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Abstract 

Background  Alzheimer’s disease (AD) is characterized by amyloid β (Aβ) accumulation in the brain. Recent genome-
wide association studies have identified numerous AD risk genes highly expressed in microglia, highlighting their 
potential role in AD pathogenesis. Although microglia possess phagocytic capacity and have been implicated in Aβ 
clearance, accumulating evidence suggests their contribution to AD pathogenesis is more complex than initially 
anticipated.

Main body  This review synthesizes current knowledge on microglial Aβ metabolism in AD, reconciling conflicting 
data from various studies. We examine evidence supporting the role of microglia in Aβ clearance, including studies 
on AD risk genes like TREM2 and their impact on microglial phagocytosis. Conversely, we explore findings that chal-
lenge this view, such as microglial depletion experiments resulting in unchanged or decreased Aβ accumulation. We 
propose that the contribution of microglia to Aβ metabolism is context-dependent, varying with disease progression, 
genetic background, and experimental conditions. Notably, microglia may promote parenchymal amyloid accu-
mulation in early disease stages, while this accumulation-promoting effect may diminish in later stages. We discuss 
potential mechanisms for this paradoxical effect, including intracellular Aβ aggregation and release of pro-aggrega-
tion factors. Additionally, we explore the interplay between microglia-mediated Aβ metabolism and other clearance 
pathways, such as the glymphatic system, highlighting a potential compensatory relationship between parenchymal 
amyloid deposition and cerebral amyloid angiopathy.

Conclusion  Our review underscores the complex and dynamic role of microglia in AD pathogenesis. Understand-
ing the stage-specific functions of microglia in Aβ metabolism is crucial for developing targeted interventions. Future 
research should focus on elucidating the mechanisms of microglial functional changes throughout disease progres-
sion and determining the pathological significance of these changes. Exploring potential therapeutic strategies 
that selectively enhance beneficial microglial functions while mitigating their detrimental effects remains an impor-
tant goal.

Keywords  Alzheimer’s disease, Microglia, Amyloid-β, TREM2, Phagocytosis, Cerebral amyloid angiopathy, Glymphatic 
system

Introduction
Alzheimer’s disease (AD), the primary cause of demen-
tia, is characterized by amyloid β (Aβ) accumulation in 
the brain, resulting from an imbalance between its pro-
duction and clearance [1]. While familial AD is linked to 
mutations enhancing Aβ production, the mechanisms 
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underlying sporadic AD remain unclear. Recent research 
suggests that impaired Aβ clearance, rather than over-
production, may be central to sporadic AD pathogen-
esis [2]. Understanding the mechanisms of impaired Aβ 
clearance in sporadic AD requires identifying key molec-
ular players.

Microglia, the primary immune cells in the central 
nervous system (CNS), are essential for maintaining nor-
mal brain function. This is exemplified by hereditary dif-
fuse leukoencephalopathy with spheroids (HDLS), caused 
by mutations in the macrophage colony-stimulating fac-
tor 1 receptor (CSF1R) gene [3]. HDLS leads to severe 
leukoencephalopathy through compromised microglial 
survival and function, underlining the pivotal role of 
these cells in CNS homeostasis. In line with this, recent 
genome-wide association studies have identified numer-
ous AD risk genes highly expressed in microglia [4, 5]. 
Although their specific roles in AD pathogenesis remain 
incompletely elucidated, many of these genes appear 
to be involved in immune regulation (e.g., CR1, CD33, 
PLCG2), endocytosis/phagocytosis/membrane traffick-
ing (BIN1, PICALM, TREM2, ABI3), or lipid metabolism 
(APOE, CLU, ABCA7, INPP5D) (For a comprehensive 
overview of these genes’ functions, readers are referred 
to previous reviews [6, 7]). Such genetic findings collec-
tively point to a critical role for microglial function—or 
its dysfunction—in shaping AD pathogenesis.

Given their phagocytic capacity in the central nerv-
ous system, microglia were anticipated to contribute 
to the metabolism of extracellular Aβ deposits, thereby 
protecting against AD pathogenesis. However, recent 
findings present a more complex picture. While many 
studies demonstrate the ability of microglia to take 
up and degrade Aβ, others suggest their contribution 
might be limited or even lead to unexpected outcomes 
under certain conditions. Surprisingly, some microglial 
depletion experiments have shown no change or even a 
decrease in Aβ accumulation, challenging conventional 
views. Collectively, these contradictory observations 
imply that microglial function in AD is not monolithic 
but can change depending on disease stage or environ-
mental cues.

Indeed, recent studies have revealed that microglia 
undergo dynamic state changes during AD progres-
sion. A single-cell transcriptomic study of AD mouse 
models identified a distinct microglial activation state 
termed disease-associated microglia (DAM), which is 
characterized by the suppression of homeostatic genes 
and upregulation of genes involved in lysosomal, phago-
cytic, and lipid metabolism pathways [8]. This finding has 
been further extended to human AD pathology by Sun 
et al., who identified 12 distinct microglial states, includ-
ing AD-dysregulated homeostatic, inflammatory, and 

lipid-processing states [9]. These states show dynamic 
transitions during disease progression, suggesting that 
microglial function in AD is not static but rather evolves 
with disease advancement. The identification of these 
disease-specific microglial states has provided crucial 
insights into how these cells may contribute to AD patho-
genesis at different stages.

This review aims to synthesize current knowledge on 
microglial Aβ metabolism and reconcile conflicting data. 
We propose that microglia may significantly influence Aβ 
metabolism under specific conditions but may not sub-
stantially contribute to steady-state Aβ clearance. We 
also explore the possibility that microglia might, in cer-
tain circumstances, promote brain parenchymal amyloid 
accumulation. Our discussion covers evidence support-
ing and challenging the role of microglia in Aβ metabo-
lism, interprets conflicting results, explores mechanisms 
by which microglia might promote amyloid accumula-
tion, and examines interactions between microglial-
mediated Aβ metabolism and other clearance pathways. 
While the roles of microglia in AD extend beyond Aβ 
metabolism—including roles in amyloid plaque compac-
tion and tau pathology—these aspects, though crucial, 
are beyond our scope and are covered extensively else-
where [4, 7]. By examining the complex roles of microglia 
in Aβ metabolism, we aim to clarify their contribution 
to AD pathogenesis and identify promising avenues for 
future research and potential therapies.

Microglial contribution to Aβ metabolism
Is microglia truly involved in Aβ metabolism?
Evidence supporting the role of microglia in Aβ metabolism
Due to their phagocytic capabilities, microglia have long 
been considered crucial for Aβ metabolism1. Numerous 
studies provide evidence supporting the ability of micro-
glia to metabolize Aβ and demonstrate that this ability 
can be enhanced under specific conditions.

Of particular interest is research on Triggering Recep-
tor Expressed on Myeloid Cells 2 (TREM2), a gene encod-
ing a surface receptor essential for normal microglial 
function [10]. Biallelic loss-of-function mutations in 
TREM2 or TYROBP (encoding its cytoplasmic adaptor 

1  In this review, we employ “internalize” or “uptake” to describe instances 
where microglia incorporate Aβ, and we reserve “phagocytosis” for cases 
in which there is direct evidence (e.g., microscopy, biochemical assays) of 
a phagocytic mechanism. We use “degradation” to refer to the microglia-
driven breakdown of Aβ, which has been most clearly demonstrated 
under in  vitro conditions where lysosomal or enzymatic activities can be 
confirmed. In in  vivo studies, however, it is often difficult to distinguish 
whether Aβ clearance relies on direct microglial degradation or alternative 
pathways such as the glymphatic system. Accordingly, we employ broader 
terms such as “metabolism” or “clearance” when discussing scenarios in 
which multiple routes may be involved.
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molecule, also known as DAP12) cause Nasu-Hakola dis-
ease, also known as polycystic lipomembranous osteod-
ysplasia with sclerosing leukoencephalopathy (PLOSL). 
This rare autosomal recessive disorder, characterized 
by early-onset frontotemporal dementia and multifocal 
bone cysts, underscores the crucial role of the TREM2–
TYROBP pathway in maintaining microglial homeosta-
sis. More recently, partial loss-of-function variants of 
TREM2 have been identified as risk factors for AD, and 
a rare variant of TYROBP was likewise reported in early-
onset AD [11], further highlighting the essential contri-
bution of this receptor complex to disease pathogenesis. 
Indeed, multiple lines of evidence from Aβ-accumulation 
mouse models have shown that Trem2 deficiency 
enhances Aβ pathology, although the timing and mag-
nitude of this effect vary across different experimen-
tal settings [12–19] (See Additional file  1: Table S1 for 
a summary of TREM2 genetic intervention studies). In 
contrast, both human TREM2 transgenic mice [20] and 
Trem2 mutant mice with enhanced surface expression 
[21] showed reduced Aβ accumulation at specific disease 
stages. Conditional overexpression approaches further 
suggest that TREM2 can dynamically modulate Aβ accu-
mulation depending on disease stage [22]. Collectively, 
these findings indicate that TREM2 plays a pivotal and 
context-dependent role in Aβ metabolism in AD.

TREM2 was initially found to regulate phagocytosis in 
microglia [23]. Subsequent studies using cultured micro-
glia revealed its involvement in the uptake of Aβ aggre-
gates [24, 25]. TREM2 directly recognizes Aβ oligomers 
[26] and fibrils [27] and indirectly promotes Aβ phago-
cytosis by regulating the expression of other Aβ recep-
tors such as CD36 [28]. Downstream of TREM2, SYK is 
necessary for Aβ uptake [29, 30]. While TREM2 is crucial 
for microglial Aβ phagocytosis and metabolism, it is also 
deeply involved in mitigating amyloid toxicity through 
microglial clustering around amyloid plaques and pro-
moting plaque compaction, which reduces the exposure 
of toxic Aβ species to surrounding neurons [13, 19, 31, 
32]. Studies on TREM2 agonist antibodies have demon-
strated their capacity to enhance microglial Aβ phago-
cytosis [33–35]. However, the therapeutic application of 
this approach has proven challenging, as exemplified by 
the recent failure of the TREM2-targeting monoclonal 
antibody AL002 in the phase 2 INVOKE-2 trial for early-
stage AD (ClinicalTrials.gov identifier NCT04592874). 
The trial was discontinued after failing to meet its end-
points, with additional safety concerns arising from 
magnetic resonance imaging (MRI) changes resembling 
amyloid-related imaging abnormalities (ARIA). These 
clinical results underscore the complexity of translating 
promising preclinical findings into effective therapeutic 
strategies.

Other AD risk genes have also been associated with 
microglial Aβ metabolism. For instance, SPI1/PU.1, a 
transcription factor characterizing microglia, positively 
regulates Aβ phagocytosis [36, 37]. Conversely, the 
microglial receptor molecule CD33 negatively regulates 
Aβ uptake, partly by suppressing TREM2 downstream 
signaling [14]. Similarly, Leukocyte immunoglobulin-
like receptor B4 (LILRB4), another inhibitory recep-
tor, has been shown to regulate Aβ phagocytosis 
negatively [38]. Inositol polyphosphate-5-phosphatase 
D (INPP5D), which inhibits TREM2 downstream sign-
aling, has also been suggested to negatively regulate 
microglial Aβ phagocytosis, although phenotypes vary 
across reports [39–43]. The cytoskeletal regulatory 
molecule ABI3 has also been reported to be involved in 
microglial Aβ metabolism [44–46].

Multiple scavenger receptors (macrophage scav-
enger receptor 1 (MSR1), CD36, scavenger receptor 
class B member 1 (SR-BI), receptor for advanced gly-
cation end-product (RAGE)) have been identified as 
having Aβ binding capacity [47–52], although their 
role in in vivo Aβ metabolism remains debated [47, 53, 
54]. Additionally, several membrane molecules that do 
not directly recognize Aβ are known to be involved in 
phagocytosis. The Tyro3, Axl, and Mer (TAM) recep-
tor family members Axl and Mertk recognize phos-
phatidylserine co-deposited with amyloid plaques [55], 
while Piezo1, involved in mechanosensing, contributes 
to Aβ phagocytosis by recognizing the stiffness of amy-
loid plaques [56]. C–X3–C motif chemokine receptor 
1 (CX3CR1) [57], C-type lectin domain containing 7 A 
(CLEC7A) [29, 30, 58], and G protein-coupled receptor 
34 (GPR34) [59] also regulate microglial Aβ phagocyto-
sis activity.

Furthermore, non-phagocytic Aβ uptake and degrada-
tion pathways are known. Notably, soluble Aβ is taken up 
by microglial macropinocytosis [60], and the possibility 
of Aβ degradation by microglia-derived secreted pro-
teases has been suggested [61, 62].

Various immune and inflammatory signals can modu-
late microglial Aβ metabolism, either directly or indi-
rectly through other cell types. For example, deficiency 
of inflammasome components such as NLR family pyrin 
domain containing 3 (NLRP3) or Caspase-1 increases 
microglial uptake of Aβ fibrils [63]. With Aβ deposition, 
microglia increase interleukin (IL)−3 receptor expres-
sion, and astrocyte-derived IL-3 promotes microglial 
Aβ metabolism [64]. IL-33 also promotes microglial 
Aβ metabolism, with the microglial Apolipoprotein E 
(ApoE)-vascular cell adhesion molecule 1 (VCAM1)-sup-
pression of tumorigenicity 2 (ST2) axis playing a crucial 
role [65, 66]). Complement C3 or its receptor molecule 
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CR3 deficiency decreases microglial Aβ phagocytosis 
[67].

Environmental factors also affect microglial Aβ metab-
olism. For example, the gut microbiome influences brain 
Aβ accumulation through microglial Aβ metabolism. 
Dodiya et  al. showed that antibiotic administration to 
pre-weaning mice decreased Aβ deposition in a micro-
glia-dependent manner [68]. Short-chain fatty acids 
derived from the gut microbiome have been reported to 
inhibit Aβ uptake by plaque-associated microglia [69]. 
Additionally, aging affects microglial Aβ phagocytic 
capacity [70, 71].

Lastly, microglial uptake of Aβ fibrils has been sug-
gested to contribute to the mechanism of Aβ metabolism 
promotion by recently approved anti-Aβ antibody thera-
peutics [72].

These numerous findings collectively indicate that 
microglia play an important role in Aβ metabolism, 
though the specifics of this role may vary depending on 
the context and stage of disease progression (Fig. 1).

Evidence challenging the direct role of microglia in Aβ 
clearance
While substantial evidence supports the ability of 
microglia to uptake and degrade Aβ, conflicting reports 
also exist. Early histopathological studies already sug-
gested potential limitations in microglial Aβ clear-
ance, showing intact amyloid fibrils within microglial 
endosomes in AD patient brains and demonstrating 
the limited capacity of cultured microglia to degrade 
amyloid [73–75]. Recent genetic and pharmacological 
approaches have not only reinforced these observa-
tions but have also revealed an even more unexpected 
aspect of microglial function. Pharmacological micro-
glial depletion experiments, primarily using CSF1R 
inhibitors, have yielded surprising results (see ref-
erences [76, 77] for comprehensive summaries of 
microglial depletion studies). In many cases, Aβ accu-
mulation remained essentially unchanged following 
microglial depletion [76, 78–87]. Even more intrigu-
ingly, some studies reported decreased parenchymal 
amyloid plaque formation upon microglial depletion. 
For instance, Spangenberg et al. found that administer-
ing the CSF1R inhibitor PLX3397 to the amyloid-laden 

Fig. 1  Molecular mechanisms involved in microglial Aβ uptake and degradation

Schematic representation of pathways mediating microglial Aβ metabolism. Multiple receptors contribute to Aβ recognition and cellular 
responses: TREM2/TYROBP complex directly recognizes Aβ and triggers downstream signaling through SYK, CSF1R facilitates TREM2/
TYROBP-mediated signaling through phosphorylation cascades while regulating microglial survival/proliferation, inhibitory receptors (CD33, 
LILRB4) negatively regulate Aβ uptake, scavenger receptors contribute to Aβ binding, Piezo1 senses plaque stiffness, and TAM receptors recognize 
phosphatidylserine co-deposited with amyloid plaques. Soluble Aβ species are internalized through macropinocytosis. These pathways converge 
on phosphatidylinositol 3-kinase (PI3K) signaling, which is modulated by INPP5D. The transcription factor SPI1/PU.1 regulates genes involved in Aβ 
metabolism. The fate of internalized Aβ, including whether and how efficiently it undergoes degradation, varies depending on the context. P: 
phosphorylation. Question marks indicate pathways that remain incompletely understood. Created with BioRender.com
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5xFAD mouse model reduced parenchymal amyloid 
plaque deposition, with treatment initiated as early as 
1.5 months of age [85]. Similar results were obtained 
using a mouse model with deletion of the microglia-
specific Fms intronic regulatory element in the Csf1r 
gene (FIREΔ/Δ), which lacks microglia from birth [88].

These findings appear paradoxical at first glance. If 
microglia play a crucial role in Aβ metabolism, their 
removal should logically increase Aβ accumulation. 
However, the results suggest that microglia might not 
significantly contribute to steady-state Aβ metabolism 
or might even promote amyloid formation under cer-
tain conditions.

Interpretation of conflicting results
How should we interpret these conflicting results? 
While this contradiction has not been fully resolved, 
two important points need to be considered:

First, the results of microglial depletion experi-
ments primarily reflect the contribution of microglia 
to steady-state Aβ metabolism. It is important to note 
that the lack of increased Aβ accumulation following 
microglial depletion does not rule out the Aβ meta-
bolic capacity of microglia itself or the possibility of its 
enhancement under specific conditions.

Another crucial perspective is the timing of inter-
vention. The results from Spangenberg et  al. (2019) 
and Kiani Shabestari et  al. (2022), as described in the 
previous section, are particularly noteworthy [85, 88]. 
In these studies, microglial depletion was initiated 
very early in the disease pathology. The observation of 
decreased Aβ accumulation in these cases suggests that 
the Aβ accumulation-promoting effect of microglia may 
be stage-specific. This hypothesis was directly tested by 
Baligács et al. (2024) [77]. Using the AppNL−G−F mouse 
model, they performed microglial depletion at different 
time points and found a biphasic result: depletion dur-
ing the early accumulation phase (1–4 months of age) 
decreased Aβ accumulation, while depletion from 3 to 
7 months of age showed no change in accumulation. 
Moreover, they demonstrated that transplanting human 
microglial cells into FIREΔ/Δ mice—which exhib-
ited delayed amyloid plaque formation—significantly 
enhanced plaque formation. These results indicate that 
microglia may promote parenchymal Aβ accumulation 
primarily during the early stages of the disease, and as 
discussed later in Sect. 2.2, additional evidence further 
supports this notion. Synthesizing these observations, a 
new hypothesis emerges (Fig. 2).

1.	 Microglia exhibit stage-dependent effects on Aβ 
accumulation, promoting parenchymal Aβ deposi-
tion during early disease stages, while this accumula-

tion-promoting effect diminishes as the disease pro-
gresses.

2.	 The Aβ metabolic capacity of microglia is limited 
under steady-state conditions but can be significantly 
enhanced under specific circumstances, such as 
genetic modifications, changes in the brain microen-
vironment, or targeted therapeutic interventions.

This hypothesis can uniformly explain the seemingly 
contradictory experimental results. In other words, 
while microglia indeed possess Aβ metabolic capacity, 
their role significantly changes depending on the stage 
of disease progression, genetic background, and envi-
ronmental conditions. Further research should verify 
this hypothesis and elucidate the mechanisms of micro-
glial functional changes.

Mechanisms by which microglia promote parenchymal 
amyloid accumulation
As discussed in the previous section, microglia may 
promote Aβ accumulation, but the underlying mecha-
nisms are not fully understood. Several in vitro experi-
mental studies have provided important mechanistic 
insights into this phenomenon. For instance, Sheedy 
et  al. (2013) demonstrated in experiments using bone 
marrow-derived macrophages that internalized solu-
ble Aβ can transform into Thioflavin-positive amyloid 
within cells [89]. Moreover, Bassil et  al. demonstrated 
that when human-induced pluripotent stem cell 
(iPSC)-derived microglia were added to a co-culture of 
neurons and astrocytes, and exposed to Aβ oligomers, 
they observed microglial uptake of Aβ and clustering 
of microglia around Aβ. Subsequently, amyloid plaque-
like Aβ aggregates formed at these sites of microglial 
accumulation [90]. These results support the following 
hypothesis for the mechanism by which microglia pro-
mote Aβ accumulation: Microglia actively take up Aβ 
but cannot completely degrade it, leading to the accu-
mulation of undegraded Aβ within cells. This concen-
trated Aβ may form amyloid, which could be released 
extracellularly due to cellular stress, serving as a seed 
for amyloid plaque formation.

In line with these in vitro observations, d’Errico et al. 
(2022) showed that transplantation of wild-type neu-
ral tissue into an AD model mouse led to infiltration 
of host-derived microglia, which in turn enhanced Aβ 
plaque formation at the graft site [91]. This direct dem-
onstration of microglia promoting plaque accumulation 
in vivo further underscores their active role in driving 
parenchymal Aβ pathology. A recent study by Kaji et al. 
(2024) has revealed another important mechanism 
involving ApoE [92]. They demonstrated that ApoE 
can form fibrillar aggregates within the endo-lysosomal 
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system of microglia, and these aggregates can trigger 
Aβ amyloidosis. This finding suggests that microglial 
uptake and processing of ApoE might serve as an initi-
ating event in amyloid plaque formation.

Similarly, factors secreted by microglia may promote 
Aβ aggregation. Notably, Venegas et  al. showed that 
microglia-derived apoptosis-associated speck-like pro-
tein containing a CARD (ASC) speck can cross-seed 

Aβ. In other words, ASC specks released by microglia 
as part of the inflammatory response may function as 
seeds for Aβ aggregation, potentially promoting amy-
loid plaque formation [93]. These mechanisms are not 
mutually exclusive and may act cooperatively at differ-
ent stages of pathology or under various conditions.

Fig. 2  Stage-dependent roles of microglia in amyloid β accumulation

a Schematic representation of microglial contribution to Aβ pathology progression. In normal condition (upper panel), microglia promote plaque 
formation during early disease phase while participating in Aβ metabolism only under specific conditions in late phase. In the absence of microglia 
(lower panel), plaque formation occurs in a microglia-independent manner with delayed kinetics, suggesting the involvement of alternative 
clearance pathways such as the glymphatic system. Green: microglia, Brown: amyloid plaque. b, c Schematic graphs showing how microglia 
depletion affects plaque burden when treatment is initiated in early (b) or late (c) disease stage. When microglia are depleted from early 
stage, plaque burden is reduced compared to control, reflecting removal of plaque-promoting effect by microglia (b). In contrast, when depletion 
is initiated at late stage, plaque burden remains largely unchanged (c), suggesting limited contribution of microglia to steady-state Aβ metabolism 
at this stage. Created with BioRender.com
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Crosstalk with other Aβ clearance pathways
The regulation of brain Aβ levels involves various clear-
ance pathways. While the role of microglia in Aβ metabo-
lism remains complex as discussed above, the glymphatic 
system represents another major clearance route from 
the brain [94]. Interestingly, results from microglial 
depletion experiments suggest a significant interplay 
between microglial function and glymphatic clearance.

Of particular note is that while microglial depletion can 
reduce Aβ accumulation in brain parenchyma, it often 
exacerbates cerebral amyloid angiopathy (CAA), charac-
terized by Aβ deposition in cerebral blood vessel walls. 
This trade-off between parenchymal amyloid and CAA 
has been consistently reported in various experimental 
models. For instance, both Spangenberg et al. (2019) and 
Kiani Shabestari et al. (2022) observed this phenomenon 
in their microglial depletion studies, despite using differ-
ent approaches (pharmacological and genetic, respec-
tively) [85, 88]. Similar phenomena have been observed 
in other experimental models. For example, an increase 
of transforming growth factor-β1 (TGF-β1) production 
in human β-amyloid precursor protein-expressing mice 
reduced parenchymal amyloid plaques but increased 
amyloid accumulation in blood vessels [95]. Comparable 
results have been reported in ApoE4 knock-in 5xFAD 
mice [96] and Clusterin-deficient APP/PS1 mice [97]. 
These findings strongly suggest a compensatory relation-
ship between amyloid deposition in brain parenchyma 
and blood vessel walls. When plaque formation in the 
brain parenchyma is suppressed, Aβ may be metabolized 
through perivascular pathways, potentially leading to 
CAA.

A related experimental observation comes from Feng 
et  al. (2020) [98], who reported that while microglial 
depletion alone did not increase Aβ accumulation in 
APP/PS1 mice, it did so specifically when combined with 
deletion of Aqp4, a crucial component of the glymphatic 
system. This result further supports the hypothesis that 
microglia-mediated Aβ metabolism and glymphatic sys-
tem-mediated Aβ clearance are complementary in regu-
lating brain Aβ levels. Altogether, these findings indicate 
that microglia and other clearance pathways function in 
a complex interplay, where suppression of one route may 
redirect Aβ toward alternative pathways or alter its depo-
sition pattern.

Importantly, this trade-off between parenchymal Aβ 
reduction and vascular deposition resembles the phe-
nomenon observed in individuals receiving anti-Aβ anti-
body therapy, where clearing plaques can inadvertently 
exacerbate CAA, manifesting as ARIA [99]. ARIA can be 
severe or even fatal—particularly in patients with sub-
stantial preexisting CAA—and is characterized by local 
immune cell infiltration and antibody–Aβ complexes 

around cerebral vessels, collectively resembling CAA-
related inflammation (CAA-ri). Although one hypoth-
esis holds that high-affinity anti-Aβ antibodies might 
solubilize plaque-bound Aβ and redirect it to vascular 
sites [100], evidence for this “rerouting” mechanism is 
limited. By contrast, it appears more likely that the anti-
bodies bind directly to Aβ already accumulated in vessel 
walls, triggering local inflammatory cascades [101]. In 
either scenario, the outcome partly parallels the micro-
glial depletion model: reduced parenchymal amyloid but 
heightened vascular pathology. These parallels under-
score the need for caution when manipulating microglial 
Aβ metabolism, as interventions that modulate one site 
of amyloid accumulation may worsen vascular amyloid 
pathology and increase the risk of ARIA.

Conclusion
Our review has highlighted the complex and often 
paradoxical role of microglia in AD pathogenesis, par-
ticularly regarding Aβ metabolism. The apparent con-
tradiction between microglial Aβ clearance capacity and 
their potential contribution to Aβ accumulation sug-
gests a context-dependent function that changes during 
disease progression. This dynamic nature of microglial 
function presents both challenges and opportunities for 
therapeutic intervention. Several key questions emerge 
from our analysis that warrant further investigation:

1.	 Molecular mechanisms of plaque promotion: The 
precise mechanism by which microglia promote 
plaque formation—especially in the early stages of 
disease—remain unclear. Elucidating these mecha-
nisms could reveal specific targets for therapeutic 
intervention aimed at inhibiting pathological plaque 
seeding.

2.	 Biological significance of microglial Aβ sequestra-
tion: It is still uncertain whether the sequestration of 
Aβ by microglia into parenchymal plaques is benefi-
cial (e.g., isolating toxic Aβ species away from neu-
rons [102]) or detrimental (e.g., by generating seed-
ing sites for ongoing Aβ aggregation). Clarifying this 
is central to understanding how best to modulate 
microglial activity.

3.	 Factors controlling microglial transition: In this 
review, we have discussed how microglial roles in Aβ 
accumulation and metabolism change during dis-
ease progression. Identifying molecular and environ-
mental factors that drive such functional transitions 
remains an essential challenge. Related to this point, 
as discussed in the “Introduction” section, micro-
glia are known to undergo distinct state changes 
during disease progression, exemplified by DAM. 
Moreover, recent advances in spatial transcriptom-
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ics have revealed additional complexity by uncover-
ing region-specific heterogeneity of microglial states 
in both AD patient brains and Aβ-accumulation 
model mice [103–106]. It will be intriguing to deter-
mine how these distinct microglial states correspond 
to the different functional states in Aβ accumulation 
and metabolism described in this review, which may 
provide crucial insights for developing stage- and 
region-specific therapeutic strategies.

4.	 Therapeutic targeting without broad depletion: From 
a therapeutic perspective, interventions that selec-
tively modulate specific microglial functions—rather 
than broadly depleting or inhibiting microglia—are 
needed. For example, while CSF1R inhibitors may 
be an effective means to reduce unfavorable micro-
glial populations, their indiscriminate action may risk 
recapitulating phenotypes seen in HDLS, which is 
caused by loss-of-function mutations in the CSF1R 
gene. Harnessing growing single-cell and spatial tran-
scriptomic data could enable well-timed and highly 
specific approaches that address the heterogeneity of 
glial cell states.

5.	 Translating findings from mice to humans: Most 
evidence for microglial Aβ metabolism has been 
obtained in rodent models. Among the studies dis-
cussed in this review, a limited number have uti-
lized human microglial cell cultures (e.g., references 
[36, 59, 90]), humanized knock-in mice (for mol-
ecules such as TREM2 [18, 20, 22] or LILRB4 [38]), 
or xenotransplantation of human microglia into 
AD mouse models (e.g., reference [77]), but such 
human-focused research remains relatively rare. 
Considering that transcriptomic and functional dif-
ferences between mouse and human microglia are 
increasingly recognized, expanding these human-
relevant approaches is critical. Future work employ-
ing humanized knock-in or xenograft models may be 
particularly useful for confirming or revising insights 
drawn from murine experiments. This will be essen-
tial not only for validating fundamental mechanisms 
but also for informing therapeutic strategies aimed at 
human-specific pathways of disease progression.

Addressing these questions will deepen our under-
standing of AD pathogenesis and may open new 
therapeutic opportunities. Continued exploration of 
region- and state-specific glial diversity can facilitate the 
development of tailored treatments that mitigate harmful 
microglial activities while preserving or enhancing neu-
roprotective roles. The key may lie in understanding and 
manipulating the context-dependent nature of microglia, 
paving the way toward more targeted and effective thera-
pies for this devastating disease.
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