP are 
associated with Alzheimer’s disease. Nat Genet. 2011;43:429–35.

 36. Zhu R, Liu X, He Z. Association of rs610932 and rs670139 polymor-
phisms in the MS4A gene cluster with Alzheimer’s disease: an updated 
meta-analysis. Curr Alzheimer Res. 2017;14:335–44.

 37. Deming Y, Filipello F, Cignarella F, Cantoni C, Hsu S, Mikesell R, Li Z, 
Del-Aguila JL, Dube U, Farias FG, et al. The MS4A gene cluster is a key 
modulator of soluble TREM2 and Alzheimer’s disease risk. Sci Transl 
Med. 2019; 11.

 38. Hou XH, Bi YL, Tan MS, Xu W, Li JQ, Shen XN, Dou KX, Tan CC, Tan L, 
Alzheimer’s Disease Neuroimaging I, Yu JT. Genome-wide association 
study identifies Alzheimer’s risk variant in MS4A6A influencing cerebro-
spinal fluid sTREM2 levels. Neurobiol Aging. 2019;84(241):e213-241220.

 39. Takatori S, Wang W, Iguchi A, Tomita T. Genetic risk factors for Alzheimer 
disease: emerging roles of microglia in disease pathomechanisms. Adv 
Exp Med Biol. 2019;1118:83–116.

 40. Naj AC, Jun G, Beecham GW, Wang LS, Vardarajan BN, Buros J, Gallins 
PJ, Buxbaum JD, Jarvik GP, Crane PK, et al. Common variants at MS4A4/
MS4A6E, CD2AP, CD33 and EPHA1 are associated with late-onset 
Alzheimer’s disease. Nat Genet. 2011;43:436–41.

 41. Reitz C, Jun G, Naj A, Rajbhandary R, Vardarajan BN, Wang LS, Valladares 
O, Lin CF, Larson EB, Graff-Radford NR, et al. Variants in the ATP-binding 
cassette transporter (ABCA7), apolipoprotein E 4, and the risk of late-
onset Alzheimer disease in African Americans. JAMA. 2013;309:1483–92.

 42. Cuyvers E, De Roeck A, Van den Bossche T, Van Cauwenberghe C, 
Bettens K, Vermeulen S, Mattheijssens M, Peeters K, Engelborghs S, 
Vandenbulcke M, et al. Mutations in ABCA7 in a Belgian cohort of 
Alzheimer’s disease patients: a targeted resequencing study. Lancet 
Neurol. 2015;14:814–22.

 43. De Roeck A, Duchateau L, Van Dongen J, Cacace R, Bjerke M, Van den 
Bossche T, Cras P, Vandenberghe R, De Deyn PP, Engelborghs S, et al. An 
intronic VNTR affects splicing of ABCA7 and increases risk of Alzheimer’s 
disease. Acta Neuropathol. 2018;135:827–37.

 44. Le Guennec K, Nicolas G, Quenez O, Charbonnier C, Wallon D, Bel-
lenguez C, Grenier-Boley B, Rousseau S, Richard AC, Rovelet-Lecrux 
A, et al. ABCA7 rare variants and Alzheimer disease risk. Neurology. 
2016;86:2134–7.

 45. Del-Aguila JL, Fernandez MV, Jimenez J, Black K, Ma S, Deming Y, Carrell 
D, Saef B, Alzheimer’s Disease Neuroimaging I, Howells B, et al. Role 
of ABCA7 loss-of-function variant in Alzheimer’s disease: a replication 
study in European–Americans. Alzheimers Res Ther. 2015;7:73.

 46. Tomioka M, Toda Y, Manucat NB, Akatsu H, Fukumoto M, Kono N, Arai 
H, Kioka N, Ueda K. Lysophosphatidylcholine export by human ABCA7. 
Biochim Biophys Acta Mol Cell Biol Lipids. 2017;1862:658–65.

 47. Aikawa T, Ren Y, Yamazaki Y, Tachibana M, Johnson MR, Anderson CT, 
Martens YA, Holm ML, Asmann YW, Saito T, et al. ABCA7 haplodeficiency 
disturbs microglial immune responses in the mouse brain. Proc Natl 
Acad Sci USA. 2019;116:23790–6.

 48. Satoh K, Abe-Dohmae S, Yokoyama S, St George-Hyslop P, Fraser PE. 
ATP-binding cassette transporter A7 (ABCA7) loss of function alters 
Alzheimer amyloid processing. J Biol Chem. 2015;290:24152–65.

 49. Sakae N, Liu CC, Shinohara M, Frisch-Daiello J, Ma L, Yamazaki Y, Tachi-
bana M, Younkin L, Kurti A, Carrasquillo MM, et al. ABCA7 deficiency 
accelerates amyloid-beta generation and Alzheimer’s neuronal pathol-
ogy. J Neurosci. 2016;36:3848–59.

 50. Carrasquillo MM, Belbin O, Hunter TA, Ma L, Bisceglio GD, Zou F, Crook 
JE, Pankratz VS, Sando SB, Aasly JO, et al. Replication of EPHA1 and 
CD33 associations with late-onset Alzheimer’s disease: a multi-centre 
case–control study. Mol Neurodegener. 2011;6:54.

 51. Deng YL, Liu LH, Wang Y, Tang HD, Ren RJ, Xu W, Ma JF, Wang LL, 
Zhuang JP, Wang G, Chen SD. The prevalence of CD33 and MS4A6A 
variant in Chinese Han population with Alzheimer’s disease. Hum 
Genet. 2012;131:1245–9.

 52. Griciuc A, Serrano-Pozo A, Parrado AR, Lesinski AN, Asselin CN, 
Mullin K, Hooli B, Choi SH, Hyman BT, Tanzi RE. Alzheimer’s disease 
risk gene CD33 inhibits microglial uptake of amyloid beta. Neuron. 
2013;78:631–43.



Page 20 of 23Gao et al. Journal of Neuroinflammation          (2022) 19:215 

 53. Malik M, Simpson JF, Parikh I, Wilfred BR, Fardo DW, Nelson PT, Estus S. 
CD33 Alzheimer’s risk-altering polymorphism, CD33 expression, and 
exon 2 splicing. J Neurosci. 2013;33:13320–5.

 54. Raj T, Ryan KJ, Replogle JM, Chibnik LB, Rosenkrantz L, Tang A, Rothamel 
K, Stranger BE, Bennett DA, Evans DA, et al. CD33: increased inclusion of 
exon 2 implicates the Ig V-set domain in Alzheimer’s disease suscepti-
bility. Hum Mol Genet. 2014;23:2729–36.

 55. Li X, Shen N, Zhang S, Liu J, Jiang Q, Liao M, Feng R, Zhang L, Wang G, 
Ma G, et al. CD33 rs3865444 polymorphism contributes to Alzheimer’s 
disease susceptibility in Chinese, European, and North American Popu-
lations. Mol Neurobiol. 2015;52:414–21.

 56. Lambert JC, Ibrahim-Verbaas CA, Harold D, Naj AC, Sims R, Bellenguez C, 
DeStafano AL, Bis JC, Beecham GW, Grenier-Boley B, et al. Meta-analysis 
of 74,046 individuals identifies 11 new susceptibility loci for Alzheimer’s 
disease. Nat Genet. 2013;45:1452–8.

 57. Logue MW, Schu M, Vardarajan BN, Buros J, Green RC, Go RC, Griffith 
P, Obisesan TO, Shatz R, Borenstein A, et al. A comprehensive genetic 
association study of Alzheimer disease in African Americans. Arch 
Neurol. 2011;68:1569–79.

 58. Karch CM, Jeng AT, Nowotny P, Cady J, Cruchaga C, Goate AM. Expres-
sion of novel Alzheimer’s disease risk genes in control and Alzheimer’s 
disease brains. PLoS ONE. 2012;7: e50976.

 59. Paul SP, Taylor LS, Stansbury EK, McVicar DW. Myeloid specific human 
CD33 is an inhibitory receptor with differential ITIM function in recruit-
ing the phosphatases SHP-1 and SHP-2. Blood. 2000;96:483–90.

 60. Griciuc A, Patel S, Federico AN, Choi SH, Innes BJ, Oram MK, Cereghetti 
G, McGinty D, Anselmo A, Sadreyev RI, et al. TREM2 acts downstream 
of CD33 in modulating microglial pathology in Alzheimer’s disease. 
Neuron. 2019;103(820–835): e827.

 61. Corneveaux JJ, Myers AJ, Allen AN, Pruzin JJ, Ramirez M, Engel A, Nalls 
MA, Chen K, Lee W, Chewning K, et al. Association of CR1, CLU and 
PICALM with Alzheimer’s disease in a cohort of clinically character-
ized and neuropathologically verified individuals. Hum Mol Genet. 
2010;19:3295–301.

 62. Lambert JC, Heath S, Even G, Campion D, Sleegers K, Hiltunen M, 
Combarros O, Zelenika D, Bullido MJ, Tavernier B, et al. Genome-wide 
association study identifies variants at CLU and CR1 associated with 
Alzheimer’s disease. Nat Genet. 2009;41:1094–9.

 63. Fonseca MI, Chu S, Pierce AL, Brubaker WD, Hauhart RE, Mastroeni D, 
Clarke EV, Rogers J, Atkinson JP, Tenner AJ. Analysis of the putative role 
of CR1 in Alzheimer’s disease: genetic association, expression and func-
tion. PLoS ONE. 2016;11: e0149792.

 64. Kucukkilic E, Brookes K, Barber I, Guetta-Baranes T, Consortium A, Mor-
gan K, Hollox EJ. Complement receptor 1 gene (CR1) intragenic dupli-
cation and risk of Alzheimer’s disease. Hum Genet. 2018;137:305–14.

 65. Pedraza O, Allen M, Jennette K, Carrasquillo M, Crook J, Serie D, Pankratz 
VS, Palusak R, Nguyen T, Malphrus K, et al. Evaluation of memory endo-
phenotypes for association with CLU, CR1, and PICALM variants in black 
and white subjects. Alzheimers Dement. 2014;10:205–13.

 66. Jin C, Li W, Yuan J, Xu W, Cheng Z. Association of the CR1 polymorphism 
with late-onset Alzheimer’s disease in Chinese Han populations: a 
meta-analysis. Neurosci Lett. 2012;527:46–9.

 67. Brouwers N, Van Cauwenberghe C, Engelborghs S, Lambert JC, Bettens 
K, Le Bastard N, Pasquier F, Montoya AG, Peeters K, Mattheijssens M, 
et al. Alzheimer risk associated with a copy number variation in the 
complement receptor 1 increasing C3b/C4b binding sites. Mol Psychia-
try. 2012;17:223–33.

 68. Villegas-Llerena C, Phillips A, Garcia-Reitboeck P, Hardy J, Pocock JM. 
Microglial genes regulating neuroinflammation in the progression of 
Alzheimer’s disease. Curr Opin Neurobiol. 2016;36:74–81.

 69. Johansson JU, Brubaker WD, Javitz H, Bergen AW, Nishita D, Trigunaite A, 
Crane A, Ceballos J, Mastroeni D, Tenner AJ, et al. Peripheral comple-
ment interactions with amyloid beta peptide in Alzheimer’s disease: 
polymorphisms, structure, and function of complement receptor 1. 
Alzheimers Dement. 2018;14:1438–49.

 70. Rogers J, Cooper NR, Webster S, Schultz J, McGeer PL, Styren SD, 
Civin WH, Brachova L, Bradt B, Ward P, et al. Complement activa-
tion by beta-amyloid in Alzheimer disease. Proc Natl Acad Sci USA. 
1992;89:10016–20.

 71. Crehan H, Hardy J, Pocock J. Blockage of CR1 prevents activation of 
rodent microglia. Neurobiol Dis. 2013;54:139–49.

 72. Webster SD, Park M, Fonseca MI, Tenner AJ. Structural and functional 
evidence for microglial expression of C1qR(P), the C1q receptor that 
enhances phagocytosis. J Leukoc Biol. 2000;67:109–16.

 73. Hong S, Beja-Glasser VF, Nfonoyim BM, Frouin A, Li S, Ramakrishnan S, 
Merry KM, Shi Q, Rosenthal A, Barres BA, et al. Complement and micro-
glia mediate early synapse loss in Alzheimer mouse models. Science. 
2016;352:712–6.

 74. Seshadri S, Fitzpatrick AL, Ikram MA, DeStefano AL, Gudnason V, Boada 
M, Bis JC, Smith AV, Carassquillo MM, Lambert JC, et al. Genome-wide 
analysis of genetic loci associated with Alzheimer disease. JAMA. 
2010;303:1832–40.

 75. Butovsky O, Jedrychowski MP, Moore CS, Cialic R, Lanser AJ, Gabriely 
G, Koeglsperger T, Dake B, Wu PM, Doykan CE, et al. Identification of 
a unique TGF-beta-dependent molecular and functional signature in 
microglia. Nat Neurosci. 2014;17:131–43.

 76. Sharma K, Schmitt S, Bergner CG, Tyanova S, Kannaiyan N, Manrique-
Hoyos N, Kongi K, Cantuti L, Hanisch UK, Philips MA, et al. Cell type- 
and brain region-resolved mouse brain proteome. Nat Neurosci. 
2015;18:1819–31.

 77. Rangaraju S, Dammer EB, Raza SA, Rathakrishnan P, Xiao H, Gao T, 
Duong DM, Pennington MW, Lah JJ, Seyfried NT, Levey AI. Identifica-
tion and therapeutic modulation of a pro-inflammatory subset of 
disease-associated-microglia in Alzheimer’s disease. Mol Neurodegener. 
2018;13:24.

 78. Sudwarts A, Ramesha S, Gao T, Ponnusamy M, Wang S, Hansen M, 
Kozlova A, Bitarafan S, Kumar P, Beaulieu-Abdelahad D, et al. BIN1 is 
a key regulator of proinflammatory and neurodegeneration-related 
activation in microglia. Mol Neurodegener. 2022;17:33.

 79. Stacey MA, Clare S, Clement M, Marsden M, Abdul-Karim J, Kane L, 
Harcourt K, Brandt C, Fielding CA, Smith SE, et al. The antiviral restriction 
factor IFN-induced transmembrane protein 3 prevents cytokine-driven 
CMV pathogenesis. J Clin Invest. 2017;127:1463–74.

 80. Crotti A, Sait HR, McAvoy KM, Estrada K, Ergun A, Szak S, Marsh G, Jan-
dreski L, Peterson M, Reynolds TL, et al. BIN1 favors the spreading of Tau 
via extracellular vesicles. Sci Rep. 2019;9:9477.

 81. Kierdorf K, Erny D, Goldmann T, Sander V, Schulz C, Perdiguero EG, 
Wieghofer P, Heinrich A, Riemke P, Holscher C, et al. Microglia emerge 
from erythromyeloid precursors via Pu.1- and Irf8-dependent pathways. 
Nat Neurosci. 2013;16:273–80.

 82. Smith AM, Gibbons HM, Oldfield RL, Bergin PM, Mee EW, Faull RL, 
Dragunow M. The transcription factor PU.1 is critical for viability and 
function of human brain microglia. Glia. 2013;61:929–42.

 83. Huang KL, Marcora E, Pimenova AA, Di Narzo AF, Kapoor M, Jin 
SC, Harari O, Bertelsen S, Fairfax BP, Czajkowski J, et al. A common 
haplotype lowers PU.1 expression in myeloid cells and delays onset of 
Alzheimer’s disease. Nat Neurosci. 2017;20:1052–61.

 84. Rustenhoven J, Smith AM, Smyth LC, Jansson D, Scotter EL, Swanson 
MEV, Aalderink M, Coppieters N, Narayan P, Handley R, et al. PU.1 regu-
lates Alzheimer’s disease-associated genes in primary human microglia. 
Mol Neurodegener. 2018;13:44.

 85. Zhou N, Liu K, Sun Y, Cao Y, Yang J. Transcriptional mechanism of IRF8 
and PU.1 governs microglial activation in neurodegenerative condition. 
Protein Cell. 2019;10:87–103.

 86. Sims R, van der Lee SJ, Naj AC, Bellenguez C, Badarinarayan N, Jakobs-
dottir J, Kunkle BW, Boland A, Raybould R, Bis JC, et al. Rare coding vari-
ants in PLCG2, ABI3, and TREM2 implicate microglial-mediated innate 
immunity in Alzheimer’s disease. Nat Genet. 2017;49:1373–84.

 87. Koss H, Bunney TD, Behjati S, Katan M. Dysfunction of phospholi-
pase Cgamma in immune disorders and cancer. Trends Biochem Sci. 
2014;39:603–11.

 88. Tsai AP, Dong C, Lin PB, Messenger EJ, Casali BT, Moutinho M, Liu Y, 
Oblak AL, Lamb BT, Landreth GE, et al. PLCG2 is associated with the 
inflammatory response and is induced by amyloid plaques in Alzhei-
mer’s disease. Genome Med. 2022;14:17.

 89. Andreone BJ, Przybyla L, Llapashtica C, Rana A, Davis SS, van Lengerich 
B, Lin K, Shi J, Mei Y, Astarita G, et al. Alzheimer’s-associated PLCgamma2 
is a signaling node required for both TREM2 function and the inflam-
matory response in human microglia. Nat Neurosci. 2020;23:927–38.

 90. Takalo M, Wittrahm R, Wefers B, Parhizkar S, Jokivarsi K, Kuulasmaa T, 
Makinen P, Martiskainen H, Wurst W, Xiang X, et al. The Alzheimer’s 



Page 21 of 23Gao et al. Journal of Neuroinflammation          (2022) 19:215  

disease-associated protective Plcgamma2-P522R variant promotes 
immune functions. Mol Neurodegener. 2020;15:52.

 91. Claes C, England WE, Danhash EP, Kiani Shabestari S, Jairaman A, 
Chadarevian JP, Hasselmann J, Tsai AP, Coburn MA, Sanchez J, et al. The 
P522R protective variant of PLCG2 promotes the expression of antigen 
presentation genes by human microglia in an Alzheimer’s disease 
mouse model. Alzheimers Dement. 2022.

 92. Kikuchi M, Hara N, Hasegawa M, Miyashita A, Kuwano R, Ikeuchi T, 
Nakaya A. Enhancer variants associated with Alzheimer’s disease 
affect gene expression via chromatin looping. BMC Med Genomics. 
2019;12:128.

 93. Liu T, Zhu B, Liu Y, Zhang X, Yin J, Li X, Jiang L, Hodges AP, Rosenthal SB, 
Zhou L, et al. Multi-omic comparison of Alzheimer’s variants in human 
ESC-derived microglia reveals convergence at APOE. J Exp Med. 2020; 
217.

 94. Gerring ZF, Gamazon ER, White A, Derks EM. Integrative network-based 
analysis reveals gene networks and novel drug repositioning candi-
dates for Alzheimer disease. Neurol Genet. 2021;7: e622.

 95. Sierksma A, Lu A, Mancuso R, Fattorelli N, Thrupp N, Salta E, Zoco J, Blum 
D, Buee L, De Strooper B, Fiers M. Novel Alzheimer risk genes determine 
the microglia response to amyloid-beta but not to TAU pathology. 
EMBO Mol Med. 2020;12: e10606.

 96. Klein HU, Bennett DA, De Jager PL. The epigenome in Alzheimer’s 
disease: current state and approaches for a new path to gene 
discovery and understanding disease mechanism. Acta Neuropathol. 
2016;132:503–14.

 97. Zhang L, Silva TC, Young JI, Gomez L, Schmidt MA, Hamilton-Nelson KL, 
Kunkle BW, Chen X, Martin ER, Wang L. Epigenome-wide meta-analysis 
of DNA methylation differences in prefrontal cortex implicates the 
immune processes in Alzheimer’s disease. Nat Commun. 2020;11:6114.

 98. Deczkowska A, Matcovitch-Natan O, Tsitsou-Kampeli A, Ben-Hamo S, 
Dvir-Szternfeld R, Spinrad A, Singer O, David E, Winter DR, Smith LK, 
et al. Mef2C restrains microglial inflammatory response and is lost in 
brain ageing in an IFN-I-dependent manner. Nat Commun. 2017;8:717.

 99. Lim JH, Kim HG, Park SK, Kang CJ. The promoter of the Immunoglobu-
lin J Chain gene receives its authentic enhancer activity through the 
abutting MEF2 and PU.1 sites in a DNA-looping interaction. J Mol Biol. 
2009;390:339–52.

 100. Ma Y, Yu L, Olah M, Smith R, Oatman SR, Allen M, Pishva E, Zhang 
B, Menon V, Ertekin-Taner N, et al. Epigenomic features related to 
microglia are associated with attenuated effect of APOE epsilon4 on 
Alzheimer’s disease risk in humans. Alzheimers Dement. 2021.

 101. Cheray M, Joseph B. Epigenetics control microglia plasticity. Front Cell 
Neurosci. 2018;12:243.

 102. Chen Y, Colonna M. Microglia in Alzheimer’s disease at single-cell level. 
Are there common patterns in humans and mice? J Exp Med. 2021; 
218.

 103. Krasemann S, Madore C, Cialic R, Baufeld C, Calcagno N, El Fatimy R, 
Beckers L, O’Loughlin E, Xu Y, Fanek Z, et al. The TREM2-APOE pathway 
drives the transcriptional phenotype of dysfunctional microglia in 
neurodegenerative diseases. Immunity. 2017;47(566–581): e569.

 104. Mathys H, Adaikkan C, Gao F, Young JZ, Manet E, Hemberg M, De Jager 
PL, Ransohoff RM, Regev A, Tsai LH. Temporal tracking of microglia 
activation in neurodegeneration at single-cell resolution. Cell Rep. 
2017;21:366–80.

 105. Cruz JC, Tseng HC, Goldman JA, Shih H, Tsai LH. Aberrant Cdk5 activa-
tion by p25 triggers pathological events leading to neurodegeneration 
and neurofibrillary tangles. Neuron. 2003;40:471–83.

 106. Hammond TR, Dufort C, Dissing-Olesen L, Giera S, Young A, Wysoker A, 
Walker AJ, Gergits F, Segel M, Nemesh J, et al. Single-cell RNA sequenc-
ing of microglia throughout the mouse lifespan and in the injured brain 
reveals complex cell-state changes. Immunity. 2019;50(253–271): e256.

 107. Sala Frigerio C, Wolfs L, Fattorelli N, Thrupp N, Voytyuk I, Schmidt I, 
Mancuso R, Chen WT, Woodbury ME, Srivastava G, et al. The major risk 
factors for Alzheimer’s disease: age, sex, and genes modulate the micro-
glia response to abeta plaques. Cell Rep. 2019;27(1293–1306): e1296.

 108. Nguyen AT, Wang K, Hu G, Wang X, Miao Z, Azevedo JA, Suh E, 
Van Deerlin VM, Choi D, Roeder K, et al. APOE and TREM2 regulate 
amyloid-responsive microglia in Alzheimer’s disease. Acta Neuropathol. 
2020;140:477–93.

 109. Thrupp N, Sala Frigerio C, Wolfs L, Skene NG, Fattorelli N, Poovathingal 
S, Fourne Y, Matthews PM, Theys T, Mancuso R, et al. Single-nucleus 
RNA-Seq is not suitable for detection of microglial activation genes in 
humans. Cell Rep. 2020;32: 108189.

 110. Rayaprolu S, Gao T, Xiao H, Ramesha S, Weinstock LD, Shah J, Duong 
DM, Dammer EB, Webster JA Jr, Lah JJ, et al. Flow-cytometric microglial 
sorting coupled with quantitative proteomics identifies moesin as 
a highly-abundant microglial protein with relevance to Alzheimer’s 
disease. Mol Neurodegener. 2020;15:28.

 111. Bretscher A, Edwards K, Fehon RG. ERM proteins and merlin: integrators 
at the cell cortex. Nat Rev Mol Cell Biol. 2002;3:586–99.

 112. Johnson ECB, Dammer EB, Duong DM, Ping L, Zhou M, Yin L, Hig-
ginbotham LA, Guajardo A, White B, Troncoso JC, et al. Large-scale 
proteomic analysis of Alzheimer’s disease brain and cerebrospinal fluid 
reveals early changes in energy metabolism associated with microglia 
and astrocyte activation. Nat Med. 2020;26:769–80.

 113. Rangaraju S, Dammer EB, Raza SA, Gao T, Xiao H, Betarbet R, Duong 
DM, Webster JA, Hales CM, Lah JJ, et al. Quantitative proteomics of 
acutely-isolated mouse microglia identifies novel immune Alzheimer’s 
disease-related proteins. Mol Neurodegener. 2018;13:34.

 114. Morshed N, Ralvenius WT, Nott A, Watson LA, Rodriguez FH, Akay LA, 
Joughin BA, Pao PC, Penney J, LaRocque L, et al. Phosphoproteomics 
identifies microglial Siglec-F inflammatory response during neurode-
generation. Mol Syst Biol. 2020;16: e9819.

 115. Tateno H, Crocker PR, Paulson JC. Mouse Siglec-F and human Siglec-8 
are functionally convergent paralogs that are selectively expressed on 
eosinophils and recognize 6’-sulfo-sialyl Lewis X as a preferred glycan 
ligand. Glycobiology. 2005;15:1125–35.

 116. Sebastian Monasor L, Muller SA, Colombo AV, Tanrioever G, Konig J, 
Roth S, Liesz A, Berghofer A, Piechotta A, Prestel M, et al. Fibrillar Abeta 
triggers microglial proteome alterations and dysfunction in Alzheimer 
mouse models. Elife. 2020; 9.

 117. Neumann H, Takahashi K. Essential role of the microglial triggering 
receptor expressed on myeloid cells-2 (TREM2) for central nervous tis-
sue immune homeostasis. J Neuroimmunol. 2007;184:92–9.

 118. Yeh FL, Wang Y, Tom I, Gonzalez LC, Sheng M. TREM2 binds to apolipo-
proteins, including APOE and CLU/APOJ, and thereby facilitates uptake 
of amyloid-beta by microglia. Neuron. 2016;91:328–40.

 119. Ulland TK, Song WM, Huang SC, Ulrich JD, Sergushichev A, Beatty WL, 
Loboda AA, Zhou Y, Cairns NJ, Kambal A, et al. TREM2 maintains micro-
glial metabolic fitness in Alzheimer’s disease. Cell. 2017;170(649–663): 
e613.

 120. Nugent AA, Lin K, van Lengerich B, Lianoglou S, Przybyla L, Davis SS, 
Llapashtica C, Wang J, Kim DJ, Xia D, et al. TREM2 regulates microglial 
cholesterol metabolism upon chronic phagocytic challenge. Neuron. 
2020;105(837–854): e839.

 121. Abud EM, Ramirez RN, Martinez ES, Healy LM, Nguyen CHH, Newman 
SA, Yeromin AV, Scarfone VM, Marsh SE, Fimbres C, et al. iPSC-derived 
human microglia-like cells to study neurological diseases. Neuron. 
2017;94(278–293): e279.

 122. Lin YT, Seo J, Gao F, Feldman HM, Wen HL, Penney J, Cam HP, Gjoneska 
E, Raja WK, Cheng J, et al. APOE4 causes widespread molecular and 
cellular alterations associated with Alzheimer’s disease phenotypes 
in human iPSC-derived brain cell types. Neuron. 2018;98(1141–1154): 
e1147.

 123. Garcia-Reitboeck P, Phillips A, Piers TM, Villegas-Llerena C, Butler M, Mal-
lach A, Rodrigues C, Arber CE, Heslegrave A, Zetterberg H, et al. Human 
induced pluripotent stem cell-derived microglia-like cells harboring 
TREM2 missense mutations show specific deficits in phagocytosis. Cell 
Rep. 2018;24:2300–11.

 124. Cohn W, Melnik M, Huang C, Teter B, Chandra S, Zhu C, McIntire LB, 
John V, Gylys KH, Bilousova T. Multi-omics analysis of microglial extra-
cellular vesicles from human Alzheimer’s disease brain tissue reveals 
disease-associated signatures. Front Pharmacol. 2021;12: 766082.

 125. Lee J, Hyeon DY, Hwang D. Single-cell multiomics: technologies and 
data analysis methods. Exp Mol Med. 2020;52:1428–42.

 126. Ding J, Adiconis X, Simmons SK, Kowalczyk MS, Hession CC, Marjanovic 
ND, Hughes TK, Wadsworth MH, Burks T, Nguyen LT, et al. Systematic 
comparison of single-cell and single-nucleus RNA-sequencing meth-
ods. Nat Biotechnol. 2020;38:737–46.



Page 22 of 23Gao et al. Journal of Neuroinflammation          (2022) 19:215 

 127. Mereu E, Lafzi A, Moutinho C, Ziegenhain C, McCarthy DJ, Alvarez-
Varela A, Batlle E, Sagar GD, Lau JK, et al. Benchmarking single-cell 
RNA-sequencing protocols for cell atlas projects. Nat Biotechnol. 
2020;38:747–55.

 128. Wu YE, Pan L, Zuo Y, Li X, Hong W. Detecting activated cell populations 
using single-cell RNA-Seq. Neuron. 2017;96(313–329): e316.

 129. van den Brink SC, Sage F, Vertesy A, Spanjaard B, Peterson-Maduro J, 
Baron CS, Robin C, van Oudenaarden A. Single-cell sequencing reveals 
dissociation-induced gene expression in tissue subpopulations. Nat 
Methods. 2017;14:935–6.

 130. Baik SH, Kang S, Lee W, Choi H, Chung S, Kim JI, Mook-Jung I. A break-
down in metabolic reprogramming causes microglia dysfunction in 
Alzheimer’s disease. Cell Metab. 2019;30(493–507): e496.

 131. Kroczynska B, Rafidi RL, Majchrzak-Kita B, Kosciuczuk EM, Blyth GT, 
Jemielity J, Warminska Z, Saleiro D, Mehrotra S, Arslan AD, et al. Inter-
feron gamma (IFNgamma) signaling via mechanistic target of rapamy-
cin complex 2 (mTORC2) and regulatory effects in the generation of 
type II interferon biological responses. J Biol Chem. 2016;291:2389–96.

 132. Cheng SC, Scicluna BP, Arts RJ, Gresnigt MS, Lachmandas E, Giamarellos-
Bourboulis EJ, Kox M, Manjeri GR, Wagenaars JA, Cremer OL, et al. Broad 
defects in the energy metabolism of leukocytes underlie immunopa-
ralysis in sepsis. Nat Immunol. 2016;17:406–13.

 133. Wang S, Mustafa M, Yuede CM, Salazar SV, Kong P, Long H, Ward M, 
Siddiqui O, Paul R, Gilfillan S, et al. Anti-human TREM2 induces microglia 
proliferation and reduces pathology in an Alzheimer’s disease model. J 
Exp Med. 2020; 217.

 134. Ofengeim D, Mazzitelli S, Ito Y, DeWitt JP, Mifflin L, Zou C, Das S, 
Adiconis X, Chen H, Zhu H, et al. RIPK1 mediates a disease-associated 
microglial response in Alzheimer’s disease. Proc Natl Acad Sci USA. 
2017;114:E8788–97.

 135. Aibar S, Gonzalez-Blas CB, Moerman T, Huynh-Thu VA, Imrichova H, 
Hulselmans G, Rambow F, Marine JC, Geurts P, Aerts J, et al. SCENIC: 
single-cell regulatory network inference and clustering. Nat Methods. 
2017;14:1083–6.

 136. Grubman A, Choo XY, Chew G, Ouyang JF, Sun G, Croft NP, Rossello FJ, 
Simmons R, Buckberry S, Landin DV, et al. Transcriptional signature in 
microglia associated with Abeta plaque phagocytosis. Nat Commun. 
2021;12:3015.

 137. Daria A, Colombo A, Llovera G, Hampel H, Willem M, Liesz A, Haass C, 
Tahirovic S. Young microglia restore amyloid plaque clearance of aged 
microglia. EMBO J. 2017;36:583–603.

 138. Chen WT, Lu A, Craessaerts K, Pavie B, Sala Frigerio C, Corthout N, 
Qian X, Lalakova J, Kuhnemund M, Voytyuk I, et al. Spatial transcrip-
tomics and in situ sequencing to study Alzheimer’s disease. Cell. 
2020;182(976–991): e919.

 139. Wunderlich P, Glebov K, Kemmerling N, Tien NT, Neumann H, Walter J. 
Sequential proteolytic processing of the triggering receptor expressed 
on myeloid cells-2 (TREM2) protein by ectodomain shedding and 
gamma-secretase-dependent intramembranous cleavage. J Biol Chem. 
2013;288:33027–36.

 140. Kleinberger G, Yamanishi Y, Suarez-Calvet M, Czirr E, Lohmann E, 
Cuyvers E, Struyfs H, Pettkus N, Wenninger-Weinzierl A, Mazaheri F, et al. 
TREM2 mutations implicated in neurodegeneration impair cell surface 
transport and phagocytosis. Sci Transl Med. 2014;6:243ra286.

 141. Piccio L, Buonsanti C, Cella M, Tassi I, Schmidt RE, Fenoglio C, Rinker 
J 2nd, Naismith RT, Panina-Bordignon P, Passini N, et al. Identification 
of soluble TREM-2 in the cerebrospinal fluid and its association with 
multiple sclerosis and CNS inflammation. Brain. 2008;131:3081–91.

 142. Piccio L, Deming Y, Del-Aguila JL, Ghezzi L, Holtzman DM, Fagan AM, 
Fenoglio C, Galimberti D, Borroni B, Cruchaga C. Cerebrospinal fluid 
soluble TREM2 is higher in Alzheimer disease and associated with 
mutation status. Acta Neuropathol. 2016;131:925–33.

 143. Heslegrave A, Heywood W, Paterson R, Magdalinou N, Svensson J, 
Johansson P, Ohrfelt A, Blennow K, Hardy J, Schott J, et al. Increased 
cerebrospinal fluid soluble TREM2 concentration in Alzheimer’s disease. 
Mol Neurodegener. 2016;11:3.

 144. Jay TR, Miller CM, Cheng PJ, Graham LC, Bemiller S, Broihier ML, Xu G, 
Margevicius D, Karlo JC, Sousa GL, et al. TREM2 deficiency eliminates 
TREM2+ inflammatory macrophages and ameliorates pathology in 
Alzheimer’s disease mouse models. J Exp Med. 2015;212:287–95.

 145. Nordengen K, Kirsebom BE, Henjum K, Selnes P, Gisladottir B, Wet-
tergreen M, Torsetnes SB, Grontvedt GR, Waterloo KK, Aarsland D, 
et al. Glial activation and inflammation along the Alzheimer’s disease 
continuum. J Neuroinflam. 2019;16:46.

 146. Suarez-Calvet M, Kleinberger G, Araque Caballero MA, Brendel M, 
Rominger A, Alcolea D, Fortea J, Lleo A, Blesa R, Gispert JD, et al. sTREM2 
cerebrospinal fluid levels are a potential biomarker for microglia activity 
in early-stage Alzheimer’s disease and associate with neuronal injury 
markers. EMBO Mol Med. 2016;8:466–76.

 147. Suarez-Calvet M, Morenas-Rodriguez E, Kleinberger G, Schlepckow K, 
Araque Caballero MA, Franzmeier N, Capell A, Fellerer K, Nuscher B, Eren 
E, et al. Early increase of CSF sTREM2 in Alzheimer’s disease is associated 
with tau related-neurodegeneration but not with amyloid-beta pathol-
ogy. Mol Neurodegener. 2019;14:1.

 148. Suarez-Calvet M, Araque Caballero MA, Kleinberger G, Bateman RJ, 
Fagan AM, Morris JC, Levin J, Danek A, Ewers M, Haass C, Dominantly 
Inherited Alzheimer N. Early changes in CSF sTREM2 in dominantly 
inherited Alzheimer’s disease occur after amyloid deposition and 
neuronal injury. Sci Transl Med. 2016;8:369ra178.

 149. Rauchmann BS, Schneider-Axmann T, Alexopoulos P, Perneczky R, Alz-
heimer’s Disease Neuroimaging I. CSF soluble TREM2 as a measure of 
immune response along the Alzheimer’s disease continuum. Neurobiol 
Aging. 2019;74:182–90.

 150. Ma LZ, Tan L, Bi YL, Shen XN, Xu W, Ma YH, Li HQ, Dong Q, Yu JT. 
Dynamic changes of CSF sTREM2 in preclinical Alzheimer’s disease: the 
CABLE study. Mol Neurodegener. 2020;15:25.

 151. Zhong L, Xu Y, Zhuo R, Wang T, Wang K, Huang R, Wang D, Gao Y, Zhu Y, 
Sheng X, et al. Soluble TREM2 ameliorates pathological phenotypes by 
modulating microglial functions in an Alzheimer’s disease model. Nat 
Commun. 2019;10:1365.

 152. Zhong L, Chen XF, Wang T, Wang Z, Liao C, Wang Z, Huang R, Wang D, 
Li X, Wu L, et al. Soluble TREM2 induces inflammatory responses and 
enhances microglial survival. J Exp Med. 2017;214:597–607.

 153. Kim DK, Han D, Park J, Choi H, Park JC, Cha MY, Woo J, Byun MS, Lee DY, 
Kim Y, Mook-Jung I. Deep proteome profiling of the hippocampus in 
the 5XFAD mouse model reveals biological process alterations and a 
novel biomarker of Alzheimer’s disease. Exp Mol Med. 2019;51:1–17.

 154. Trotta T, Panaro MA, Cianciulli A, Mori G, Di Benedetto A, Porro C. 
Microglia-derived extracellular vesicles in Alzheimer’s Disease: a 
double-edged sword. Biochem Pharmacol. 2018;148:184–92.

 155. Clayton K, Delpech JC, Herron S, Iwahara N, Ericsson M, Saito T, Saido TC, 
Ikezu S, Ikezu T. Plaque associated microglia hyper-secrete extracellular 
vesicles and accelerate tau propagation in a humanized APP mouse 
model. Mol Neurodegener. 2021;16:18.

 156. Ruan Z, Delpech JC, Venkatesan Kalavai S, Van Enoo AA, Hu J, Ikezu S, 
Ikezu T. P2RX7 inhibitor suppresses exosome secretion and dis-
ease phenotype in P301S tau transgenic mice. Mol Neurodegener. 
2020;15:47.

 157. Muraoka S, Jedrychowski MP, Iwahara N, Abdullah M, Onos KD, Keezer 
KJ, Hu J, Ikezu S, Howell GR, Gygi SP, Ikezu T. Enrichment of neurode-
generative microglia signature in brain-derived extracellular vesicles 
isolated from Alzheimer’s disease mouse models. J Proteome Res. 
2021;20:1733–43.

 158. Nutma E, Ceyzeriat K, Amor S, Tsartsalis S, Millet P, Owen DR, Papado-
poulos V, Tournier BB. Cellular sources of TSPO expression in healthy 
and diseased brain. Eur J Nucl Med Mol Imaging. 2021;49:146–63.

 159. Zhang L, Hu K, Shao T, Hou L, Zhang S, Ye W, Josephson L, Meyer JH, 
Zhang MR, Vasdev N, et al. Recent developments on PET radiotracers 
for TSPO and their applications in neuroimaging. Acta Pharm Sin B. 
2021;11:373–93.

 160. Fan Z, Brooks DJ, Okello A, Edison P. An early and late peak in microglial 
activation in Alzheimer’s disease trajectory. Brain. 2017;140:792–803.

 161. Masuda T, Sankowski R, Staszewski O, Bottcher C, Amann L, Sagar, 
Scheiwe C, Nessler S, Kunz P, van Loo G, et al. Spatial and temporal 
heterogeneity of mouse and human microglia at single-cell resolution. 
Nature. 2019; 566:388–392.

 162. Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer 
L, Bennett ML, Munch AE, Chung WS, Peterson TC, et al. Neurotoxic 
reactive astrocytes are induced by activated microglia. Nature. 
2017;541:481–7.



Page 23 of 23Gao et al. Journal of Neuroinflammation          (2022) 19:215  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 163. Rostami J, Mothes T, Kolahdouzan M, Eriksson O, Moslem M, Bergstrom 
J, Ingelsson M, O’Callaghan P, Healy LM, Falk A, Erlandsson A. Crosstalk 
between astrocytes and microglia results in increased degradation 
of alpha-synuclein and amyloid-beta aggregates. J Neuroinflam. 
2021;18:124.

 164. McAlpine CS, Park J, Griciuc A, Kim E, Choi SH, Iwamoto Y, Kiss MG, 
Christie KA, Vinegoni C, Poller WC, et al. Astrocytic interleukin-3 pro-
grams microglia and limits Alzheimer’s disease. Nature. 2021;595:701–6.

 165. Lian H, Litvinchuk A, Chiang AC, Aithmitti N, Jankowsky JL, Zheng 
H. Astrocyte-microglia cross talk through complement activation 
modulates amyloid pathology in mouse models of Alzheimer’s disease. 
J Neurosci. 2016;36:577–89.

 166. Wang C, Xiong M, Gratuze M, Bao X, Shi Y, Andhey PS, Manis M, 
Schroeder C, Yin Z, Madore C, et al. Selective removal of astrocytic 
APOE4 strongly protects against tau-mediated neurodegeneration and 
decreases synaptic phagocytosis by microglia. Neuron. 2021;109(1657–
1674): e1657.

 167. Haruwaka K, Ikegami A, Tachibana Y, Ohno N, Konishi H, Hashimoto A, 
Matsumoto M, Kato D, Ono R, Kiyama H, et al. Dual microglia effects on 
blood brain barrier permeability induced by systemic inflammation. 
Nat Commun. 2019;10:5816.

 168. Lou N, Takano T, Pei Y, Xavier AL, Goldman SA, Nedergaard M. Purinergic 
receptor P2RY12-dependent microglial closure of the injured blood–
brain barrier. Proc Natl Acad Sci USA. 2016;113:1074–9.

 169. Ronaldson PT, Davis TP. Regulation of blood-brain barrier integrity by 
microglia in health and disease: a therapeutic opportunity. J Cereb 
Blood Flow Metab. 2020;40:S6–24.

 170. Kisler K, Nikolakopoulou AM, Zlokovic BV. Microglia have a grip on brain 
microvasculature. Nat Commun. 2021;12:5290.

 171. Bisht K, Okojie KA, Sharma K, Lentferink DH, Sun YY, Chen HR, Uweru 
JO, Amancherla S, Calcuttawala Z, Campos-Salazar AB, et al. Capillary-
associated microglia regulate vascular structure and function through 
PANX1-P2RY12 coupling in mice. Nat Commun. 2021;12:5289.

 172. Montagne A, Zhao Z, Zlokovic BV. Alzheimer’s disease: a matter of 
blood–brain barrier dysfunction? J Exp Med. 2017;214:3151–69.

 173. Sweeney MD, Sagare AP, Zlokovic BV. Blood-brain barrier breakdown 
in Alzheimer disease and other neurodegenerative disorders. Nat Rev 
Neurol. 2018;14:133–50.

 174. Merlini M, Rafalski VA, Rios Coronado PE, Gill TM, Ellisman M, Muthuku-
mar G, Subramanian KS, Ryu JK, Syme CA, Davalos D, et al. Fibrinogen 
induces microglia-mediated spine elimination and cognitive impair-
ment in an Alzheimer’s disease model. Neuron. 2019;101(1099–1108): 
e1096.

 175. Wang C, Yue H, Hu Z, Shen Y, Ma J, Li J, Wang XD, Wang L, Sun B, Shi P, 
et al. Microglia mediate forgetting via complement-dependent synap-
tic elimination. Science. 2020;367:688–94.

 176. Carvalho K, Faivre E, Pietrowski MJ, Marques X, Gomez-Murcia V, Deleau 
A, Huin V, Hansen JN, Kozlov S, Danis C, et al. Exacerbation of C1q dys-
regulation, synaptic loss and memory deficits in tau pathology linked 
to neuronal adenosine A2A receptor. Brain. 2019;142:3636–54.

 177. Lehrman EK, Wilton DK, Litvina EY, Welsh CA, Chang ST, Frouin A, Walker 
AJ, Heller MD, Umemori H, Chen C, Stevens B. CD47 protects synapses 
from excess microglia-mediated pruning during development. Neuron. 
2018;100(120–134): e126.

 178. Ding X, Wang J, Huang M, Chen Z, Liu J, Zhang Q, Zhang C, Xiang Y, 
Zen K, Li L. Loss of microglial SIRPalpha promotes synaptic pruning in 
preclinical models of neurodegeneration. Nat Commun. 2021;12:2030.

 179. Almet AA, Cang Z, Jin S, Nie Q. The landscape of cell–cell com-
munication through single-cell transcriptomics. Curr Opin Syst Biol. 
2021;26:12–23.

 180. Walker BL, Cang Z, Ren H, Bourgain-Chang E, Nie Q. Deciphering tissue 
structure and function using spatial transcriptomics. Commun Biol. 
2022;5:220.

 181. Longo SK, Guo MG, Ji AL, Khavari PA. Integrating single-cell and spatial 
transcriptomics to elucidate intercellular tissue dynamics. Nat Rev 
Genet. 2021;22:627–44.

 182. Hasselmann J, Coburn MA, England W, Figueroa Velez DX, KianiShabe-
stari S, Tu CH, McQuade A, Kolahdouzan M, Echeverria K, Claes C, et al. 
Development of a chimeric model to study and manipulate human 
microglia in vivo. Neuron. 2019;103(1016–1033): e1010.

 183. Friedman BA, Srinivasan K, Ayalon G, Meilandt WJ, Lin H, Huntley MA, 
Cao Y, Lee SH, Haddick PCG, Ngu H, Modrusan Z, Larson JL, Kaminker JS, 
van der Brug MP, Hansen DV. Diverse brain myeloid expression profiles 
reveal distinct microglial activation states and aspects of Alzheimer’s 
disease not evident in mouse models. Cell Rep. 2018;22:832–47.

 184. Mrdjen D, Pavlovic A, Hartmann FJ, Schreiner B, Utz SG, Leung BP, Lelios 
I, Heppner FL, Kipnis J, Merkler D, Greter M, Becher B. High-dimensional 
single-cell mapping of central nervous system immune cells reveals 
distinct myeloid subsets in health, aging, and disease. Immunity. 
2018;48(380–395): e386.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Pathogenesis, therapeutic strategies and biomarker development based on “omics” analysis related to microglia in Alzheimer’s disease
	Abstract 
	Background
	Clues to the pathogenesis of AD based on “omics” analysis related to microglia
	Genomics
	TREM2
	Membrane-spanning 4-domains subfamily A (MS4A)
	ATP-binding cassette transporter A7 (ABCA7)
	CD33
	Complement receptor 1 (CR1)
	Bridging Integrator 1 (BIN1)
	PU.1
	Phospholipase C gamma 2 (PLCG2)

	Epigenomics
	Transcriptomics
	Microglial subsets reported in AD mouse models
	Microglial subsets reported in patients with AD

	Proteomics
	Metabolomicslipidomics
	iPSCs as a powerful tool for “omics” study in AD
	Advantages and limitations of integrative multi-omics

	Therapeutic strategies based on microglial “omics” analysis in AD
	Targeting key factors and pathways to improve microglia function
	Targeting regulatory factors to induce specific microglia subsets
	Targeting the brain microenvironment to restore microglia function

	Biomarker development based on microglial “omics” analysis in AD
	Body fluid microglial biomarkers
	Microglial extracellular vesicles (EVs) might serve as source of biomarkers
	Potential imaging biomarkers for microglia

	Spatial transcriptomics, a promising tool to reveal intercellular communication
	Microglia communicate with other cell types in the AD brain
	Microglia-astrocyte crosstalk
	Microglia-cerebral blood vessels crosstalk
	Microglia-neuron crosstalk

	Spatial transcriptomics reveal intercellular communication in the microenvironment

	Conclusions
	Acknowledgements
	References


