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Highlights

e  Human microglia in aged brain exhibit morphological and molecular perturbation
that could be linked with a shift from homeostatic states to chronic reactivity, as well
as dystrophy and impairment of physiological functions.

e  Dysregulated microglia-mediated oxidative stress, pro-inflammatory states, and senes-
cent milieu in aged human brain may pose a potential link between physiological
brain aging and Alzheimer’s disease (AD)-related pathological trajectories.

e  Microglial dysfunction in overall brain inflammation and AD pathogenesis under-
scores an imperative priority in the advancement of microglia-targeted therapeutic
strategies to modulate pathology and disease progression.

Abstract

Microglia, the resident innate immune cells of the central nervous system, are central
players in brain development, healthy aging, and degenerative pathology, including
Alzheimer’s disease (AD). Aging is a major risk factor for AD, and various studies have
identified alterations in microglial molecular signatures and morphological patterns that
overlap with microglial states during aging. However, the mechanisms underlying the
divergence of aging trajectories toward disease remain unclear. Thus, understanding the
molecular changes in microglia during aging and AD pathology is crucial to elucidating the
mechanisms that drive disease progression. In this review, we examine current advances in
understanding the phenotypic alterations in human microglia, highlighting gene signatures
and morphological changes that may aid in defining microglia’s molecular and functional
programs in healthy aging and over the course of AD. We further explore the roles of ox-
idative stress and cellular senescence in driving the development of a chronic reactive state
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in microglia during aging, which may also contribute to the complex process underlying
the onset and progression of AD pathology. This review highlights the advancements
in therapeutic strategies focused on targeting pertinent pathological microglial changes
during aging and in disease to mitigate the AD neurodegenerative process.

Keywords: microglia; human; aging; Alzheimer’s disease; oxidative stress; senescence;
inflammation

1. Introduction

The proportion of the global elderly population is continuously increasing [1]. Ac-
cording to the World Health Organization (WHO), 1 in 6 individuals globally will be aged
over 60 years by 2030 [2]. This age distribution is estimated to double from approximately
1 billion in 2020 to 2.1 billion by 2050, potentially owing to increases in longevity, notably
considering the advancement in medicine, and decline in birth rates [2,3]. Aging is a
progressive biological process characterized by a steady decline in physiological func-
tions across various organ systems. However, it is accompanied by a rising prevalence
of age-associated diseases, with extensive health, societal, and economic burden [1,4,5].
Alzheimer’s disease (AD), a neurodegenerative disorder associated with progressive cogni-
tive decline, is one of the leading causes of morbidity and mortality among older adults
worldwide; aging remains its most significant risk factor [6-8]. AD affects more than
55 million people globally and, therefore, remains an international public health concern [9].
Despite considerable progress in AD research, positive outcomes for disease-modifying
therapies remain limited, underscoring a pressing demand to identify mechanisms that
can slow or halt disease progression. It is thus imperative to thoroughly evaluate the
mechanisms underlying biological aging to better understand the processes that could
drive the shift toward age-related disease states like AD [8].

Recent advances increasingly implicate microglia, the resident macrophages of the
central nervous system (CNS), as key contributors to both CNS aging and neurodegener-
ation [10]. Microglia are involved in brain development and lifelong plasticity through
important beneficial functions, including CNS surveillance and homeostasis, innate im-
mune defence, gliogenesis and neurogenesis, myelin turnover, synaptic maintenance and
remodeling [11-13]. However, microglia exhibit age-associated changes revealed through
altered molecular (e.g., transcriptional) and morphological states compromising their
function [10]. Generally, these changes in age-associated cellular characteristics (e.g., mi-
tochondrial and deoxyribonucleic acid (DNA) damage, telomere shortening, etc.) are
consistent with cellular senescence, a state in which a cell undergoes permanent cell-cycle
arrest while maintaining metabolic activity, which is implicated in microglia’s functional
decline in the aged brain [14,15]. Impaired processing and clearance of neurotoxic proteins
(e.g., amyloid-beta or AP) and an excessive immune response coinciding with chronic CNS
inflammation, both linked to disease progression, are some of the microglial alterations
similarly observed in aging and AD pathology [14,16]. Consistent with this, multiple AD
risk loci identified by genome-wide association studies (GWAS) correspond to genes that
are highly expressed in microglia [17]. Some of these genes were also found to be enriched
in the aged brain in neurologically healthy individuals [17]. Nevertheless, the cellular and
phenotypic changes that underlie microglial dysfunction during physiological aging and in
age-related disease processes remain largely unelucidated [10,18].

With growing evidence that microglia adopt distinct age-associated states that may
shape vulnerability to neurodegenerative diseases, defining how microglial properties
change with aging, along with exposure to various noxious signals, is a critical research
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avenue. Microglial-mediated mechanisms have been more comprehensively characterized
through studies utilizing mouse models of aging and neurodegenerative disease pathology.
However, species differences between murine and human microglia in the context of aging
have been recognized [19]. Whilst, a key gap remains in identifying microglial alterations
that lead to cognitive decline in human aging and AD. Therefore, this review integrates
perspectives from human studies and explores recent insights into the molecular and
phenotypic landscape of human microglia during aging and examines how these changes
relate to, or differ from, those occurring in AD. We further discuss the converging microglial
molecular alterations linked with physiological and pathological processes in human aging,
including oxidative stress, cellular senescence and inflammaging, to shed light on areas
where current research disparities lie. Allin all, we focus on current evidence describing
aging-associated shifts in human microglial molecular, phenotypic, and functional profiles,
with implications for identifying therapeutic strategies against cognitive impairment during
aging and in AD.

2. The Aged Brain and Microglia

As the CNS ages, the brain undergoes progressive physiological changes that lead to
cumulative alterations across neural networks [20], and this can contribute to gradual shifts
in neurological functioning [21,22]. In this review, we refer to microglial characteristics as
‘aged’ or ‘aging’ broadly, based on phenotypic data from post-mortem human brains from
individuals of advanced age, generally 60 years and older. Although a consensus is yet to
be reached, a broad criterion is clinically used to distinguish physiologic from pathological
aging, which the latter encompasses aging trajectories associated with marked functional
decline in one or more cognitive areas associated with neurodegenerative processes like
AD [20,23,24].

Age-related brain changes occur at multiple levels. For instance, aging at the molecular
and cellular landscapes is associated with increased astrocytic and microglial activity,
altered mitochondrial and intracellular calcium homeostasis, and oxidative stress, which
can contribute to DNA and protein damage [25-27]. More broadly, these changes may
contribute to a reduction of synaptic function and heightened immune activity, which
appear to be prominent features of the aged human brain [28,29]. As the primary innate
immune cell in the brain, maladaptive shifts to microglial core biological functions have
been implicated in the development of these deleterious changes [10,21]. Moreover, because
several of these features overlap with changes in AD, it remains critical to delineate where
mechanisms diverge from, or converge with, physiologic aging processes. Hence, probing
microglial molecular and cellular programs that could play a role in the process of brain
aging or pathology may shed light on this unknown.

Microglia play essential roles in the maintenance of brain health, and thus are widely
considered a vital mediator of CNS homeostasis, whilst their dysfunction has been linked
to various disease states [30,31]. Microglia are derived from primitive macrophages that
originate from the embryonic yolk sac, specifically erythromyeloid precursors, that migrate
in a hematogenous manner to the neuroepithelium, where they expand and colonize the
brain during embryogenesis [32,33]. Through local self-renewal, microglia are retained in
the brain and spinal cord throughout adulthood and in advanced age [11]. In contrast, astro-
cytes and oligodendrocytes originate from the neuroectoderm (neural progenitors) and are
replenished by differentiation from neural stem cells and oligodendrocyte progenitor cells
(OPCs), respectively [34]. Accordingly, microglia are considered long-lived, tissue-resident
innate immune cells in the CNS [35]. Consistent with this identity, age-associated shifts
in microglial state are increasingly implicated in multiple CNS alterations during physio-
logical aging and in AD pathology [36,37]. Importantly, the regional and temporal tissue
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microenvironment shapes microglial states (i.e., transcriptomic and morphologic) and their
functional response [38]. Microglia located in specific neuroanatomical regions could be
differentially vulnerable to these age-related changes and development of AD pathologies,
such as the hippocampus and prefrontal cortex, which are important in memory and execu-
tive function, respectively, thereby leading to cognitive impairment [26,39]. Together, these
direct our focus to microglial programs as a potential link between physiological brain
aging and neurodegenerative disease [40,41].

Molecular and cellular features of aging cells, including chronic inflammation, cellular
senescence, and oxidative stress, were previously referred to as “hallmarks of aging” [42].
In this review, we further highlight how some of these features may intersect with observed
patterns of microglial dysfunction associated with aging and AD [10,16].

2.1. Microglial Morphological Alterations in Physiological Aging

In response to CNS microenvironmental cues, microglia dynamically shift between
morphological states throughout life, which may correspond to distinct functions [10,38].
For instance, microglia generally display a ramified phenotype, characterized by numer-
ous processes with pervasive branching patterns and small spherical cell bodies under
homeostatic conditions [24]. Toxic proteins or noxious stimuli in the brain parenchyma
may induce microglia to shift from surveilling states (dominantly displayed in a ramified
morphology) toward an ameboid morphology (with rounded form, increased soma size,
and retracted (if any) or absent processes) [38,43—48]. These morphologies can also tran-
siently shift to other forms in a spatiotemporally regulated manner depending on the local
tissue context and nature of the stimulus [38]. Although diverse microglial morphologies
have been extensively characterized in animal models, particularly in mice, their dynamic
features remain less comprehensively defined in humans [46].

Histological studies of post-mortem human brain indicate that microglial morphology
changes with aging (Figure 1) [24,49]. Altered homeostasis, intercellular signaling, and
the presence of disease-related processes can each influence the morphology adopted by
microglia, which may reflect their physiological function during the chronological aging
process. In advanced age, hypertrophic microglial morphology (thicker, shorter processes,
less branching, smaller arborization area with enlarged soma) is frequently reported in
both male and female post-mortem human neocortex (i.e., ages 52-98 years) [44,50,51],
although multiple morphologies can coexist within aging within and across brain regions
(Figure 1) [48]. Hypertrophic microglia have been associated with an increased expres-
sion of inflammatory markers and upregulation of genes related to cellular migration
and phagocytosis [24,52-54]. On the other hand, ameboid microglia are also abundant in
advanced age, while cell proliferation- and immune response-related genes are enriched in
this form [4,38,48,52,55]. In response to injury, this state is often associated with heightened
phagocytic activity and migratory capacity, accompanied by a robust secretory profile of in-
flammatory factors; therefore, it has been considered a “maximally reactive state” [48,52]. In
some contexts, this morphology may transition from rod-shaped microglia, with elongated
soma and polarized processes, associated with high phagocytic activity and proposed to
play a role in synaptic stripping, which is the physical separation of pre- and post-synaptic
compartments by intervening microglial processes [13,52,56]. It has been reported that
advanced age is a strong determinant for the presence of rod-shaped microglia, particularly
in the cerebral cortex and hippocampus, in post-mortem human brains [57]. They have
also been detected in mouse models of disease, like amyotrophic lateral sclerosis and other
neurodegenerative disease conditions [58]. In AD, while amyloid plaques and hyperphos-
phorylated tau influenced the presence of the rod-shaped microglia, correlation was only
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observed in specific cortical regions (i.e., parietal cortex) and, thus, they may not represent
a distinct feature of AD-related pathology [57].

Microglial morphologies
observed in aging
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Figure 1. Microglial changes in physiological brain aging. Microglia in healthy aging in humans

present hallmarks of cellular aging, notably exhibiting ferritin accumulation, sustained oxidative

stress, and inflammatory states. Microglia remain diverse, with dystrophic and hypertrophic mor-

phologies being the most abundant. Collectively, these microglial alterations in advanced age point

to a shift from a homeostatic state to a chronically reactive state, accompanied by dysfunction,

which could reinforce molecular processes that drive the cell to functional decline. Red arrows

indicate microglial aging-related changes that could be linked with pathological states. Cell surface

chemokine receptor 1 (CX3CR1); cluster of differentiation 68 (CD68); cyclin-dependent kinase in-

hibitor 2A/ 1:)16INK4A (p16); interferon regulatory factor 8 (IRF8); ionized calcium-binding adapter

molecule 1 (IBA1); lipid droplet accumulating microglia (LDAM); purinergic receptor P2Y, G-protein

coupled, 12 (P2RY12); purine rich box binding protein 1 (PU.1); reactive oxygen species (ROS); T-cell

acute lymphocytic leukemia protein 1 (TAL1). Created in BioRender.com (accessed on 16 June 2026).

Another microglial morphological state that was observed to be increased in older

adults is the dark microglia, showing an electron-dense cytoplasm and nucleoplasm, and a

less discernible pattern of nuclear heterochromatin compared with typical microglia [59,60].

These cells were found to tightly associate with synapses and contain pre-synaptic com-

ponents that could result in synaptic loss [59,60]. Observed in mouse models (i.e., male

mouse hippocampus CA1 and frontal cortex) and in humans (both male and female frontal

cortex), dark microglia have been characterized to exhibit a heightened prevalence of

cellular stress markers, such as mitochondprial alterations, as well as dilation of Golgi ap-

paratus and endoplasmic reticulum (ER) cisternae [59-62]. These cells notably display

increased abundance following chronic psychological stress and in advanced age, as well

as in AD pathology [59-62]. Considered a ‘transitional state’ between dark and typical

microglia, intermediate microglia exhibit cellular stress features similarly to dark microglia
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but with less dense cytoplasm and nucleoplasm, and a more discernible heterochromatin
pattern [62]. They have been posited to arise as an early cellular stress response in mi-
croglia [59-62], where exposure to chronic psychological stress or pathological input could
lead to progression toward a dark microglial state. Together, these observations support a
view of aging microglia as morphologically heterogeneous, with state transitions shaped
by context-specific stimuli, including AD pathology [38,52].

Nevertheless, among other morphological forms, studies also report that microglia in
the aged human brain are predominantly dystrophic (Figure 1), especially in the hippocam-
pus and frontal cortex [63,64]. Dystrophic microglia display a small soma (sometimes with
apparent cytoplasmic fragmentation due to non-homogeneous protein marker expression)
and deramified, shortened, tortuous processes, which may also present spheroid forma-
tions [44,51,64]. Dystrophy has often been discussed in relation to senescence-associated
states and aging, and has been described to manifest a functional decline with an altered
phagocytosis frequently seen in parallel with inflammatory phenotypes (Figure 1) [64].
Region-dependent associations are also apparent with dystrophic microglial distribution. In
the presence of disease pathology (i.e., in AD), the majority of microglia have been reported
to appear dystrophic in the hippocampal formation (i.e., dentate gyrus, CA1), while such a
proportion displayed only modest deviations in other regions in the neocortex [10,44]. Ac-
cordingly, microglial dystrophy has been associated with cellular accumulation of ferritin,
a key phenotype in aged microglia (Figure 1) [65]. Since microglia can sequester iron and
store it in ferritin, researchers proposed that iron-mediated oxidative stress may contribute
to microglial damage and cumulatively result in a dystrophic form in aging contexts [63].
Contrary to previous hypotheses, iron accumulation within microglial states does not di-
rectly define the electron-dense nature of dark microglia; ultrastructural analysis in mouse
brains showed dark microglia populations not staining for non-heme iron and the reverse,
typical microglia presenting staining for non-heme iron [66]. Microglial iron overload was
observed in AD pathology, relatively heightened than in physiological aging [66], suggest-
ing that microglial iron buildup could be broadly contributing to chronic inflammation and
the progression to microglial disease states. Quantitative studies in humans indicate that
dystrophic microglia could represent a pathological component instead of an outcome of
healthy brain aging, as often observed in disease-associated microglia in AD, as discussed
in later sections [10,38,44,61,63,67,68]. To clarify whether this microglial dystrophic state
represents physiological aging independently or as a product of disease-associated dys-
function is essential to distinguish physiological aging mechanisms from those that drive
AD and related neurodegenerative disorders.

As exemplified in the discussion above, and consistent with spatial influences on
microglial molecular states, quantitative post-mortem analyses further support regional
differences in the relationship between aging and microglial morphologies. It has been
reported that in hippocampal CA1, both hypertrophic and dystrophic microglia increase in
absolute number with aging [44]. However, the proportion of dystrophic microglia was
shown not to be age-dependent, whereas hypertrophic microglia increase as a fraction
of total microglia with advancing age [44]. Additionally, dystrophic microglial propor-
tions in neocortical gray matter correlated with age but not with hypertrophic microglia,
emphasizing regional variation in microglial morphological remodeling during healthy ag-
ing [44]. These findings indicate the importance of interpreting microglial morphology and
its functional implications while considering their regional distribution when evaluating
physiological aging trajectories.

All in all, the emergence of hypertrophic, dystrophic, and other stress-associated
microglial morphologies in the aged brain could indicate that microglia transition from a
homeostatic state and function toward states marked by chronic reactivity and reduced
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functional capacity. A central unresolved question is whether the aging-related microglial
morphologies and cellular stress features represent reversible responses to cumulative in-
sults or instead reflect irreversible aging processes (i.e., cellular senescence). The following
section, therefore, focuses on age-related microglial inflammatory states, inflammaging,
cellular senescence, and oxidative stress as candidate mechanisms that may couple mi-
croglial morphological changes to impaired regulation of CNS inflammation and increased
vulnerability to age-related neurodegenerative pathology.

2.2. Molecular Drivers of Aging-Associated Microglial Phenotype

By mapping the gene expression landscapes in human microglia, advances in tran-
scriptomic approaches (i.e., RNA sequencing or RNA-seq, and single-cell RNA-seq) have
expanded our understanding of microglial states in both aging [18,19] and neurodegen-
erative diseases like AD [69]. In this section, we explore various microglial molecular
changes in the aging brain, highlighting transcriptomic and proteomic shifts that may help
to elucidate how microglial programs relate to normal aging and age-related pathology.

2.2.1. Molecular Landscape in Aging Microglia

Age-dependent reduction of expression of several homeostatic transcripts in microglia
has been observed in older adults (Figure 1), notably in the human post-mortem brain
(cerebral cortex) at 95 years of age [19]. This includes genes encoding for microglia-neuron
crosstalk-related receptors (i.e., P2RY12), transforming growth factor-3 (TGEB), interferon,
as well as molecules driving cell polarity and motility (i.e., PFN1), cell adhesion (i.e.,
ICAMS3), and actin assembly (i.e., TLN1, PFN1, EVL) [18,19,40,70], without significant
sex dimorphism identified [40]. It was also shown that aged microglia exhibit down-
regulation of pathways related to IL-6 cytokine signaling and antioxidant defense, most
pronounced in the subventricular zone, a region essential for neurogenesis [40]. Essentially,
age-dependent changes in the expression of microglial immune-response programs ensue
generally across cerebral regions in both males and females: genes associated with inflam-
mation including cytokines, natural killer (NK) cell signaling, immune response regulators,
and phagosome formation increase, while genes linked with actin dynamics decrease with
aging [28,40,71,72]. Systemic chronic inflammation is a defining feature of aging [10], and
these human microglial transcriptomic findings may thus be framed as a shift toward
a pro-inflammatory baseline status in aging (Figure 1) [73,74]. In addition, some gene
signatures are increased in mouse but decreased in human microglia, or vice versa; hence,
some gene signatures are not conserved between mouse and human microglia, under-
scoring limitations in cross-species translation [19]. Of note, these transcriptomic changes
appear to become more prominent starting in late adulthood (sixth and seventh decades
of life) in humans and increase in older age [28], at which expression of genes associated
with cell senescence in microglia displays age-related abundance [75,76]. Therefore, aged
microglia seem to resemble a homeostatic phenotype, but with reduced motility, inefficient
intercellular crosstalk, and dysregulated immune response, perhaps becoming more similar
to a senescent state. Together, these advances may support a shift to a heightened chronic
inflammatory state, coupled with dysregulated immune reactivity, as a prominent feature
of human microglial aging [19,77,78].

In this context, to complement transcriptomic signatures, proteomic characterization of
microglia aids in verifying key protein—protein interaction and detecting post-translational
modifications (e.g., sirtuin 1 (SIRT1)-mediated deacetylation) that constitute the microglial
proteome landscape to help comprehensively define the changes in microglial phenotypes
across the human lifespan and in disease. For instance, a comprehensive multiplexed mass
cytometry (CyTOF) study identified core human microglial markers at proteomic levels in

https://doi.org/10.3390/cells15131159


https://doi.org/10.3390/cells15131159

Cells 2026, 15, 1159

8 of 42

post-mortem male and female human brains spanning adulthood (23-80 years) [79-82]. Hu-
man microglial homeostatic phenotype includes high expression of characteristic microglial
markers (e.g., transmembrane protein 119, TMEM119), cell surface receptors, initiation
factors of phagocytosis, immunoregulatory factors, and low-to-absent expression of re-
ceptors associated with anti-inflammatory regulatory response, at both the transcript and
protein levels [18,19,80-82]. This proteome profile confirms a pertinent involvement of key
transcriptomic signatures in homeostatic human microglia. Moreover, age-related changes
in the homeostatic microglial immunophenotype (i.e., protein marker expression) include
elevated expression of major histocompatibility complex (MHC) class II antigens [83],
which are associated with inflammation and antigen presentation. These changes related to
MHCII antigen expression were observed in ramified microglia distributed in both white
and gray matter and linked to advancing age [83-85]. Conde & Streit (2006) [83] further
suggest age-related myelin breakdown may correlate with microglial expression of MHCII,
by facilitating the phagocytosis of myelin degradation products and other types of cellular
debris [86]. Thus, the increased expression of this marker in aged microglia could suggest
a heightened inflammatory state [87], reinforcing chronic inflammation as a hallmark of
aging exemplified in microglial aging. Notably, MHCII-expressing microglia, described
morphologically to have large, densely stained soma with short, thick processes that cluster
around amyloid plaques and neurofibrillary tangles (NFTs), are also observed in the white
and gray matter in patients with AD [84,88], which might support a similar heightened
inflammatory microglial reactive state in both physiological and pathological aging. While
protein expression data is essential to shed light on the functional significance of the iden-
tified molecular signatures in the microglia, proteome profiles across human microglial
states remain largely uncharacterized. The human microglial secretome, for example, that
may play a role in their age-related pro-inflammatory states and of senescence-associated
secretory phenotype (SASP), is yet to be outlined. Exploring this microglial molecular
feature could advance our understanding of the microglia-mediated mechanisms that
drive chronic brain inflammation and their role in the neurodegenerative process. Overall,
characterization of microglia at the phenotypic and proteomic levels has been increasingly
expanding; however, the human microglial proteome remains incompletely defined [89].
To highlight, microglia’s age-associated molecular signature displays regional het-
erogeneity and sex differences, in both humans and mice [19,79,81,90]. As an example,
observed in mice, the most pronounced microglial molecular changes in aging have been
observed in the hippocampus, a region essential for memory function and severely af-
fected with AD-related neuropathology, compared to the cerebellum and other forebrain
regions [81,90]. Age-associated remodeling of microglial gene expression has been evi-
denced by transcriptomic reports from post-mortem human cerebral cortex, it involves
biological processes related to immunoregulatory response, metabolic pathways (e.g., de-
cline in protein homeostasis), and a shift away from homeostatic functions, including a
decline in inflammatory control, process motility and phagocytic capacity [18,19,40,91].
This transformation is consistent with findings from aging mouse studies [90]. Importantly,
microglia in the aging brain show sex-dependent patterns. In rodents, most changes in
the microglial transcriptomic aging trajectories are more salient in females than males,
such as an increase in abundance of disease-associated microglia (DAM), a transcriptional
state associated with decreased homeostatic gene expression and often observed in the
presence of pathology (i.e., AD), most pronounced in the hippocampal regions [92-94].
Estrogen in females was shown to display anti-inflammatory and regulatory activity in
microglia through endogenous estrogen receptors (ER; e.g., ERx, ERf3) [95], and the loss
of these overall protective effects during menopause may coincide with the aging-related
upregulation of pro-inflammatory signatures in microglia [96]. Thus, this biological process
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potentially contributes to an increased AD risk and the onset of neurodegeneration in
females [96]. Accordingly, through transcriptomic analysis in post-mortem human brains,
distinct alterations in female microglia in the cerebral cortex has been shown to exhibit
heightened pro-inflammatory upregulation, including a metabolic shift to glycolysis [97].
This change has been suggested to be driven by the induction of the microglial AKT ser-
ine/threonine kinase (AKT)-mechanistic target of rapamycin (mTOR)-hypoxia-inducible
factor-1oc (HIF1ox) pathway by C3a complement production, a signaling cascade associated
with increased inflammatory activity, hypoxia-related metabolic response, and impaired
lipid metabolism [97]. To put this in context of a pathological course, apolipoprotein E
4 (APOE4), expressed in microglia, is a strong AD-risk factor and confers disease-related
sex-bias for females. Female-enriched and disease-associated microglia (FDAMic), a sub-
population of DAM, were enriched in APOE4 carriers and thereby correlated with advanc-
ing pathology and cognitive decline as reported in human brain datasets [96,98]. Microglia
in female AD pathology mouse models and FDAMic subpopulation concurrently have been
shown to display reduced phagocytic signaling [93,99]. Consistently, such sex dimorphism
patterns are concomitant with increased amyloidosis in the parietal cortex of patients with
AD [99]. These reports strengthen the link between microglial alterations and apparent
sex-biased risk and progression of AD pathology among females [93,99,100]. Nonetheless,
a relatively more detailed mechanistic insight and molecular characterization supporting
this postulate are currently derived largely from animal models. The mechanisms that
drive aging- and AD-related sex dimorphism in humans, especially as mapped across sus-
ceptible brain regions, remain incompletely explored. Even so, these findings underscore
the importance of elucidating regional and sex differences in microglial states in aging and
age-related disease in humans, which could positively impact the trajectory of therapeutic
advancements (e.g., hormonal therapy in women), considering a sex-biased susceptibility
to AD.

2.2.2. Alterations in Regulatory Immune Response in Aging Microglia

In microglial aging, inflammatory processes are increasingly amplified, and impair-
ment of regulatory mechanisms that normally constrain these deleterious states may con-
tribute to a sustained chronic inflammatory milieu in the brain. This state could heighten
cellular vulnerability to challenges and pathological processes. The gene expression of
CX3CR1, a microglia-enriched receptor implicated in synaptic remodeling, phagocytosis,
and inflammatory control, among other key functions, is downregulated in the aged pre-
frontal cortex as observed beginning at 60-70 years of age in humans [28,101]. This may
contribute to impairing microglial regulation of the CNS inflammatory milieu and confer
increased susceptibility to neurodegeneration [28,102-105]. Additionally, through chro-
matic immunoprecipitation sequencing (ChIP-Seq) data and protein—protein interaction
network analysis, gene expression of master transcriptional regulators (MRs) of microglial
lineage specification, consisting of transcription factors that provides upstream control
of molecular pathways that direct the specific differentiation and identity of cells, had
negative correlation with age in the human frontal cortex [101]. Listed in Figure 1, central
MRs that have been studied include runt-related transcription factor 1 (RUNX1), interferon
regulatory factor 8 (IRF8), PLL1 transcription factor, T-cell acute lymphocytic leukemia pro-
tein 1 (TAL1), and interferon gamma inducible protein 16 (IFI16) involved in hematopoiesis,
myeloid/microglial lineage or differentiation, proliferation, and cell growth [19,101]. Thus,
it was suggested that their modulated expression in older age could play a role in mediat-
ing the onset of microglial replicative senescence in normal aging [101]. Moreover, these
microglial alterations occur in parallel or in coordination with the downregulation of TGFf3
signaling pathways, crucial for the regulation of homeostatic and reactive immune response
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in microglia [18,40,106]. Therefore, key transcription factors may causally contribute to the
maintenance of regulatory mechanisms in microglia across healthy aging [101]; however,
these pathways could become destabilized in time due to a variety of biological factors
(i.e., exposure to heightened oxidative stress, susceptibility to chronic inflammation, and
disease risks) that accompany aging. This immune dysregulation may thereby establish
a baseline state that links physiological aging with neurodegenerative pathology, such as
AD [24,86]. Thus, these outcomes underscore the importance of immune regulation in
preserving healthy microglial homeostasis over the course of brain aging.

2.2.3. Role of MicroRNAs in Aging Microglia

Post-transcriptional regulation by microRNAs (miRNA, miR) was described to partici-
pate in microglial molecular homeostasis during brain aging [107]. A significant number of
these molecules are differentially expressed in the aging brain [108], and specific miRNAs
are linked with the human microglial network. For instance, upregulation of miR-29a in
the superior frontal gyrus and post-central parietal regions of the human brain showed a
strong positive association with advancing age and was reported to confer neuroprotective
effects from neurodegeneration [28,109]. However, this increased expression with age was
correlated with reduced CX3CR1 expression in microglia, suggesting that miR-29a could
be involved in driving a chronic inflammatory state during aging [28,110]. Conversely,
in post-mortem tissue samples from the anterior temporal cortex and cerebellum from
patients with AD, a downregulation of miR-29a was observed and linked to abnormally
high levels of beta-secretase 1 (BACE1) (an enzyme that initiates the generation of Af)
and A accumulation in vitro [110]. Therefore, in aging, miR-29a may play regulatory
and protective roles in microglial immune reactivity against neurodegenerative pathology,
such as AD. In the context of AD, other than miR-29a, microglia-specific upregulation
of miR-146a in the cerebral cortex and hippocampus of APP/PS1 male mice (a model
expressing AD-related amyloid pathology) exhibited potential neuroprotective effects by
reducing pro-inflammatory cytokine levels and enhancing phagocytosis against pathol-
ogy [111,112]. In patients with AD, miR-146a has been reported to be significantly decreased
in the cerebrospinal fluid, whereas its expression in age-matched controls was high [113].
These reports may imply that dysregulation or loss of miRNA function during aging in
humans could have role in the development of cognitive decline or a neurodegenerative
phenotype [114-116]. Together, this observed link between miRNA expression and mi-
croglial molecular programs (i.e., inflammatory state and phagocytic function) reinforces
that microglia-mediated immune changes may further contribute to driving the transition
from healthy aging toward pathology. Nevertheless, further investigations are needed
to characterize the relationship between miRNAs and human microglial function in nor-
mal aging, and to explore their potential as a target for microglia-mediated therapy in
neurodegenerative diseases [111,112,117,118].

Collectively, age-related molecular signatures in human microglia may support a
model in which aging shifts microglia toward a brain inflammatory state, presenting re-
duced homeostatic inflammation-limiting mechanisms [18,119-121]. Such an inflammatory
state could “prime” or establish a background of chronic low-grade inflammation in aged
microglia that increases microglial reactive response to systemic and CNS insults [24].
In parallel, age-related impairment of microglial surveillance, migration, and phagocytic
clearance, affecting core microglial functions such as myelin turnover, synaptic mainte-
nance and plasticity, neurogenesis, and removal of debris or neurotoxic proteins, may be
indicated by the reduction of gene expression related to actin dynamics and motility and
phagocytosis-related receptor pathways. To maintain CNS and microglial homeostasis,
regulatory mechanisms may partially constrain physiological changes in aging microglia.
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However, these microglial processes may also undergo age-dependent inefficiency together
with persistent immune reactivity, which may promote chronic CNS inflammation and
increase vulnerability of the aged microglia to challenges and pathology [18,40,106].

2.3. Lipid Droplet-Accumulating Microglia as an Aging Phenotype

Recent advances in single-cell RNA sequencing (scRNA-seq) and single-nucleus RNA
sequencing (snRNA-seq) have uncovered a spectrum of reactive microglial states that
emerge during brain aging. Lipid droplets, labelled by the lipid droplet surface protein per-
ilipin 2 (PLIN2), are initially described in microglia from aged mice [122] and are therefore
commonly referred to as lipid droplet-accumulating microglia (LDAM) (Figure 1) [123].
They have been subsequently reported at higher levels in microglia from aged (>60 years
old) human hippocampal samples [124]. LDAM are associated with lipid metabolism and
homeostasis [40], potentially related to the phagocytosis of age-associated products of
myelin degradation [24], and enriched for pro-inflammatory and stress-associated gene sig-
natures, including macrophage inflammatory proteinla/ 3 (CCL3/4), nuclear factor kappa
b subunit 1 (NFKB1), IL1B, and cluster of differentiation 83 (CD83) [123]. Defective phagocy-
tosis, increased reactive oxygen species (ROS) production, and increased pro-inflammatory
cytokine secretion are also identified as features of these LDAM [63,124]. Notably, the
LDAM present AD risk genes such as APOE, GPNMB, and TREM2, which overlap with
amyloid-associated microglial signatures [123]. This raises the probability that specific
microglial states emerging during aging may be more susceptible to maladaptive shifts that
contribute to neurodegenerative pathogenesis. Further work is needed to characterize the
prevalence, regional distribution, and functional consequences of these microglial states in
the aged human brain [28].

2.4. Oxidative Stress, Inflammaging, and Cellular Senescence in Aging Microglia

Oxidative stress has long been implicated in the aging process in humans. In human
cortical tissue (i.e., frontal cortex), reduced expression levels of mRNA and proteins associ-
ated with synaptic plasticity (i.e., neurotransmitter receptors and intermediates of synaptic
vesicle transport) and mitochondrial function were associated with chronological aging,
beginning in midlife (40 years of age) [125]. These age-related shifts were accompanied
by induction of stress-response pathways and signatures consistent with oxidative DNA
damage and reduced base-excision repair [125]. Consistent with this, aged human tissues
in other organ systems show higher levels of oxidant-damaged DNA [126,127]; as such,
oxidative stress in the nervous system has been linked to reduced regenerative capacity and
functional decline [127]. Oxidative stress increases reactive oxygen and nitrogen species
(RONS) and promotes macromolecular damage, which can activate cell-death pathways
and amplify immune and inflammatory signaling (Figure 1) [128]. Oxidative stress in
the CNS microenvironment could arise from an age-related chronic inflammatory setting,
a feed-forward mechanism that may sustain chronic inflammation [127,128]. Such a bi-
ological relationship is central to the concept of ‘inflammaging”: the chronic low-grade
inflammatory state associated with aging, which is linked with multiple age-related condi-
tions, including AD [127,129]. To this account, cellular senescence comes into play with
an increasing number of studies showing direct correlations between the emanation of a
microglial senescent state and oxidative stress and inflammation [128,130]. Cellular senes-
cence is widely recognized as a hallmark of aging [131-134]. Oxidative stress, as an extrinsic
signal, can initiate cell cycle checkpoint pathways that promote cellular senescence [135].
Importantly, senescent cells remain metabolically active and can secrete a SASP [68], while
they become resistant to apoptosis and may persist in tissues over an extended period of
time [129]. Consequently, these cells can influence their local tissue microenvironment. In
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line with this framework, multiple studies report age-associated accumulation of senescent
cells across tissues, including the brain, in both mouse models and humans [5,134,136-140].

In the aged human brain, senescence-associated markers are expressed across multiple
cell types [141]. In particular, microglia have been described to undergo cellular senescence
in aging, with increasing p16-positive cells with age and in the highest proportion in healthy
samples from donors of 60 years of age and above (Figure 1) [24,142]. They were also iden-
tified to represent the primary cell type to confer susceptibility to senescence in the aging
brain, as well as in various disease conditions [5,76,137,138,140]. Consistent with the accu-
mulation of senescence-associated programs late in life, an increased expression of genes
in the canonical senescence pathway (CSP) has been reported in microglia across older
ages in humans [76]. Expression of CSP genes is considered to represent the process of cell
cycle arrest and, thus, is utilized as one of the factors in measuring cellular senescence [143].
This supports that microglia have a proliferative limit, also known as the Hayflick limit
for replicative senescence, at which they reach the end of their cell cycle by approximately
80 years of age in humans [38,76]. As a hallmark of cellular senescence, telomere shortening
has been implicated in the reduction of proliferative potential of aged microglia in in vitro
and in vivo rodent studies, as well as in normal human aging [30,144-146]. In the context of
aging and pathology, cellular senescence has been linked to glial cell dysfunction through
sustained pro-inflammatory cascades, which may help explain age-associated shifts in
microglial state and function [129]. A systematic review by Malvaso et al. (2023) described
a link between microglial SASP with mitochondrial impairment, ROS generation, and
DNA damage in advanced age [30,145], consistent with a positive feedback loop sustaining
inflammation and oxidative stress. Additionally, epigenetic mechanisms may participate in
this sustained pro-inflammatory predilection with age. In primary cortical mouse cultures,
microglial cell expression of SIRT1, a class III deacetylase identified to play a role in mitigat-
ing chronic inflammation and limiting cellular replicative lifespan [147], has been shown
to confer potential protective effects against A toxicity and cellular senescence through
inhibition of NFkB signaling [148]. Additionally, deficiency in SIRT1 mRNA levels in mi-
croglia isolated from adult mice was observed in an age-dependent manner, and has been
associated with significantly higher IL1B (a key inflammatory cytokine) mRNA and protein
levels in old compared to young adult mice [148]. Methylation data obtained from human
postmortem brain tissue and blood samples verified the aging-related selective epigenetic
regulation of IL1B transcripts by hypomethylation at two primary CpG sites (cg01290568
and cg15836722) [148]. Methylation at these sites has a negative correlation with aging
observed in the human cohort without dementia, as well as those with tauopathy-related
dementia [148]. Consistent between mouse and human, SIRT1 deficiency in aged mi-
croglia leads to selective epigenetic regulation, resulting in increased IL1B levels in both
age-dependent cognitive decline and dementia-related pathology [148,149]. Thereby, aging
microglia may exhibit reduced proliferation through replicative senescence, associated
with a decline in functional capacity (i.e., maintenance of homeostasis, regulation of im-
mune reactivity, phagocytosis) as depicted in various molecular changes observed in aging
(Figure 1) [150]. Collectively, these observations align with broader hallmarks of aging and
senescence involving DNA damage responses and oxidative stress, senescence-associated
inflammatory response, and epigenetic changes [10,18,42]. Defining the characteristics of
microglial senescence and how it alters core microglial functions in homeostatic aging and
in contexts of neurodegenerative disease is warranted [16,38,138].

Overall, senescence-associated mechanisms may participate in a cycle that involves
chronic inflammation and oxidative stress in the aging brain. Microglia may participate
in age-related brain inflammation, inflammaging, as a protective mechanism to maintain
homeostasis, to clear damaged tissues, senescent cells, or in synaptic maintenance [41].
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Whilst, inflammaging is linked to exacerbation of microglia-mediated oxidative stress,
through inflammasome activation and mitochondrial dysfunction, causing further tissue
inflammation and fueling oxidative stress. Prolonged oxidative stress can irreversibly
damage nucleic acids, lipids, and proteins when antioxidant defenses are overwhelmed as
implicated in aging [130,151]. This oxidative damage could influence microglia to become
senescent and, consequently, further amplify local inflammation through SASP-mediated
autocrine and paracrine signaling and potentially propagating senescence-like states in
neighboring cells [129,152]. Senescence may also predispose cells to dysregulated produc-
tion of RONS, contributing to oxidative damage and further exacerbating an inflammatory
state [16,130]. Despite strong conceptual links among cellular senescence, oxidative stress,
and inflammaging, the causal relationships tying these processes to microglial dysfunction
in human aging remain to be fully elucidated. Moreover, these cellular processes overlap
with the described mechanisms in AD pathophysiology, as extensively studied in various
mouse models of the disease. It is thus imperative to closely examine microglial molecular,
phenotypic, and functional patterns in AD in order to grasp their implication in the quest
for an effective and safe treatment.

3. Microglia in AD Pathology

Across multiple human GWAS, AD risk variants have been identified in or near genes
involved in immune function, particularly in pathways enriched in myeloid cells [153]. In
human genetics, microglia-related coding variants, such as those in APOE4 and TREM2
(including R47H), have been reported to increase the risk of late-onset AD [154-156]. In
particular, TREM2 has been considered as one of the most robust microglia-linked ge-
netic risk factors [154,155]. These GWAS results suggest that microglial biology is linked
to AD risk, but they do not give a clear response on whether microglial responses are
uniformly protective or harmful across disease stages and the local pathological microenvi-
ronment [120]. Observed in both humans and mice, microglia become reactive in response
to AD pathology, proliferate, and cluster around plaques to form a barrier that limits
plaque expansion and promotes plaque compaction, a pattern associated with reduced
neuritic damage [157-159]. Nevertheless, microglial response may also lead to harmful
effects, including increased secretion of inflammatory factors that can damage neuronal
structures and exacerbate tau pathology, as well as the occurrence of synaptic loss through
complement-mediated phagocytosis of synaptic material [160].

In vivo imaging in the adult mouse cortex shows that microglial processes are highly
dynamic and constantly scan the surrounding tissue. Even in their ‘resting’ state, microglia
are highly active and can rapidly respond to local perturbations [161]. In AD pathology,
microglia accumulation is consistently observed near amyloid plaques and other sites
of local damage in the tissue, which coincides with findings in brain studies in mouse
models [120,157]. Beyond microglia, AD is also associated with white-matter and myelin
alterations, implicating oligodendrocytes; in vitro, Af3 has been shown to damage mature
oligodendrocytes [162]. Overall, both mouse and human studies consistently suggest a nu-
anced and context-dependent role for microglia in AD, where the net effect depends on how
strongly they contain plaques, drive inflammatory signaling, and remodel synapses [120].

3.1. Microglial Molecular Signatures in AD

Studies using single-cell and single-nucleus transcriptomics in mouse models and
human post-mortem brain tissue support the idea that microglia are heterogeneous and can
adopt multiple molecular states instead of one generic “activated” signature [36,69,120].
Conserved in mice and humans, a DAM state has been reported as a transcriptional pro-
gram characterized by lower expression of homeostatic genes and higher expression of
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genes linked to lipid handling, phagocytosis, and antigen presentation [36,69,120,163]. In
the first description of DAM, immunohistochemistry in human tissue showed DAM pre-
senting intracellular A3, consistent with plaque-associated phagocytosis and supporting
an association with plaque-adjacent localization [36]. Morphologically, a greater proportion
of AD-related DAM has been observed to display dystrophy [36], which remains widely
recognized as a feature of physiological microglial aging [10,38]. Underscoring the close
phenotypic similarity of aged microglia and some disease phenotypes (i.e., DAM), ultra-
structural analyses on post-mortem brains suggest that dark microglia are a subpopulation
of DAM, and were found to be abundant in aged post-mortem human hippocampus sam-
ples [60]. Dark microglia (and intermediates between typical and dark microglia) have
been described in pathological contexts such as AD pathology [61,164]. Their numbers
were shown to double in aged post-mortem human frontal cortex samples with AD [61],
which may suggest an overlapping microglial stress response state (dystrophic and dark
microglia) between aging and AD [60,61,165]. Nevertheless, investigation in AD pathology
mouse models supported a two-step activation process in which a later component of the
DAM program induction depends on TREM2 [36]. TREM2-APOE pathway was suggested
as a regulator that acts as a major switch toward DAM [163] as well as dark microglia [164].
Therefore, studies elucidating the effects of modifying human APOE4 and TREM2 to mod-
ulate microglial states may provide useful insights into the development of potentially
effective and safe therapeutic strategies [166].

Signals or pathways associated specifically with transitions from homeostatic mi-
croglia to early stages of the disease process are yet to be defined [167]. Other studies have
described a neurodegenerative microglial phenotype, termed the microglial neurodegenera-
tive phenotype (MGnD), and suggested that this population may have a specific neurotoxic
role [163]. The MGnD transition was reported to be dependent on the TGF-3-dependent
homeostatic microglial program. As shown in Table 1, both DAM and MGnD showed simi-
larities in specific genes observed during the aging process in mice and in AD progression
in humans. Specifically, APOE is involved in lipid transport and cholesterol handling and
may influence microglial phagocytosis and inflammatory signaling [168,169]. TREM2 and
its adaptor, transmembrane immune signaling adaptor (TYROBP)/DAP12, contribute to
damage sensing, microglial survival, migration and phagocytosis [170,171]. C-type lectin
domain-containing 7A (CLEC7A, or Dectin 1) is associated with tissue damage recognition
and phagocytic/inflammatory activation [167,172]. 3-amyloid binds to microglial CLEC7A
to induce an inflammatory response in the pathogenesis of AD [172]. Cystatin F (CST7) is
linked to lysosomal and phagocytic activity in microglia [173], and integrin subunit alpha X
(ITGAX)/CD11c marks microglial populations emerging during aging and in neurodegen-
erative disease conditions [168,174]. Those findings suggest common neurodegenerative
properties of microglia in AD and aging. Of note, while differences might exist in genes
affiliated with MGnD and DAM, they might be attributed to neurotoxic microglial changes
connected with neurodegenerative processes rather than to specific AD-related pathological
changes (i.e., MGnD vs. specific AD-related alterations, such as those in DAM).
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Table 1. Shared molecular markers of aging- and Alzheimer’s disease (AD)-associated microglial
states. Selected genes reported to be altered in microglial populations during physiological aging and
in AD or related neurodegenerative conditions, together with their principal functions. These markers
are enriched in specific reactive microglial subsets and are not necessarily uniformly expressed across
all microglia or specific to a single microglial state. APOE, apolipoprotein E; TREM2, triggering
receptor expressed on myeloid cells 2; TYROBP, transmembrane immune signaling adaptor/DAP12;
CLEC7A, C-type lectin domain-containing 7A; CST7, cystatin F; ITGAX, integrin subunit alpha

X/CD11c; AD, Alzheimer’s disease.

References
Gene Gene Function - : -
Aging Alzheimer’s Disease
APOE encodes a lipid-transport protein
APOE that regulates cholesterol in the brain Mouse model [168] Human [169,175]
TREM?2 is a microglial receptor that is Human and mouse study [176]
TREM?2 sugge.zsted to det.ect lipids, Mouse model [174] Prlmgrlly mouse §tud}.c w1th.
apoptotic-cell debris, and other supporting observations involving
damage-associated signals. human TREM2 haploinsufficiency [170]
TYROBP (DAP12) is an intracellular
. . Human [177]
TYROBP/DAP12 signaling adaptor used by TREM2 and Mouse model [174]
. Mouse model [178]
other myeloid receptors.
CLEC7A CLEC/7A s a pattern-recogr.utlon Mouse model [168] Mouse model [178]
receptor expressed by myeloid cells.
CST7 encodes cystatin F, a lysosomal
CST7 protease inhibitor that helps regulate Mouse model [168] Human and mouse model [178]
proteolytic activity in immune cells.
ITGAX encodes the CD11c integrin
subunit, which contributes to cell Mouse Human [178]
[TGAX (CDT1c) adhesion, migration, complement model [168,174] Mouse model [178]

recognition, and phagocytosis

Stressed (and dark microglia), also considered a neurodegenerative microglial phe-
notype, exhibit neurotoxic capacity contributed by their production of toxic lipids [61].
These results may suggest potential pathways that can be targeted in disease progression.
Research in human post-mortem brain, using single-cell studies, describes programs sim-
ilar to the DAM-like or MGnD states identified in AD pathology mouse models, as well
as interferon-associated programs linked to neurotoxic microglial states. However, the
correspondence between mouse-defined and human-defined states is only partial [120].
Importantly, combined mouse and human data indicate that microglial states cannot be
captured by a single biological variable: distinct states likely reflect different local drivers
and limitations and may lead to different functional outcomes [120,167]. Thus, comparisons
across mouse and human datasets should clearly report tissue source, pathology burden,
and cell isolation method, because these technical choices can change which microglia are
captured and measured in the dataset. As a result, some microglial states may appear more
common, or may not be detected at all, even if the underlying biology is similar [120]. Of
note, animal models are designed to reproduce selected features of the disease process in
AD, like amyloid or tau pathology, but do not fully reflect the multifactorial, heterogeneous
and long-term process of the human disease. In AD, A3 and tau pathologies might be
linked with alterations in the vascular system, metabolism, and hypertension that may
impact microglial states and are not necessarily seen in mouse models. Nevertheless,
similarities between genes associated with DAM and MGnD observed in both mice and
patients with AD suggest that there is a potential relevance in studying microglial changes,
their outcomes, and the underlying molecular mechanisms using mouse models linked to
pathology. These can also be complemented by studies using humanized models, human
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cellular models, and human samples. Considering this, we discuss microglial molecular
landscapes in humans in conjunction with murine studies in this section to scope microglial
molecular changes in AD-like CNS microenvironments.

3.2. Microglial Phenotypic and Morphological Alterations in AD

In mouse amyloidosis models, microglia near plaques typically have larger cell bodies
with fewer, shorter and thicker processes than homeostatic ramified microglia in non-
plaque regions [157-159]. Studies using high-resolution confocal and two-photon imaging
show the appearance of microglial processes around plaques, forming a barrier that may
affect plaque compaction and toxicity [157]. This may suggest a key role for microglia in
shaping amyloid plaque size and load [157]. Accordingly, post-mortem studies showing
clusters of microglia with deramified and discontinuous ionized calcium-binding adapter
molecule 1 (IBA1)-labelled processes, previously characterized as a dystrophic microglial
state, intertwined with neuritic plaques [49,51]. It was also shown that microglia in AD
pathology exhibit dysfunction-related gene expression [121] with age [179], which may
affect their activity and result in increased brain amyloid load and neurotoxicity.

Overall, these changes can be viewed along a spectrum (Figure 2), homeostatic mi-
croglia are highly ramified and continuously survey neuronal circuits to support synaptic
homeostasis through physiological pruning, whereas in aging/AD plaque-associated mi-
croglia (often described within DAM/MGnD-like responses) cluster at plaque borders and
contribute to plaque compaction and local responses to neuritic dystrophy; in parallel,
dystrophic/senescent-like microglia with seemingly fragmented processes and impaired
clearance can emerge away from plaques as disease progresses. At the molecular level,
plaque-associated microglia can be distinguished by a shift from homeostatic to a damage-
response gene program that includes genes related to lipid metabolism and phagolysosomal
pathways [36,163]. This state is typically associated with the upregulation of APOE and
TYRO protein tyrosine kinase binding protein (TYROBP), as well as lipid metabolism and
lysosomal genes like lipoprotein lipase (LPL) and cystatin F (CST7), and integrin subunit al-
pha X (ITGAX; CD11c), which is often used as a marker of plaque-associated DAM/MGnD-
like microglia [36,163]. This process shows partial dependency on TREM2, as the initial
microglial response to pathology can occur, although some components of the plaque-
associated microglia state, including a strong upregulation of CD11c/lipid-lysosomal
pathways, are blunted in the absence of TREM2, consistent with the involvement of the
TREM2-TYROBP axis in the maintenance of disease-associated microglia [36,158,159,163].
Dystrophic microglia, with distinctive cellular morphology showing “beaded” processes
and signs of cellular degeneration, have been found in human AD brain tissue [49].

In both mouse models and human AD tissue, super-resolution imaging and histolog-
ical analyses show that TREM2-enriched microglial processes accumulate around early
amyloid fibrils and plaques, in line with a role in plaque compaction and insulation. In
mice, TREM2 haplodeficiency (TREM2*/~) compromises this barrier function [159]. Early
microglial responses driven by TREM2 have also been reported to reduce plaque-associated
toxicity, supporting a potential beneficial link between TREM2 signaling and plaque re-
modeling [158]. Of note, the reported effects of TREM2 signaling on microglial responses
and plaque pathology vary across studies and suggest that at later stages, TREM2 may
instead be linked to a neurotoxic microglial profile [180]. Nevertheless, TREM2 is being
explored as a therapeutic target for modulating microglial state [181]. Functional pertur-
bations further support a plaque-modifying role for microglia [69]. It was reported that
parenchymal plaques largely fail to form after depletion and that Af3 deposits shift toward
cortical blood vessels, reminiscent of cerebral amyloid angiopathy, with residual plaque-
forming microglia exhibiting a DAM-like profile [69,182]. Finally, microglial morphology is
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(A)

shaped by both the microglial state and the surrounding CNS microenvironment. For this
reason, reviews that integrate mouse and human data highlight that morphology should
be interpreted together with molecular markers and the spatial context, rather than alone
when defining the microglial phenotype [69,120].

Microglia in health (B) Microglia in AD/aging
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Figure 2. The spectrum of aging and AD-associated microglial states. In the healthy adult CNS,
microglia predominantly exhibit homeostatic states (A), supporting synaptic homeostasis. In both
AD and aging, microglia comprise a spectrum of states, ranging from disease-associated to dark,
dystrophic and senescent microglia (B). Their relative abundance varies according to the pathological
context and disease stage. Alzheimer’s disease (AD); apolipoprotein E (APOE); cystatin F (CST?);
cyclin-dependent kinase inhibitor 2A /p16INK4A (p16); disease-associated microglia (DAM); integrin
subunit alpha X (ITGAX); lipoprotein lipase (LPL); senescence-associated (3-galactosidase (SA-f3-
gal); senescence-associated secretory phenotype (SASP); transmembrane protein 119 (TMEM119);
TYRO protein tyrosine kinase binding protein (TYROBP). Created in BioRender (last accessed on
19 June 2026).

3.3. Microglial Senescence in AD Pathology

Cellular senescence is defined as a state of cell-cycle arrest (often in G1) that results
from stress responses and may increase the secretion of SASP factors. This may lead to
an increased pro-inflammatory profile of the microenvironment, through the secretion of
cytokines (e.g., IL-6, IL-13, TNF-ot), chemokines, and matrix-degrading enzymes [183].
These features align with processes implicated in neurodegenerative diseases, but proving
senescence in vivo is still difficult [184]. For this reason, a multi-marker approach has been
proposed: rather than relying on one marker, senescence is evaluated through a set of
hallmarks, including cell-cycle withdrawal, macromolecular damage, SASP, and metabolic
alterations, which are relevant for assessing “senescent-like” microglia [185].

Ap plaque deposition in human post-mortem brains has been associated with up-
regulation of genes and pathways linked to double-strand DNA breaks, mitochondrial
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dysfunction, and ER stress genes and pathways, with these signatures particularly enriched
in microglia [76]. These processes may promote a premature senescence response [16,76].
In a mouse tauopathy model expressing MAPT P301S (PS19), senescent astrocytes and
microglia positive for p16!™NK4A were reported to accumulate [186]. Consistent with this,
senescence markers, 3-galactosidase and p16INK4A, were increased more than fourfold
and twofold, respectively, in human AD brains [76]. Notably, some mouse and human
evidence suggests that cellular senescence in brain cells, predominantly in microglia, may
precede the A3 deposition and tau hyperphosphorylation [75,186,187]. For instance, in
mouse models, functional experiments showed that clearing senescent cells reduced tau-
dependent pathology and cognitive decline [186], while recent human data further support
an association between microglial senescence-related alterations and AD pathology [188].
Another study reported that in an amyloidosis mouse model, early and sustained microglial
proliferation promoted replicative senescence, including increased (3-galactosidase signal.
Furthermore, it was suggested that microglia in an AD pathology mouse model acquire an
inflammatory, neurotoxic DAM profile that may contribute to early A pathology [145].
Therefore, senescent microglia may be both the result of A pathology and also accelerate
AD pathogenesis and progression [76]. It was also recently reported that AD-associated
senescence signatures can be found in different CNS cell types, with microglia exhibiting
the most perturbed senescence-related profiles, resulting in phagocytic, lipid-processing,
and inflammatory states [188]. Furthermore, transcriptomic analysis in human microglia
showed that downregulation of phagocytic pathways and upregulation of senescence-
related genes were associated with greater A load [76,163,189]. This corresponds to the
perceived dysfunction in microglia linked with AD, which could impact microglia’s role
in maintaining brain health and homeostasis [190,191]. It was thus hypothesized that
dysfunctional microglia interacting with AD pathologies become senescent [16], while this
proposition needs further investigation.

Although cellular dystrophy is not considered conclusive of senescence, some stud-
ies suggest a “senescent-like” interpretation when combined with the presence of other
senescence markers. Therefore, senescence is considered to be a multi-marker concept,
including cell cycle regulators such as p16INK4A /CDKN2A, lysosomal SA-(3-gal activity,
and SASP, rather than any one of these features being considered conclusive [49,184,185].
In human neuropathology, dystrophic microglia with seemingly fragmented or beaded
processes and signs of cellular degeneration have been described in the AD brain, and
Braak-stage analyses have been used to examine the association between microglial dys-
trophy and the severity and spread of tau pathology [49]. Furthermore, the same human
study reported that A deposits lacking tau-positive structures colocalized with ramified
microglia, consistent with the idea that A3 alone is not always sufficient to produce the
classic histological ‘activation’ profile of microglia as defined by their criteria [49]. However,
morphology alone is not enough to demonstrate cellular senescence in human tissue, and
this is why senescence reviews recommend using multiple markers and functional context
for reliable in vivo identification [184,185]. Taken together, the strongest evidence that
senescence-like mechanisms may contribute to AD-related phenotypes comes from animal
studies that combine multiple markers with functional interventions, whereas human
studies often rely on morphology or transcriptomic signatures that should be interpreted
cautiously [49,120,185,186].

4. Therapeutic Implications: Emerging Strategies Targeting Microglia in AD

Microglia exhibit a context-dependent role in the pathology of AD. Physiologically,
microglia play an essential role in maintaining brain homeostasis; however, ineffective
or dysfunctional microglial programs could foster chronic brain inflammation, impair
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microglia-associated mitophagy, exacerbate A{3-amyloid deposition and tau pathology,
and accelerate neuronal and synaptic loss, resulting in cognitive decline [192,193]. Ev-
idence indicates that disease-associated microglial states are characterized by reduced
phagocytic capacity, cellular senescence, and sustained pro-inflammatory signaling [194].
These molecular events could thereby reflect inadequate immune adaptation at the early
stages of the disease and excessive innate immune response during the later stages, and
subsequently amplify the disease pathology in AD. In addition, cellular alterations indi-
cating senescence are found in post-mortem brain samples of patients with AD and in
mouse models [195]. Particularly, microglial senescence intensifies neuronal dysfunction by
impairing A3 clearance, promoting chronic neuroinflammation and upregulating SASP se-
cretion [188]. Therefore, targeting senescent microglia offers a promising treatment strategy
to alleviate AD pathology by reducing SASP-driven neuroinflammation and reestablishing
microglial function. Hence, senolytic and senomorphic interventions may consequently
mitigate AD pathology and allow for the delay or halt of the resulting cognitive decline.

Despite extensive efforts to modify disease progression, effective clinical translation
remains elusive. Table 2 synthesizes the current strategies targeting microglial functional
states, through the modulation of microglial reactivity, immunoreceptor signaling, anti-
inflammatory strategies, or replacement of dysfunctional microglia, which are promising
therapeutic avenues for mitigating AD progression.

Pharmacologic Modulation and Immunotherapeutic Approaches Targeting Microglia in AD

Therapeutically replenishing functional microglia can mitigate AD pathologies [196].
For instance, stem cell-based therapy, including transplantation of microglia-like cells
derived from human induced pluripotent and embryonic stem cells [197,198], could be a
favourable strategy to restore microglial function. Transcriptionally, these stem cell-derived
microglia are similar to human fetal microglia, which demonstrate robust phagocytic activ-
ity and rapid responses against pathological stimuli [199,200], analogous to homeostatic
microglial states [201,202]. However, this therapeutic approach may have significant lim-
itations, including low throughput and variability in engraftment. To overcome these
limitations, there are emerging ideas suitable for disease modelling and drug testing,
such as integrating human pluripotent stem cell (hPSC)-derived microglia (IMG) into
cerebral organoids to create a unique, human-related, multidimensional microenviron-
ment [203,204]. Furthermore, AD-risk genes encoding microglial immunoreceptors have
been identified through GWAS. Among these, TREM2, a myeloid-expressed lipid and
lipoprotein-binding receptor, and CD33, a sialoadhesin molecule and immunoglobulin-
related myeloid receptor, emerged as the most strongly associated with AD and, thus,
extensively studied [205].
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Table 2. Therapeutic strategies targeting microglia- and immune-related molecular processes in Alzheimer’s disease (AD). This table systematically provides
investigational agents for AD, organized by therapeutic class, mechanism, preclinical rationale, clinical trial results and identified constraints. Interventions directly
targeting microglial function (i.e., TREM2 agonist, AL002) corroborated favourable effects in vitro and in vivo on plaque and neuroinflammatory pathology, yet
failed to hinder disease progression or cognitive decline in Phase 2 trials, with reported safety concerns. Similarly, repurposed anti-inflammatory drugs, montelukast,
pioglitazone, and minocycline, all demonstrated compelling preclinical or epidemiological signals, but yielded no consequential cognitive or biomarker benefits in
randomized controlled trials, due to inefficacy, adverse effects or disease-stage dependency. Only amyloid-targeting monoclonal antibodies such as lecanemab and
donanemab substantiated consistent, but modest reduction of cognitive impairment in early AD, weighed against notable ARIA menaces. Novel immunomodulatory
biologics (i.e., Xpro1595) have demonstrated initial promise in reducing CSF and MRI inflammatory markers in Phase 1, but larger Phase 2 validation is pending.
Complement inhibitors and emerging approaches, including CRISPR, engineered or modified immune cells, and vaccine adjuvants, remain utterly preclinical, with
technical obstacles involving off-target effects and lack of cell precision. The table collectively highlights an indispensable field-wide challenge, due to the inability of
potent preclinical anti-inflammatory approaches to translate into clinical significance, except for the amyloid-directed immunotherapies with marginal benefits
and mainly in males. Arrows broadly describe changes in molecular level, biological process, function or other factors specified: (1) indicates an increase and ()
indicates a decrease. Triggering receptor expressed on myeloid cells 2 (TREM2); cluster of differentiation 33 (CD33); amyloid-beta (Af3); Alzheimer’s disease (AD);
peroxisome proliferator-activated receptor gamma (PPARY); Mini-Mental State Exam (MMSE); NOD-like receptor family, pyrin domain-containing 3 (NLRP3);
tumor necrosis factor (TNF); cerebrospinal fluid (CSF); mild cognitive impairment (MCI); magnetic resonance imaging (MRI); complement component 1q (Clq);
Janus kinases (JAK); signal transducer and activator of transcription proteins (STAT); p38 mitogen activated protein kinase (p38 MAPK); programmed cell death
protein 1 (PD-1); clustered regularly interspaced short palindromic repeats (CRISPR).

Type/Action Drug Name Experimental Outcomes Findings in Clinical Trials Identified Constraints References
From Phase 1 in vitro and in vivo data: INYOKE'Zt i}gse 2 trial in patients with
. |} Filamentous plaques [206] early-onse : . N
TREM2 agonist AL002 1 Neurite dystrophy [206] . No clear effects on disease progression nor Could pose immune adverse effects [208] [206-208]
1 Microglia inflammatory response [206] cognitive decline [207]
. . . 1 Ap phagocytosis [209] ) .
Anti-CD33 antibody Lintuzumab | CD33-mediated neurotoxicity Not yet tested clinically [209]
Phase 2 trial in patients with MCI and early AD:
. No clear biomarker or cognitive benefits
Human cohort data: over one year
Cysteinyl leukotri'ene Montelukast 1 Cognitive declir}e [21.0] ' New Phase 2 trial in patients with mild to AD fly and mouse models: Disease stage [210-213]
receptor antagonist 1 Preserved functions in non-amnesic moderate AD: dependent [212]

cognitive domain in AD dementia [210]
e Completed enrolment but with results still
pending [211]
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Type/Action Drug Name Experimental Outcomes Findings in Clinical Trials Identified Constraints References
INTREPAD trial with Naproxen in elderly ) )
Non-steroidal From epidemiolosic studics: patie.nFs wit'h AD fa.mily history and without In randomized trials:
anti-inflammatory e.g., Naproxen P & . cognitive disorders: . No cognitive or disease benefits [214,215]
J risk of AD or delayed onset [214] . . & ;
Drugs (NSAIDS) . No effect on disease progression . May pose safety risks [214]
. Reported adverse effects [215]
TOMORROW Phase 3 trial with cognitively In early AD patients:
o | Pro-inflammatory genes expressed in healthy participants aged 65-83, at high and
Pioglitazone microglia [216] low risk of developing AD: . Mixe@ results in improving cognitive [216,217]
e Discontinued due to lack of efficacy [217] function [216]
PPARY agonist Phase 2 trial in patients with AD-associated
T . . dementia, aged 60-80:
Cannabidiol and other In Vlt.r(?' modulates microglia I d itive f ion based Larger and longer trials required to confirm
cannabinoids reactivity [218] . mproved cognitive function based on effects [219] [218,219]
In mice: neuroprotective of memory [218] MMSE
. No reported adverse effects [219]
2-Year randomized clinical trial in patients with
. . J Inﬂamn}ation [2?()] mild AD:
Minocycline | Mictoglil recruitment [220] »  Nosignificant cognitive benefits in : [220221]
NLRP3 inflammasome patients [221]
modulating agents
In vitro:
Edaravone J Mitochondrial dysfunction [222] - Clinical relevance remains to be proven [222]
1 Ap induced microglia reactivity [222]
Immunomodulatory Approaches
Phase 3 trial of lecanemab in patients aged 50 to
90 with mild AD:
. . ° Reduced A markers and cognitive
Amg:g:i:fgﬁ:{mg Lecanemab, 1 AP markers in early AD [223] decline [223] Only | disease progression by 20-30% [223] [223-225]
Donanemab J Decline of cognitive function [223] Serious side effects (ARIA) [225] -

antibodies (mAbs)

Phase 3 trial of donanemab in symptomatic
patients with early AD:

. Slowed disease progression [224]
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Table 2. Cont.
Type/Action Drug Name Experimental Outcomes Findings in Clinical Trials Identified Constraints References
Phase 2 trial in patients with mild to moderate
AD-associated dementia:
. Subcutaneous administration was 1 . .
Etanercept 1 Cognition in one patient with AD [226] well-tolerated [227] La.rggr trials including placebo group still [226,227]
A L . missing [227]
. No statistically significant changes in
cognition, behavior or global
function [227]
Adah.n}umab, i AD and dementia risk in large Trials specific for AD are limited Not established causality [228]
TNF inhibitors Infliximab inflammatory cohorts
Phase 1 trial in 20 patients with AD:
| CSF inflammation and neurodegeneration
biomarkers and MRI inflammation
- . : : kers [229]
| Inflammatory activity without impeding ~ ™ar }
Xpro1595 essential TNF functions [229] 229,230]
Phase 2:
o To be held evaluating cognition and
plasma markers in a larger cohort [230]
J Maladaptive microglia-mediated
Complement . . .
NS Clq antagonists phagocytosis and synaptic - - [231,232]
inhibitors -
pruning [231,232]
immunglt::;ulatin JAK/STAT pathway modulators [233], p38 MAPK inhibitors [234], Advancing through clinical trials Efficacy is yet to be established [233-236]
agents & PD-1 inhibitors [235], lenalidomide [233], galectin-3 antibodies [236] & & vy o
: Lack cell-specificity and have off-target
CRISPR-based effects [237] [237]
Emerging strategies  Engineering immune cells to T AB clearance, modulate regulatory
T-cells, repurpose vaccine adjuvants to induce protective microglial - - [238,239]

phenotypes [238,239]
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Since the discovery of TREM2, substantial efforts have been invested in understanding
its biology and involvement in shaping microglial response in AD. For example, pre-
clinical studies demonstrate that several TREM2 agonistic antibodies enhance microglial
responsiveness to Af3 and attenuate amyloid pathology, conferring neuroprotective ef-
fects [240,241]. Supporting the translational potential of TREM2-targeted immunotherapy
in AD, favourable tolerability in a Phase I clinical trial was reported for the clinical candi-
date AL002, derived from the preclinical antibody AL002c (Table 2), and shown to reduce
filamentous plaques and neurite dystrophy, and tampered microglial neuroinflammatory
response [206]. These reports encouraged the progression of a randomized, double-blind,
placebo-controlled study (INVOKE-2) for patients with early-onset AD, a global Phase
2 trial. However, AL002 did not achieve the anticipated outcomes of slowing clinical pro-
gression of symptoms or improving cognition, and was subsequently discontinued [207].

Unarguably, CD33 polymorphisms are implicated in AD susceptibility and pathology,
with the CD33 sialic acid-binding domain mediating the suppression of microglial phago-
cytosis of AP, thereby making it a potential therapeutic target in AD [205]. CD33-targeting
antibodies are investigated, which could potentially inhibit CD33-mediated neurotoxic-
ity [242]. Notably, lintuzumab, an anti-CD33 antibody (Table 2), utilized for the treatment of
acute myelogenous leukemia, has been suggested for repurposing in AD, although the fea-
sibility remains hypothetical and well-defined clinical evaluation is necessary. Additionally,
a quantitative binding assay demonstrates that CD33 binds strongly to clusterin but not to
ApoE, indicating that it acts as a sialylation-dependent ligand. Co-immunoprecipitation
experiments additionally reveal co-localization of CD33 and clusterin on microglia in the
brains of patients with AD, particularly near A3 plaques, with evidence that sialylated
clusterin alone inhibits A uptake from monocytes of high-risk “CC” carriers and UP937
cells. However, the interaction between clusterin and A induces stronger CD33 ITIM
signaling than clusterin alone, facilitating the recruitment of other downstream players such
as SHP-1 [242]. Also, when a subtype-selective sialic acid mimetic (P22) is conjugated to
microparticles, A3 phagocytosis is enhanced in a CD33-dependent manner [209]. Overall,
these findings identify CD33 and its associated signaling pathways as critical therapeutic
targets in modulating microglial reactivity and A clearance in human AD pathology.

Montelukast, a cysteinyl leukotriene receptor antagonist, has also been investigated
for mitigating AD pathology, CNS inflammation, and enhancing microglial homeostasis
and neuronal viability, although in a disease-stage-dependent manner (Table 2) [212].
Pharmacoepidemiologic reports demonstrate that use of montelukast is associated with
reduced dementia risk in AD in large cohorts, and non-amnestic cognitive domains are
preserved [210,213]. A Phase 1 study utilizing a dissolving oral film with this drug showed
enhanced bioavailability and blood-brain barrier penetration of this drug [243]. In a
Phase 2 randomized trial (NCT03991988) in mild cognitive impairment (MCI) and early
AD, for over one year, montelukast was well-tolerated but did not show clear cognitive
outcomes or biomarker benefits [211]. Nevertheless, another Phase 2 study utilizing a
buccal film formulation (NCT03402503) in mild to moderate AD is underway; this trial
recently completed enrollment, with global cognition as the primary endpoint.

Importantly, therapeutic approaches that dampen excessive microglial reactivity and
enhance their phagocytic capacity may potentially alleviate the heightened inflammatory
state associated with AD. Previous long-term epidemiologic studies show that chronic
non-steroidal anti-inflammatory drugs (NSAIDs) use is associated with a lower risk of AD
(Table 2); in contrast, randomized trials in MCI and AD have shown no cognitive benefit
and some negative outcomes [214]. A large trial, Alzheimer’s Disease Anti-Inflammatory
Prevention Trial (ADAPT), revealed that NSAIDs are not associated with a reduction of
AD incidence or slow cognitive decline, and may pose a safety risk; naproxen, for instance,
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showed weak or delayed indication of benefit [215]. Overall, meta-analyses indicate that
nonspecific anti-inflammatory strategies may not confer an effect in AD, which is attributed
to late intervention, short therapeutic exposure, and poor immune-target specificity. In
this context, NSAIDs are involved in the activation of peroxisome proliferator-activated
receptor gamma (PPARG), a transcription regulator that works to suppress the expression
of pro-inflammatory genes in the microglia, which was proposed to be neuroprotective and,
thereby, remains a mechanism of interest with its potential therapeutic application [216,244].
This led to a clinical evaluation of the PPARG agonist, pioglitazone, in AD through the
TOMMORROW trial (AD-4833; NCT01931566); however, phase IlI trials were discontinued
due to the lack of efficacy and convincing clinical benefits [217]. Moreover, cannabidiol-
induced activation through PPARG is also reportedly linked to enhanced neurogenic
activity in the hippocampus [244]. Endocannabinoid systems increase with age, and
activation of cannabinoid receptor (CB) 1 and 2 receptors is shown to reduce oxidative
stress (Table 2). Contrastingly, mouse studies indicate that neuroinflammation is mediated
by CB1 and CB2 receptor activation in older age groups [245]. Nonetheless, a recent clinical
trial conducted over 26 weeks, patients treated with cannabis demonstrated significantly
higher Mini-Mental State Examination (MMSE) total scores than the placebo, although
larger and longer-duration trials are essential to confirm these findings [219].

Microglial inflammasome activation, especially the NOD-like receptor family, pyrin
domain-containing 3 (NLRP3) complexes, strongly contributes to AD pathology. The
NLRP3 inflammasome, which comprises NLRP3, apoptosis-associated speck-like pro-
tein containing caspase recruitment domains (ASC), and procaspase-1, drives microglial
pro-inflammatory signaling, and its pharmacological or genetic inhibition attenuates neu-
roinflammation [246]. Thus, these outcomes motivated clinical interest in the potential of
inflammasome-modulating agents for AD (Table 2). Minocycline, a blood-brain barrier
(BBB)-permeable tetracycline with anti-inflammatory properties, were reported to decrease
A burden and microglial response, potentially through NLRP3 inhibition [220]. However,
clinical trials for these therapeutic agents failed to demonstrate a significant cognitive
benefit in AD patients [221]. Similarly, edaravone, a free-radical scavenger, was shown to
suppress Ap-induced microglial reactivity by inhibiting NLRP3 signaling-mediated IL-1§3
secretion and mitochondrial dysfunction [222], but its clinical relevance in AD remains un-
proven. Moreover, purinergic P2X7 receptor is upregulated in plaque-associated microglia
in AD brains and acts synergistically with NLRP3 to amplify inflammatory responses,
with which, upstream regulators of inflammasome activation, such as the purinergic P2X7
receptor (P2X7R), are thus also implicated [247,248]. Despite promising the preclinical
data against AD, clinical trials targeting microglial inflammation have produced very
limited success, reflecting the complex, interconnected, and stage-dependent nature of
microglial inflammatory pathways, by which a single-target therapeutic agent may not
adequately address.

Immunomodulatory strategies also provide avenues beyond therapy with monoclonal
antibodies (mAbs) against Ap (Table 2). Specifically, amyloid-targeting mAbs, such as
donanemab and lecanemab, employ immune-related mechanisms to dampen AD pathol-
ogy, including Fc receptor-mediated microglial phagocytosis and endosomal/lysosomal
degradation of A3 [249-251]. This translates to statistically significant reductions in A3
markers in early AD and a moderate reduction in cognitive decline, yielding a 20-30%
reduction in disease progression [223,224]. However, Af3-directed immunotherapy has po-
tential deleterious effects in microglia, such as a sustained and enhanced antigen-presenting
inflammatory state in a dose-dependent effect when tested in a mouse model [252]. These
could exemplify the dual protective and pathogenic roles of immune responses in AD,
where a precise regulation of microglial inflammatory programs is imperative. Targeting
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accumulated amyloid, a single protein in a multifactorial disease lasting for decades, is
biologically limited. By the time symptoms manifest, amyloid may be a tombstone, not the
primary driver. Lecanemab and donanemab achieved sturdy amyloid plaque clearance
on positron emission tomography (PET) imaging and a gradual decline by approximately
27-36% over a period of 18 months on the clinical dementia rating—sum of boxes (CDR-
SB), a composite measure of dementia severity used in quantifying treatment outcomes
and monitoring disease progression, but absolute benefits are minute and approximately
2-3 points, frequently below clinically significant thresholds [253]. Benefits are restricted to
early-stage, low-tau patients, representing plaque removal alone as incremental improve-
ments rather than a breakthrough [254]. Multi-target strategies are necessary for overall
success. Moreover, these drugs are reported to be associated with serious side effects
like microhemorrhages, cerebral edema, and amyloid angiopathy, collectively referred
to as ARIA-AB-related imaging abnormalities [225]. These typically arose from vascular
vulnerability during amyloid clearance [255]. Patients treated with Donanemab also exhibit
brain volume loss [256]. It is worth noting that the risk of developing mAb-induced ARIA
is higher for APOE4 (a major regulator of CNS inflammation) carriers who are genetically
predisposed to late-onset AD. This AD-risk gene is associated with increased recruitment
of perivascular macrophages and peripheral monocytes through a complement-dependent
mechanism, thus increasing the risk of ARIA with mAb therapy [257-259].

Additionally, an epidemiological study on the clinical use of inhibitors of tumor
necrosis factor (TNF)-«, implicated in microglia-related pro-inflammatory disease state,
investigated their potential for immunomodulation in AD, which revealed an association
with decreased incidence of AD [260]. Etanercept, administered perispinally, is reported
in an open-label pilot study to show cognitive improvements in small cohorts of patients
with AD, but lacks a placebo control and has not been replicated in rigorously designed
trials [226,227]. A placebo-controlled, randomized double-blind Phase 2 trial of weekly
subcutaneous etanercept (50 mg) in mild-to-moderate AD showed that the drug was
well-tolerated but did not significantly improve cognitive behaviour over 24 weeks [227].
Additionally, TNF inhibitors, including etanercept, adalimumab, and infliximab, were ana-
lyzed observationally and retrospectively, and they suggest that their use is associated with
alower risk of AD or dementia in large inflammatory disease cohorts, but these associations
do not establish causality and clinical trials specifically designed to assess efficacy in AD
are limited. The recently concluded early-phase studies investigated the novel therapeutic
agent called Xpro1595, a selective soluble TNF (sTNF)-neutralizing antibody that preserves
membrane-bound TNF signaling and is described to limit inflammatory activity without
impairing essential TNF functions. Briefly, its Phase 1 trial (NCT03943264) in 20 patients
with AD consisted of subcutaneous injections of Xpro1595, which were well tolerated,
and showed reduction of cerebrospinal fluid (CSF) inflammatory and neurodegenerative
biomarkers, as well as magnetic resonance imaging (MRI) markers of CNS inflamma-
tion [229]. Also, an open-label extension and Phase II trials (NCT05318976) are in motion to
evaluate its effects on cognition and plasma AD biomarkers in larger cohorts [230].

Dysfunctional microglial phagocytosis and synaptic pruning are shown to be re-
strained through the action of complement inhibitors, particularly complement component
1q (Clq) antagonists (i.e., BMS-984923, ANX005) and C3 inhibitors [231,232]. This may
help to maintain synaptic integrity despite Af3 pathology, indicating that targeting these
components in the innate immune signaling pathway could be an effective therapeutic
approach. Concurrently, various modulators of immune response pathways, including
the Janus kinases (JAKs)/signal transducers and activators of transcription (STATs) path-
way (i.e., sargramostim, NCT04902703; baricitinib, NCT05189106), are advancing through
clinical trials [233]. Other examples of currently studied immunomodulators targeting mi-
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croglial programs are p38 mitogen activated protein kinase (p38 MAPK) inhibitor (MW150,
NCT05194163) [234], programmed cell death protein 1 (PD-1) immune checkpoint inhibitor
(IBC-Ab002, NCT05551741) [235], the immunomodulatory small molecule lenalidomide
(NCT04032626) [233], and the galectin-3 antibody TB006 (NCT05476783) [236]. These reflect
broad efforts to recalibrate neuroimmune signaling in AD [233-236]. However, definitive
clinical evidence of efficacy is still lacking [261]. Technological advancement using clus-
tered regularly interspaced short palindromic repeats (CRISPR)-based genome editing also
offers the potential approach to modify pathogenic microglial risk genes such as CD33,
APOE, and TREM2; however, cell specificity in microglia and off-target effects pose a
challenge [237,262]. Repurposing vaccine adjuvants, such as protollin, is also being studied
to induce protective microglial phenotypes, while additional immune approaches include
bioengineering other immune cells to enhance A3 clearance, and modulation of regulatory
T cells to rebalance neuroimmune responses [238,239].

Collectively, immunomodulatory therapies, comprising the majority of clinical trials
in AD, hold substantial promise for AD; however, acute and long-term safety risks warrant
due consideration. Use of TREM2-targeting antibodies showed immune-related adverse
events in clinical reports, including anemia (DNL919) and severe ARIA [208]. These suggest
possible drug-induced changes in vascular and immune responses in APOE4 homozy-
gotes (AL002) [207], which resolve when administration is discontinued. Accordingly,
careful monitoring and filling the research gaps are warranted to untangle the immediate
treatment-related reactions and longer-term risks, such as infection or malignancy, before
clinical implementation. Furthermore, AD-risk genes expressed in microglia, such as
APOE, TREM2, CD33, GRN, and ILIRAP, significantly influence susceptibility to pathology,
confirming microglia as modulators of A and tau immunotherapies through Fc receptor-
mediated mechanisms, making them a key therapeutic target in AD [263]. Notably, as
of 2024, immune-directed therapeutics outnumbered amyloid-targeting agents in the AD
pipeline [264], reflecting growing optimism driven by strong genetic validation of immune
targets and the diversification of mechanisms beyond single-target anti-A3 approaches.
However, despite strong genetic validation, CNS drug discovery remains particularly
challenging due to additional barriers in target validation and lead development compared
with peripheral diseases [265].

All in all, microglia exhibit a broad and dynamic spectrum of functional states, gov-
erned by complex interrelated molecular pathways, by which modulation of single individ-
ual markers could yield paradoxical, incomplete or stage-dependent effects. For instance,
TREM2-dependent signaling was correlated with amplified inflammation, while damp-
ening this effector mechanism could hinder debris clearance by microglia; exemplified
in AL002 TREM2 agonism causing desensitization and off-target neuronal effects [207].
Clinical outcomes in AD, especially in advanced stages, could also be generally described
by its multi-system components (i.e., neuronal, glial, vascular aspects), and that monolithic
therapies might oversimplify this complexity. As such, monotherapies could potentially
interfere with beneficial microglial physiological and immunological roles or significantly
fail to slow down clinical deterioration [207]. Of note, more than 2700 trials for AD have
been unsuccessful, with only three approvals thus far [266]. It is now increasingly ad-
vocated to employ a combination approach to therapy. In AD pathology mouse models,
combination drugs (i.e., letrozole + irinotecan) targeting neuronal and glial pathological
clusters, respectively, outperformed monotherapies by reversing changes in tau and Af3,
as well as memory deficits [267]. Essentially, systems-level approaches could effectively
address pathway redundancies and disease dynamics yet necessitate advanced modelling
and adaptive trials. Notably, contemporary industry and regulatory frameworks favour
single-agent development, exhibiting defined primary targets, straightforward pharma-
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cokinetics and streamlined safety profiles, making multi-agent therapies financially and
logistically difficult despite the emergence of network pharmacology infrastructure. The
transition to multi-modal strategies demands paradigm shifts in regulatory science.

5. Perspectives and Future Directions

The global human population is increasingly aging, possibly due to improvements in
healthcare. Paradoxically, this increased aging increases the risk for age-related neurodegen-
erative disorders, including the highly prevalent AD. Despite decades of research efforts,
effective disease-modifying therapies to abrogate or delay AD progression seem to remain
elusive, highlighting the urgent necessity to decipher the biological aging mechanisms
that contribute to the disease onset and progression. Recent GWAS suggest that microglia
are central to the biological processes underlying both healthy and pathological aging.
Age-related alterations in microglial function are multifaceted yet intricately coordinated,
resulting in chronically sustained inflammatory processes and deleterious outcomes. These
changes produce a continuum of microglial states that exhibit overlapping but distinct
metabolic, epigenetic, transcriptional, morphological, and functional properties during
aging, and with pathological features such as Ap and tau [268-271]. Clinical trials involv-
ing drug classes that target microglia and brain inflammation, and A clearance have not
produced satisfactory results, despite promising preclinical outcomes. One of the main
challenges appears to be the timing of the intervention, suggesting that the success of a
single-bullet microglia-focused intervention is greater in early AD stages, when all the
drivers of the complex inflammatory programs are not fully set in motion. However, the
effect of this approach may be limited at advanced AD stages, where multiple molecular
systems have taken place and could lead to paradoxical outcomes. This is partly attributed
to the unavailability of specific clinical microglial state markers. Once such markers become
available, we can better assess microglial roles during aging and their transition from MCI
through different stages of AD and evaluate interventions tailored to specific disease stages
with limited drug-induced adverse effects.

In the absence of specific clinical microglial markers, genome-wide approaches have
generated extensive information on the transcriptomic and epigenetic reprogramming at
microglia across different disease stages. While this approach often suggests simultaneous,
interconnected biological activities, current research trends may often prioritize the most
characterized cellular features or molecular targets. This reductionist approach can be
beneficial if the major driver of microglia’s biological system can be specifically targeted
for therapeutic interventions; however, it makes it challenging when the diverse inter-
connected pathways, possibly directed by multiple drivers, are subsequently integrated
into complete mechanisms that drive microglial (physiological or pathological) molecular
and cellular networks. As such, a shift in approach is necessary: a holistic examination
of microglial signatures and connection patterns comprising metabolic, epigenetic, tran-
scriptional, morphological, and ultrastructural properties, as well as functional outcomes,
over the course of aging, across disease stages and in response to treatment interventions.
Achieving this would require meticulous disease stage-resolved or trajectory-based recon-
struction of distinct microglial states such that multi-omics profiling (e.g., transcriptomics,
epigenomics, metabolomics, proteomics) is integrated with morphology and ultrastruc-
ture to determine functional networks (gene regulatory, metabolic flux, ligand-receptor
interactome, plaque (or neuron)-microglia communication), per microglial state. This
integration is best accomplished in situ, where each microglial cell and its internal and
local environments can be studied, with the advantage of providing spatial information
on the brain architecture regulated and remodeled by microglia. Such an approach could
lead to a cocktail of interventions, especially at advanced disease stages, but also aimed at
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prevention within the perspective of lifestyle medicine, by focusing on different networks
for microglial state normalization.

6. Conclusions

The key microglial features observed in the aged brain include hypertrophic or dys-
trophic forms and molecular alterations linked with reduced homeostatic signatures, im-
paired physiological functions, heightened oxidative stress, sustained chronic inflammatory
background, and senescence-like states. These microglial changes (i.e., morphological and
transcriptional) could reinforce a dysfunctional course of microglial aging properties,
broadly comprising a decline in their critical roles in neuroprotection and homeostatic
maintenance, reduced trophic support and phagocytic function and thereby reduced role
in synaptic preservation and remodeling, altered cellular metabolism leading to energy
deficit, exacerbated cellular stress and senescence, and a resulting dysregulated immune
reactivity. These could overlap with a toxic and reactive microglial profile associated
with AD-related TREM2 signaling that sustains neuroinflammation. Hence, human aging
presents with various alterations in microglial biology that may shape their vulnerability,
through the exposure to modifiable risk factors, to a neurodegenerative trajectory like
in AD. Accordingly, the impact of microglial dysfunction on overall brain inflammation
including neuronal health underlying behaviour and cognition underscores the potential
of microglia-targeted therapeutic strategies to modulate AD onset and progression. There-
fore, a definitive mechanistic understanding of the microglial aging process across aging
trajectories and transitions toward AD remains a critical research avenue.

An extensive profiling of human microglia in aging and disease is still constrained.
Complete proteomic, post-translational/epigenetic, and morphological characterization
that captures the aging microglial states dynamic nature, while considering the complex
human neurological systems and lifestyle elements (e.g., sleep, stress, exercise, diet and
the gut-brain axis) contributing to age-related neurodegeneration, are yet to be attained.
Microglial ultrastructure, morphology and molecular states, as well as functional properties,
are also often studied in isolation. Highlighting these challenges, one fundamental gap in
current studies is the systematic mapping of microglial structural and molecular changes to
their functional alterations within several biological levels and in tissue-dependent contexts
(i.e., brain regions, sexual dimorphism, genetic vulnerabilities, modifiable risk factors,
stage of pathology). The future development of radiotracers to image particular microglial
states in humans using PET scan is expected to significantly advance this understanding
of microglial age-related alterations and functional outcomes, when combined with MRI
approaches to study various elements of the brain architecture regulated and remodeled by
microglia. These insights could pave the way for the development of targeted approaches
acting on microglial states to delay or halt the progression of AD. Future studies must there-
fore prioritize the employment of combined approaches, including longitudinal PET and
MRI in humans, combined with single-cell RN A sequencing (scRNAseq), single-nucleus
RNA sequencing (snRNAseq), and other in situ or spatial molecular strategies, together
with morphological and ultrastructural analysis, in human tissue samples, human cellular
models and humanized mouse models. This will allow to characterize the aging process of
human microglial states, and identify transitions toward age-related neurodegenerative
disease conditions such as AD. Ultimately, this knowledge of microglial biology could help
in crossing the unknowns in microglial state normalization as a therapeutic target, to hasten
the development of therapeutics presenting improved efficacy and increased selectivity
against neurodegeneration, and improve outcomes in patients with age-related cognitive
aging and neurodegenerative disease conditions like AD.

https://doi.org/10.3390/cells15131159


https://doi.org/10.3390/cells15131159

Cells 2026, 15, 1159

29 of 42

Author Contributions: Conceptualization, K. A.T.B.,, LA, M.-E.T, D.E, LMD. and B.B.-A.;
writing—original draft preparation and editing, K.A.T.B., E.G., E.O.C.,, L. A. and M.O.P,; writing—draft
review and editing, K.A.T.B.; visualization, M.O.P,; writing—critical review of important intellectual
content, editing, and supervision, M.-E.T.,, D.F, LM.D., LA. and B.B.-A. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was funded through a Joint Canada-Israel Research Program (Canadian Institutes
of Health Research (CIHR), the International Development Research Center (IDRC), the Israel Science
Foundation (ISF), and the Azrieli Foundation) awarded to M.-E.T., D.F. and B.B.-A., and M.-E.T. is
a Tier 1 Canada Research Chair in Neurobiology of Healthy Cognitive Aging (CRC-2024-00155).
I.A. held a Michael Smith Health Research BC postdoctoral award. B.B.-A was an awardee of the
International Brain Research Organization (IBRO) Early Career Independent Principal Investigator
Grant. K.A.T.B. was supported by the Department of Science and Technology—Philippine Council for
Health Research and Development, through the Research Enrichment Program. E.O.C. was awarded
a PhD scholarship through the Joint Canada-Israel Research Program.

Data Availability Statement: No new data were created or analyzed in this study.

Acknowledgments: During the preparation of this manuscript, the authors used BioRender.com for
the purposes of creating graphical figures. The authors have reviewed and edited the output and
take full responsibility for the content of this publication.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

AD Alzheimer’s disease

ADAPT Alzheimer’s Disease Anti-Inflammatory Prevention Trial
APOE apolipoprotein E 4

ARIA Amyloid-Related Imaging Abnormalities
ASC apoptosis-associated speck-like protein containing caspase recruitment domains
Ap amyloid-beta

BBB blood-brain barrier

Clq complement component 1q

CB cannabinoid receptor

CCL3/4 macrophage inflammatory proteinla/ 3
CD33 cluster of differentiation 33

CDe68 cluster of differentiation 68

CD83 cluster of differentiation 83

ChIP-Seq chromatic immunoprecipitation sequencing
CNS central nervous system

CRISPR clustered regularly interspaced short palindromic repeats
CSF cerebrospinal fluid

csp canonical senescence pathway

CST7 cystatin F

CX3CR1 cell surface chemokine receptor 1

CyTOF comprehensive multiplexed mass cytometry
DAM disease-associated microglia

DNA deoxyribonucleic acid

ER endoplasmic reticulum

GWAS genome-wide association studies

HIF1a mTOR-hypoxia-inducible factor-1x

IBA1 ionized calcium-binding adapter molecule 1
IFI16 interferon gamma inducible protein 16

IMG human hPSC-derived microglia

IRF8 interferon regulatory factor 8

https://doi.org/10.3390/cells15131159


https://doi.org/10.3390/cells15131159

Cells 2026, 15, 1159

30 of 42

ITGAX; CD11c
JAK
LDAM
LPL

mAbs

MCI
MGnD
MHC
miRNA, miR
MMSE
MRI

MRs
mTOR
NFKB1
NFTs

NK
NLRP3
NSAIDS
OPCs

plé

P22
P2RY12
P2X7R

p38 MAPK
PD-1

PET

PLIN2
PPARy
PS19

PU.1
RONS
ROS
RUNX1
SASP
SA-p-gal
scRNA-seq
SIRT1
snRNA-seq
STAT
sTNF
TAL1
TGFB
TMEM119
TNF
TREM2
TREM2+/—
TYROBP
WHO

References

1.

integrin subunit alpha X

Janus kinases

Lipid droplet accumulation microglia

lipoprotein lipase

monoclonal antibodies

mild cognitive impairment

microglial neurodegenerative phenotype

major histocompatibility complex

microRNAs

Mini-Mental State Examination

magnetic resonance imaging

master transcriptional regulators

mechanistic target of rapamycin

nuclear factor kappa b subunit 1

neurofibrillary tangles

natural killer

NOD-like receptor family, pyrin domain-containing 3
non-steroidal anti-inflammatory drugs
oligodendrocyte progenitor cells
cyclin-dependent kinase inhibitor 2A /p16INK4A
subtype-selective sialic acid mimetic

purinergic receptor P2Y, G-protein coupled, 12
purinergic P2X7 receptor

P38 mitogen activated protein kinase
programmed cell death protein 1

positron emission tomography

lipid droplet surface protein perilipin 2
peroxisome proliferator-activated receptor gamma
mouse tauopathy model expressing MAPT P301S
purine rich box binding protein 1

reactive oxygen and nitrogen species

reactive oxygen species

runt-related transcription factor 1
senescence-associated secretory phenotype
senescence-associated (3-galactosidase

single-cell RNA sequencing

sirtuin 1

single-nucleus RNA sequencing

signal transducer and activator of transcription proteins
soluble TNF

T-cell acute lymphocytic leukemia protein 1
transforming growth factor-3

transmembrane protein 119

tumor necrosis factor

Triggering receptor expressed on myeloid cells 2
TREM?2 haplodeficiency

TYRO protein tyrosine kinase binding protein
World Health Organization

Olshansky, S.J.; Willcox, B.].; Demetrius, L.; Beltran-Sanchez, H. Implausibility of Radical Life Extension in Humans in the
Twenty-First Century. Nat. Aging 2024, 4, 1635-1642. [CrossRef] [PubMed]
World Health Organization. Ageing and Health. Available online: https:/ /www.who.int/news-room/fact-sheets/detail /ageing-

and-health (accessed on 13 March 2026).

https://doi.org/10.3390/cells15131159


https://doi.org/10.1038/s43587-024-00702-3
https://www.ncbi.nlm.nih.gov/pubmed/39375565
https://www.who.int/news-room/fact-sheets/detail/ageing-and-health
https://www.who.int/news-room/fact-sheets/detail/ageing-and-health
https://doi.org/10.3390/cells15131159

Cells 2026, 15, 1159 31 of 42

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

National Institute on Aging. Global Aging. Available online: https://www.nia.nih.gov/research/dbsr/global-aging (accessed
on 13 March 2026).

Guo, L.; Choi, S.; Bikkannavar, P.; Cordeiro, M.F. Microglia: Key Players in Retinal Ageing and Neurodegeneration. Front. Cell.
Neurosci. 2022, 16, 804782. [CrossRef] [PubMed]

Tuttle, C.S.L.; Luesken, S.W.M.; Waaijer, M.E.C.; Maier, A.B. Senescence in Tissue Samples of Humans with Age-Related Diseases:
A Systematic Review. Ageing Res. Rev. 2021, 68, 101334. [CrossRef] [PubMed]

Ferrari, A.].; Santomauro, D.F.,; Aali, A.; Abate, Y.H.; Abbafati, C.; Abbastabar, H.; Abd ElHafeez, S.; Abdelmasseh, M.; Abd-
Elsalam, S.; Abdollahi, A.; et al. Global Incidence, Prevalence, Years Lived with Disability (YLDs), Disability-Adjusted Life-Years
(DALYs), and Healthy Life Expectancy (HALE) for 371 Diseases and Injuries in 204 Countries and Territories and 811 Subnational
Locations, 1990-2021: A Systematic Analysis for the Global Burden of Disease Study 2021. Lancet 2024, 403, 2133-2161. [CrossRef]
[PubMed]

He, Z.; Zhang, H.; Hu, G.; Qiao, Y,; Yin, C.; Li, J.; Lin, H.; Wu, A_; Qin, D.; Law, B.Y.-K,; et al. The Current Status, Trends, and
Challenges of Alzheimer’s Disease and Other Dementias in Asia (1990-2036). Front. Public Health 2025, 13, 1583339. [CrossRef]
[PubMed]

Hudson, HR,; Sun, X.; Orr, M.E. Senescent Brain Cell Types in Alzheimer’s Disease: Pathological Mechanisms and Therapeutic
Opportunities. Neurotherapeutics 2025, 22, €00519. [CrossRef] [PubMed]

Javaid, S.F.; Giebel, C.; Khan, M.A.; Hashim, M.]. Epidemiology of Alzheimer’s Disease and Other Dementias: Rising Global
Burden and Forecasted Trends. F1000Research 2021, 10, 425. [CrossRef]

Carr, L.; Mustafa, S.; Collins-Praino, L.E. The Hallmarks of Ageing in Microglia. Cell. Mol. Neurobiol. 2025, 45, 45. [CrossRef]
[PubMed]

Ginhoux, F,; Prinz, M. Origin of Microglia: Current Concepts and Past Controversies. Cold Spring Harb. Perspect. Biol. 2015,
7,a020537. [CrossRef] [PubMed]

Prinz, M.; Masuda, T.; Wheeler, M.A.; Quintana, FJ. Microglia and Central Nervous System—Associated Macrophages—From
Origin to Disease Modulation. Annu. Rev. Immunol. 2021, 39, 251-277. [CrossRef] [PubMed]

Tremblay, M.-E. Microglial Functional Alteration and Increased Diversity in the Challenged Brain: Insights into Novel Targets for
Intervention. Brain Behav. Immun.-Health 2021, 16, 100301. [CrossRef] [PubMed]

Cornejo, F,; von Bernhardi, R. Age-Dependent Changes in the Activation and Regulation of Microglia. In Glial Cells in Health and
Disease of the CNS; von Bernhardi, R., Ed.; Springer International Publishing: Cham, Switzerland, 2016; pp. 205-226.
Matsudaira, T.; Nakano, S.; Konishi, Y.; Kawamoto, S.; Uemura, K.; Kondo, T.; Sakurai, K.; Ozawa, T.; Hikida, T.; Komine, O.;
et al. Author Correction: Cellular Senescence in White Matter Microglia Is Induced during Ageing in Mice and Exacerbates the
Neuroinflammatory Phenotype. Commun. Biol. 2025, 8, 1531. [CrossRef] [PubMed]

Lau, V.; Ramer, L.; Tremblay, M.-E. An Aging, Pathology Burden, and Glial Senescence Build-up Hypothesis for Late Onset
Alzheimer’s Disease. Nat. Commun. 2023, 14, 1670. [CrossRef] [PubMed]

Gonzalez-Velasco, O.; Papy-Garcia, D.; Le Douaron, G.; Sanchez-Santos, ].M.; De Las Rivas, ]. Transcriptomic Landscape, Gene
Signatures and Regulatory Profile of Aging in the Human Brain. Biochim. Biophys. Acta (BBA)-Gene Regul. Mech. 2020, 1863, 194491.
[CrossRef] [PubMed]

Olah, M.; Patrick, E.; Villani, A.-C.; Xu, J.; White, C.C.; Ryan, K.J.; Piehowski, P.; Kapasi, A.; Nejad, P.; Cimpean, M.; et al. A
Transcriptomic Atlas of Aged Human Microglia. Nat. Commun. 2018, 9, 539. [CrossRef] [PubMed]

Galatro, T.F,; Holtman, I.R.; Lerario, A.M.; Vainchtein, I.D.; Brouwer, N.; Sola, P.R.; Veras, M.M.; Pereira, T.F,; Leite, R.E.P.; Moller,
T.; et al. Transcriptomic Analysis of Purified Human Cortical Microglia Reveals Age-Associated Changes. Nat. Neurosci. 2017,
20, 1162-1171. [CrossRef] [PubMed]

Fernandez-Rubio, G.; Vuust, P; Kringelbach, M.L.; Bonetti, L. The Neurophysiology of Healthy and Pathological Aging: A
Comprehensive Systematic Review. Brain Struct. Funct. 2025, 230, 146. [CrossRef] [PubMed]

Ben-Azu, B.; Gargus, M.; Verkhratsky, A.; Tremblay, M.-E. Chapter 1—Introduction to Microglial Aging and Its Involvement in
Neurodegenerative Diseases. In Microglial Aging; Tremblay, M.-E., Ed.; Academic Press: Cambridge, MA, USA, 2026; pp. 3—44.
Glorioso, C.; Sibille, E. Between Destiny and Disease: Genetics and Molecular Pathways of Human Central Nervous System
Aging. Prog. Neurobiol. 2011, 93, 165-181. [CrossRef] [PubMed]

Fabbri, E.; An, Y.; Zoli, M.; Tanaka, T.; Simonsick, E.M.; Kitner-Triolo, M.H.; Studenski, S.A.; Resnick, S.M.; Ferrucci, L. Association
Between Accelerated Multimorbidity and Age-Related Cognitive Decline in Older Baltimore Longitudinal Study of Aging
Participants without Dementia. J. Am. Geriatr. Soc. 2016, 64, 965-972. [CrossRef] [PubMed]

Niraula, A.; Sheridan, ].E.; Godbout, ].P. Microglia Priming with Aging and Stress. Neuropsychopharmacology 2017, 42, 318-333.
[CrossRef] [PubMed]

Moldogazieva, N.T.; Mokhosoev, .M.; Mel'nikova, T.I.; Porozov, Y.B.; Terentiev, A.A. Oxidative Stress and Advanced Lipoxi-
dation and Glycation End Products (ALEs and AGEs) in Aging and Age-Related Diseases. Oxidative Med. Cell. Longev. 2019,
2019, 3085756. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15131159


https://www.nia.nih.gov/research/dbsr/global-aging
https://doi.org/10.3389/fncel.2022.804782
https://www.ncbi.nlm.nih.gov/pubmed/35370560
https://doi.org/10.1016/j.arr.2021.101334
https://www.ncbi.nlm.nih.gov/pubmed/33819674
https://doi.org/10.1016/S0140-6736(24)00757-8
https://www.ncbi.nlm.nih.gov/pubmed/38642570
https://doi.org/10.3389/fpubh.2025.1583339
https://www.ncbi.nlm.nih.gov/pubmed/40556904
https://doi.org/10.1016/j.neurot.2024.e00519
https://www.ncbi.nlm.nih.gov/pubmed/39765417
https://doi.org/10.12688/f1000research.50786.1
https://doi.org/10.1007/s10571-025-01564-y
https://www.ncbi.nlm.nih.gov/pubmed/40389766
https://doi.org/10.1101/cshperspect.a020537
https://www.ncbi.nlm.nih.gov/pubmed/26134003
https://doi.org/10.1146/annurev-immunol-093019-110159
https://www.ncbi.nlm.nih.gov/pubmed/33556248
https://doi.org/10.1016/j.bbih.2021.100301
https://www.ncbi.nlm.nih.gov/pubmed/34589793
https://doi.org/10.1038/s42003-025-09139-9
https://www.ncbi.nlm.nih.gov/pubmed/41198964
https://doi.org/10.1038/s41467-023-37304-3
https://www.ncbi.nlm.nih.gov/pubmed/36966157
https://doi.org/10.1016/j.bbagrm.2020.194491
https://www.ncbi.nlm.nih.gov/pubmed/32006715
https://doi.org/10.1038/s41467-018-02926-5
https://www.ncbi.nlm.nih.gov/pubmed/29416036
https://doi.org/10.1038/nn.4597
https://www.ncbi.nlm.nih.gov/pubmed/28671693
https://doi.org/10.1007/s00429-025-03012-5
https://www.ncbi.nlm.nih.gov/pubmed/40991078
https://doi.org/10.1016/j.pneurobio.2010.11.006
https://www.ncbi.nlm.nih.gov/pubmed/21130140
https://doi.org/10.1111/jgs.14092
https://www.ncbi.nlm.nih.gov/pubmed/27131225
https://doi.org/10.1038/npp.2016.185
https://www.ncbi.nlm.nih.gov/pubmed/27604565
https://doi.org/10.1155/2019/3085756
https://www.ncbi.nlm.nih.gov/pubmed/31485289
https://doi.org/10.3390/cells15131159

Cells 2026, 15, 1159 32 of 42

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Shankar, S.K. Biology of Aging Brain. Indian ]. Pathol. Microbiol. 2010, 53, 595-604. [CrossRef] [PubMed]

Gray, D.A.; Woulfe, J. Lipofuscin and Aging: A Matter of Toxic Waste. Sci. Aging Knowl. Environ. 2005, 2005, rel. [CrossRef]
[PubMed]

Ham, S; Lee, S.-].V. Advances in Transcriptome Analysis of Human Brain Aging. Exp. Mol. Med. 2020, 52, 1787-1797. [CrossRef]
[PubMed]

Mrak, R.E.; Griffin, W.S.T.; Graham, D.I. Aging-Associated Changes in Human Brain. ]. Neuropathol. Exp. Neurol. 1997,
56, 1269-1275. [CrossRef] [PubMed]

Malvaso, A.; Gatti, A.; Negro, G.; Calatozzolo, C.; Medici, V.; Poloni, T.E. Microglial Senescence and Activation in Healthy Aging
and Alzheimer’s Disease: Systematic Review and Neuropathological Scoring. Cells 2023, 12, 2824. [CrossRef] [PubMed]

Ng, P.Y.; McNeely, T.L.; Baker, D.J. Untangling Senescent and Damage-Associated Microglia in the Aging and Diseased Brain.
FEBS J. 2023, 290, 1326-1339. [CrossRef] [PubMed]

Ajami, B.; Bennett, ].L.; Krieger, C.; Tetzlaff, W.; Rossi, FM.V. Local Self-Renewal Can Sustain CNS Microglia Maintenance and
Function throughout Adult Life. Nat. Neurosci. 2007, 10, 1538-1543. [CrossRef] [PubMed]

Ginhoux, E; Greter, M.; Leboeuf, M.; Nandi, S.; See, P.; Gokhan, S.; Mehler, M.F,; Conway, S.J.; Ng, L.G.; Stanley, E.R.; et al. Fate
Mapping Analysis Reveals That Adult Microglia Derive from Primitive Macrophages. Science 2010, 330, 841-845. [CrossRef]
[PubMed]

Shimada, I.S.; LeComte, M.D.; Granger, ].C.; Quinlan, N.J.; Spees, J.L. Self-Renewal and Differentiation of Reactive Astrocyte-
Derived Neural Stem /Progenitor Cells Isolated from the Cortical Peri-Infarct Area after Stroke. J. Neurosci. 2012, 32, 7926-7940.
[CrossRef] [PubMed]

Li, Q.; Barres, B.A. Microglia and Macrophages in Brain Homeostasis and Disease. Nat. Rev. Immunol. 2018, 18, 225-242.
[CrossRef] [PubMed]

Keren-Shaul, H.; Spinrad, A.; Weiner, A.; Matcovitch-Natan, O.; Dvir-Szternfeld, R.; Ulland, T.K.; 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.e17. [CrossRef] [PubMed]

Yin, Z.; Rosenzweig, N.; Kleemann, K.L.; Zhang, X.; Brandao, W.; Margeta, M.A.; Schroeder, C.; Sivanathan, K.N.; Silveira, S.;
Gauthier, C.; et al. APOE4 Impairs the Microglial Response in Alzheimer’s Disease by Inducing TGF3-Mediated Checkpoints.
Nat. Immunol. 2023, 24, 1839-1853. [CrossRef] [PubMed]

Paolicelli, R.C.; Sierra, A.; Stevens, B.; Tremblay, M.-E.; Aguzzi, A.; Ajami, B.; Amit, I.; Audinat, E.; Bechmann, L.; Bennett, M.; et al.
Microglia States and Nomenclature: A Field at Its Crossroads. Neuron 2022, 110, 3458-3483. [CrossRef] [PubMed]

Salat, D.H.; Kaye, J.A.; Janowsky, J.S. Selective Preservation and Degeneration Within the Prefrontal Cortex in Aging and
Alzheimer Disease. Arch. Neurol. 2001, 58, 1403-1408. [CrossRef] [PubMed]

Lopes, K.d.P; Snijders, G.J.L.; Humphrey, J.; Allan, A.; Sneeboer, M.A.M.; Navarro, E.; Schilder, B.M.; Vialle, R.A.; Parks, M.;
Missall, R.; et al. Genetic Analysis of the Human Microglial Transcriptome across Brain Regions, Aging and Disease Pathologies.
Nat. Genet. 2022, 54, 4-17. [CrossRef] [PubMed]

Han, T.; Xu, Y,; Sun, L.; Hashimoto, M.; Wei, ]. Microglial Response to Aging and Neuroinflammation in the Development of
Neurodegenerative Diseases. Neural Regen. Res. 2024, 19, 1241-1248. [CrossRef] [PubMed]

Loépez-Otin, C.; Blasco, M. A ; Partridge, L.; Serrano, M.; Kroemer, G. Hallmarks of Aging: An Expanding Universe. Cell 2023,
186, 243-278. [CrossRef] [PubMed]

Lawson, L.].; Perry, VH,; Dri, P.; Gordon, S. Heterogeneity in the Distribution and Morphology of Microglia in the Normal Adult
Mouse Brain. Neuroscience 1990, 39, 151-170. [CrossRef] [PubMed]

Shahidehpour, R.K.; Higdon, R.E.; Crawford, N.G.; Neltner, ].H.; Ighodaro, E.T.; Patel, E.; Price, D.; Nelson, P.T.; Bachstetter, A.D.
Dystrophic Microglia Are Associated with Neurodegenerative Disease and Not Healthy Aging in the Human Brain. Neurobiol.
Aging 2021, 99, 19-27. [CrossRef] [PubMed]

Tay, T.L.; Savage, J.; Hui, CW.; Bisht, K.; Tremblay, M.-E. Microglia across the Lifespan: From Origin to Function in Brain
Development, Plasticity and Cognition. J. Physiol. 2016, 595, 1929-1945. [CrossRef] [PubMed]

Torres-Platas, S.G.; Comeau, S.; Rachalski, A.; Bo, G.D.; Cruceanu, C.; Turecki, G.; Giros, B.; Mechawar, N. Morphometric
Characterization of Microglial Phenotypes in Human Cerebral Cortex. J. Neuroinflamm. 2014, 11, 12. [CrossRef] [PubMed]
Tremblay, M.-E.; Marker, D.E; Puccini, J.M.; Muly, E.C.; Lu, S.-M.; Gelbard, H.A. Ultrastructure of Microglia-Synapse Interactions
in the HIV-1 Tat-Injected Murine Central Nervous System. Commun. Integr. Biol. 2013, 6, €27670. [CrossRef] [PubMed]
Vidal-Itriago, A.; Radford, R.A.W.; Aramideh, J.A.; Maurel, C.; Scherer, N.M.; Don, EK.; Lee, A.; Chung, R.S.; Graeber, M.B,;
Morsch, M. Microglia Morphophysiological Diversity and Its Implications for the CNS. Front. Immunol. 2022, 13, 997786.
[CrossRef] [PubMed]

Streit, W.J.; Braak, H.; Xue, Q.-S.; Bechmann, I. Dystrophic (Senescent) Rather than Activated Microglial Cells Are Associated with
Tau Pathology and Likely Precede Neurodegeneration in Alzheimer’s Disease. Acta Neuropathol. 2009, 118, 475-485. [CrossRef]
[PubMed]

https://doi.org/10.3390/cells15131159


https://doi.org/10.4103/0377-4929.71995
https://www.ncbi.nlm.nih.gov/pubmed/21045377
https://doi.org/10.1126/sageke.2005.5.re1
https://www.ncbi.nlm.nih.gov/pubmed/15689603
https://doi.org/10.1038/s12276-020-00522-6
https://www.ncbi.nlm.nih.gov/pubmed/33244150
https://doi.org/10.1097/00005072-199712000-00001
https://www.ncbi.nlm.nih.gov/pubmed/9413275
https://doi.org/10.3390/cells12242824
https://www.ncbi.nlm.nih.gov/pubmed/38132144
https://doi.org/10.1111/febs.16315
https://www.ncbi.nlm.nih.gov/pubmed/34873840
https://doi.org/10.1038/nn2014
https://www.ncbi.nlm.nih.gov/pubmed/18026097
https://doi.org/10.1126/science.1194637
https://www.ncbi.nlm.nih.gov/pubmed/20966214
https://doi.org/10.1523/JNEUROSCI.4303-11.2012
https://www.ncbi.nlm.nih.gov/pubmed/22674268
https://doi.org/10.1038/nri.2017.125
https://www.ncbi.nlm.nih.gov/pubmed/29151590
https://doi.org/10.1016/j.cell.2017.05.018
https://www.ncbi.nlm.nih.gov/pubmed/28602351
https://doi.org/10.1038/s41590-023-01627-6
https://www.ncbi.nlm.nih.gov/pubmed/37749326
https://doi.org/10.1016/j.neuron.2022.10.020
https://www.ncbi.nlm.nih.gov/pubmed/36327895
https://doi.org/10.1001/archneur.58.9.1403
https://www.ncbi.nlm.nih.gov/pubmed/11559311
https://doi.org/10.1038/s41588-021-00976-y
https://www.ncbi.nlm.nih.gov/pubmed/34992268
https://doi.org/10.4103/1673-5374.385845
https://www.ncbi.nlm.nih.gov/pubmed/37905870
https://doi.org/10.1016/j.cell.2022.11.001
https://www.ncbi.nlm.nih.gov/pubmed/36599349
https://doi.org/10.1016/0306-4522(90)90229-W
https://www.ncbi.nlm.nih.gov/pubmed/2089275
https://doi.org/10.1016/j.neurobiolaging.2020.12.003
https://www.ncbi.nlm.nih.gov/pubmed/33422891
https://doi.org/10.1113/JP272134
https://www.ncbi.nlm.nih.gov/pubmed/27104646
https://doi.org/10.1186/1742-2094-11-12
https://www.ncbi.nlm.nih.gov/pubmed/24447857
https://doi.org/10.4161/cib.27670
https://www.ncbi.nlm.nih.gov/pubmed/24563721
https://doi.org/10.3389/fimmu.2022.997786
https://www.ncbi.nlm.nih.gov/pubmed/36341385
https://doi.org/10.1007/s00401-009-0556-6
https://www.ncbi.nlm.nih.gov/pubmed/19513731
https://doi.org/10.3390/cells15131159

Cells 2026, 15, 1159 33 of 42

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Bachstetter, A.D.; Van Eldik, L.J.; Schmitt, FA.; Neltner, ].H.; Ighodaro, E.T.; Webster, S.].; Patel, E.; Abner, E.L.; Kryscio, R].;
Nelson, P.T. Disease-Related Microglia Heterogeneity in the Hippocampus of Alzheimer’s Disease, Dementia with Lewy Bodies,
and Hippocampal Sclerosis of Aging. Acta Neuropathol. Commun. 2015, 3, 32. [CrossRef] [PubMed]

Davies, D.S.; Ma, J.; Jegathees, T.; Goldsbury, C. Microglia Show Altered Morphology and Reduced Arborization in Human Brain
during Aging and Alzheimer’s Disease. Brain Pathol. 2016, 27, 795-808. [CrossRef] [PubMed]

Augusto-Oliveira, M.; Arrifano, G.; Delage, C.; Tremblay, M.-E; Crespo-Lopez, M.E.; Verkhratsky, A. Plasticity of Microglia. Biol.
Rev. 2022, 97, 217-250. [CrossRef] [PubMed]

Parakalan, R.; Jiang, B.; Nimmi, B.; Janani, M.; Jayapal, M.; Lu, J.; Tay, S.5.W,; Ling, E.-A_; Dheen, S.T. Transcriptome Analysis
of Amoeboid and Ramified Microglia Isolated from the Corpus Callosum of Rat Brain. BMC Neurosci. 2012, 13, 64. [CrossRef]
[PubMed]

Prokop, S.; Miller, K.R.; Heppner, EL. Microglia Actions in Alzheimer’s Disease. Acta Neuropathol. 2013, 126, 461-477. [CrossRef]
[PubMed]

Davis, M.; O’Connell, T,; Johnson, S.; Cline, S.; Merikle, E.; Martenyi, E; Simpson, K. Estimating Alzheimer’s Disease Progression
Rates from Normal Cognition Through Mild Cognitive Impairment and Stages of Dementia. Curr. Alzheimer Res. 2018, 15, 777-788.
[CrossRef] [PubMed]

Taylor, S.E.; Morganti-Kossmann, C.; Lifshitz, J.; Ziebell, ].M. Rod Microglia: A Morphological Definition. PLoS ONE 2014,
9, €97096. [CrossRef] [PubMed]

Bachstetter, A.D.; Ighodaro, E.T.; Hassoun, Y.; Aldeiri, D.; Neltner, ].H.; Patel, E.; Abner, E.L.; Nelson, P.T. Rod-Shaped Microglia
Morphology Is Associated with Aging in 2 Human Autopsy Series. Neurobiol. Aging 2017, 52, 98-105. [CrossRef] [PubMed]
Xie, M.; Liang, Y.; Miller, A.S.; Pallegar, PN.; Umpierre, A.D.; Wang, N.; Zhang, S.; Nagaraj, N.K.; Fogarty, Z.C.; Ghayal,
N.B.; et al. Rod-Shaped Microglia Interact with Neuronal Dendrites to Attenuate Cortical Excitability during TDP-43-Related
Neurodegeneration. Immunity 2025, 58, 3113-3129.e8. [CrossRef] [PubMed]

Bisht, K.; Sharma, K.P.; Lecours, C.; Sdnchez, M.G.; El Hajj, H.; Milior, G.; Olmos-Alonso, A.; Gémez-Nicola, D.; Luheshi, G.;
Vallieres, L.; et al. Dark Microglia: A New Phenotype Predominantly Associated with Pathological States. Glia 2016, 64, 826-839.
[CrossRef] [PubMed]

St-Pierre, M.-K_; Carrier, M.; Gonzalez Ibéfiez, F; Simon¢itova, E.; Wallman, M.-].; Valliéres, L.; Parent, M.; Tremblay, M.-E.
Ultrastructural Characterization of Dark Microglia during Aging in a Mouse Model of Alzheimer’s Disease Pathology and in
Human Post-Mortem Brain Samples. |. Neuroinflamm. 2022, 19, 235. [CrossRef] [PubMed]

Flury, A.; Aljayousi, L.; Park, H.-J.; Khakpour, M.; Mechler, J.; Aziz, S.; McGrath, ].D.; Deme, P; Sandberg, C.; Ibaniez, FG.; etal. A
Neurodegenerative Cellular Stress Response Linked to Dark Microglia and Toxic Lipid Secretion. Neuron 2025, 113, 554-571.e14.
[CrossRef] [PubMed]

Flury, A.; St-Pierre, M.-K.; Ayata, P.; Tremblay, M.-E. Evolving Insights into the Identity and Function of Dark Microglia. Trends
Neurosci. 2026, 49, 20-34. [CrossRef] [PubMed]

Neumann, P,; Lenz, D.E.; Streit, W.J.; Bechmann, I. Is Microglial Dystrophy a Form of Cellular Senescence? An Analysis of
Senescence Markers in the Aged Human Brain. Glia 2023, 71, 377-390. [CrossRef] [PubMed]

Streit, W.J.; Sammons, N.W.; Kuhns, A.J.; Sparks, D.L. Dystrophic Microglia in the Aging Human Brain. Glia 2004, 45, 208-212.
[CrossRef] [PubMed]

Lopes, K.O.; Sparks, D.L.; Streit, W.]J. Microglial Dystrophy in the Aged and Alzheimer’s Disease Brain Is Associated with Ferritin
Immunoreactivity. Glia 2008, 56, 1048-1060. [CrossRef] [PubMed]

Lau, V.; VanderZwaag, ].; Murray, C.J.; Tremblay, M.-E. Exploring Iron Deposition Patterns Using Light and Electron Microscopy
in the Mouse Brain Across Aging and Alzheimer’s Disease Pathology Conditions. J. Neurochem. 2025, 169, €70086. [CrossRef]
[PubMed]

Fan, H.; Zhang, M.; Wen, ].; Wang, S.; Yuan, M.; Sun, H.; Shu, L.; Yang, X.; Pu, Y.; Cai, Z. Microglia in Brain Aging: An Overview
of Recent Basic Science and Clinical Research Developments. ]. Biomed. Res. 2024, 38, 122-136. [CrossRef] [PubMed]

Liu, R-M. Aging, Cellular Senescence, and Alzheimer’s Disease. Int. . Mol. Sci. 2022, 23, 1989. [CrossRef] [PubMed]

Olah, M.; Menon, V.; Habib, N.; Taga, M.E,; Ma, Y; Yung, C.J.; Cimpean, M.; Khairallah, A.; Coronas-Samano, G.; Sankowski, R.;
et al. Single Cell RNA Sequencing of Human Microglia Uncovers a Subset Associated with Alzheimer’s Disease. Nat. Commun.
2020, 11, 6129. [CrossRef] [PubMed]

Franco-Bocanegra, D.K.; McAuley, C.; Nicoll, ].A.R.; Boche, D. Molecular Mechanisms of Microglial Motility: Changes in Ageing
and Alzheimer’s Disease. Cells 2019, 8, 639. [CrossRef] [PubMed]

Rhinn, H.; Abeliovich, A. Differential Aging Analysis in Human Cerebral Cortex Identifies Variants in TMEM106B and GRN That
Regulate Aging Phenotypes. Cell Syst. 2017, 4, 404—415.e5. [CrossRef] [PubMed]

Spaethling, ].M.; Na, Y.-J.; Lee, ]J.; Ulyanova, A.V,; Baltuch, G.H.; Bell, T.]J.; Brem, S.; Chen, H.I.; Dueck, H.; Fisher, S.A_; et al.
Primary Cell Culture of Live Neurosurgically Resected Aged Adult Human Brain Cells and Single Cell Transcriptomics. Cell Rep.
2017, 18, 791-803. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15131159


https://doi.org/10.1186/s40478-015-0209-z
https://www.ncbi.nlm.nih.gov/pubmed/26001591
https://doi.org/10.1111/bpa.12456
https://www.ncbi.nlm.nih.gov/pubmed/27862631
https://doi.org/10.1111/brv.12797
https://www.ncbi.nlm.nih.gov/pubmed/34549510
https://doi.org/10.1186/1471-2202-13-64
https://www.ncbi.nlm.nih.gov/pubmed/22697290
https://doi.org/10.1007/s00401-013-1182-x
https://www.ncbi.nlm.nih.gov/pubmed/24224195
https://doi.org/10.2174/1567205015666180119092427
https://www.ncbi.nlm.nih.gov/pubmed/29357799
https://doi.org/10.1371/journal.pone.0097096
https://www.ncbi.nlm.nih.gov/pubmed/24830807
https://doi.org/10.1016/j.neurobiolaging.2016.12.028
https://www.ncbi.nlm.nih.gov/pubmed/28131016
https://doi.org/10.1016/j.immuni.2025.08.016
https://www.ncbi.nlm.nih.gov/pubmed/40975067
https://doi.org/10.1002/glia.22966
https://www.ncbi.nlm.nih.gov/pubmed/26847266
https://doi.org/10.1186/s12974-022-02595-8
https://www.ncbi.nlm.nih.gov/pubmed/36167544
https://doi.org/10.1016/j.neuron.2024.11.018
https://www.ncbi.nlm.nih.gov/pubmed/39719704
https://doi.org/10.1016/j.tins.2025.11.002
https://www.ncbi.nlm.nih.gov/pubmed/41354574
https://doi.org/10.1002/glia.24282
https://www.ncbi.nlm.nih.gov/pubmed/36286188
https://doi.org/10.1002/glia.10319
https://www.ncbi.nlm.nih.gov/pubmed/14730714
https://doi.org/10.1002/glia.20678
https://www.ncbi.nlm.nih.gov/pubmed/18442088
https://doi.org/10.1111/jnc.70086
https://www.ncbi.nlm.nih.gov/pubmed/40469030
https://doi.org/10.7555/JBR.37.20220220
https://www.ncbi.nlm.nih.gov/pubmed/38403286
https://doi.org/10.3390/ijms23041989
https://www.ncbi.nlm.nih.gov/pubmed/35216123
https://doi.org/10.1038/s41467-020-19737-2
https://www.ncbi.nlm.nih.gov/pubmed/33257666
https://doi.org/10.3390/cells8060639
https://www.ncbi.nlm.nih.gov/pubmed/31242692
https://doi.org/10.1016/j.cels.2017.02.009
https://www.ncbi.nlm.nih.gov/pubmed/28330615
https://doi.org/10.1016/j.celrep.2016.12.066
https://www.ncbi.nlm.nih.gov/pubmed/28099855
https://doi.org/10.3390/cells15131159

Cells 2026, 15, 1159 34 of 42

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Proulx, S.T.; Engelhardt, B. Central Nervous System Zoning: How Brain Barriers Establish Subdivisions for CNS Immune
Privilege and Immune Surveillance. |. Intern. Med. 2022, 292, 47-67. [CrossRef] [PubMed]

Li, X.; Li, Y,; Jin, Y;; Zhang, Y.; Wu, ].; Xu, Z.; Huang, Y.; Cai, L.; Gao, S.; Liu, T.; et al. Publisher Correction: Transcriptional and
Epigenetic Decoding of the Microglial Aging Process. Nat. Aging 2024, 4, 276. [CrossRef] [PubMed]

Dehkordi, S.K.; Walker, J.; Sah, E.; Bennett, E.; Atrian, E; Frost, B.; Woost, B.; Bennett, R.E.; Orr, T.C.; Zhou, Y,; et al. Profiling
Senescent Cells in Human Brains Reveals Neurons with CDKN2D/P19 and Tau Neuropathology. Nat. Aging 2021, 1, 1107-1116.
[CrossRef] [PubMed]

Fancy, N.N.; Smith, A.M.; Caramello, A.; Tsartsalis, S.; Davey, K.; Muirhead, R.C.]J.; McGarry, A.; Jenkyns, M.H.; Schneegans, E.;
Chau, V,; et al. Characterisation of Premature Cell Senescence in Alzheimer’s Disease Using Single Nuclear Transcriptomics. Acta
Neuropathol. 2024, 147, 78. [CrossRef] [PubMed]

Patel, T.; Carnwath, T.P.; Wang, X.; Allen, M.; Lincoln, S.J.; Lewis-Tuffin, L.].; Quicksall, Z.S.; Lin, S.; Tutor-New, F.Q.; Ho, C.C.G,;
et al. Transcriptional Landscape of Human Microglia Implicates Age, Sex, and APOE-Related Immunometabolic Pathway
Perturbations. Aging Cell 2022, 21, €13606. [CrossRef] [PubMed]

Yaqubi, M.; Groh, A M.R.; Dorion, M.-E; Afanasiev, E.; Luo, ] X.X.; Hashemi, H.; Sinha, S.; Kieran, N.W.; Blain, M.; Cui, Q.-L.;
et al. Analysis of the Microglia Transcriptome across the Human Lifespan Using Single Cell RNA Sequencing. J. Neuroinflamm.
2023, 20, 132. [CrossRef] [PubMed]

Bottcher, C.; Schlickeiser, S.; Sneeboer, M.A.M.; Kunkel, D.; Knop, A.; Paza, E.; Fidzinski, P; Kraus, L.; Snijders, G.J.L.; Kahn, R.S.;
et al. Human Microglia Regional Heterogeneity and Phenotypes Determined by Multiplexed Single-Cell Mass Cytometry. Nat.
Neurosci. 2019, 22, 78-90. [CrossRef] [PubMed]

Bennett, M.L.; Bennett, EC.; Liddelow, S.A.; Ajami, B.; Zamanian, J.L.; Fernhoff, N.B.; Mulinyawe, S.B.; Bohlen, C.J.; Adil,
A.; Tucker, A.; et al. New Tools for Studying Microglia in the Mouse and Human CNS. Proc. Natl. Acad. Sci. USA 2016,
113, E1738-E1746. [CrossRef] [PubMed]

Boche, D.; Gordon, M.N. Diversity of Transcriptomic Microglial Phenotypes in Aging and Alzheimer’s Disease. Alzheimers
Dement. 2022, 18, 360-376. [CrossRef] [PubMed]

Butovsky, O.; Jedrychowski, M.P.; Moore, C.S.; Cialic, R.; Lanser, A.].; Gabriely, G.; Koeglsperger, T.; Dake, B.; Wu, PM.; Doykan,
C.E; et al. Correction: Corrigendum: Identification of a Unique TGF-B-Dependent Molecular and Functional Signature in
Microglia. Nat. Neurosci. 2014, 17, 1286. [CrossRef]

Conde, J.R.; Streit, W.J. Microglia in the Aging Brain. J. Neuropathol. Exp. Neurol. 2006, 65, 199-203. [CrossRef] [PubMed]
Perlmutter, L.S.; Scott, S.A.; Barrén, E.; Chui, H.C. MHC Class II-Positive Microglia in Human Brain: Association with Alzheimer
Lesions. J. Neurosci. Res. 1992, 33, 549-558. [CrossRef] [PubMed]

Taipa, R.; Sousa, A.L.; Melo Pires, M.; Sousa, N. Does the Interplay Between Aging and Neuroinflammation Modulate Alzheimer’s
Disease Clinical Phenotypes? A Clinico-Pathological Perspective. . Alzheimers Dis. 2016, 53, 403—417. [CrossRef] [PubMed]
Safaiyan, S.; Kannaiyan, N.; Snaidero, N.; Brioschi, S.; Biber, K.; Yona, S.; Edinger, A.L.; Jung, S.; Rossner, M.].; Simons, M.
Age-Related Myelin Degradation Burdens the Clearance Function of Microglia during Aging. Nat. Neurosci. 2016, 19, 995-998.
[CrossRef] [PubMed]

Norden, D.M.; Godbout, ].P. Microglia of the Aged Brain: Primed to Be Activated and Resistant to Regulation. Neuropathol. Appl.
Neurobiol. 2013, 39, 19-34. [CrossRef] [PubMed]

Styren, S.D.; Civin, W.H.; Rogers, ]. Molecular, Cellular, and Pathologic Characterization of HLA-DR Immunoreactivity in Normal
Elderly and Alzheimer’s Disease Brain. Exp. Neurol. 1990, 110, 93-104. [CrossRef] [PubMed]

Davis, E.; Lloyd, A.F. The Proteomic Landscape of Microglia in Health and Disease. Front. Cell. Neurosci. 2024, 18, 1379717.
[CrossRef] [PubMed]

Grabert, K.; Michoel, T.; Karavolos, M.H.; Clohisey, S.; Baillie, ] K.; Stevens, M.P,; Freeman, T.C.; Summers, K.M.; McColl, B.W.
Microglial Brain Region—Dependent Diversity and Selective Regional Sensitivities to Aging. Nat. Neurosci. 2016, 19, 504-516.
[CrossRef] [PubMed]

Guldner, LH.; Wagner, V.P.; Moran-Losada, P; Shi, S.M.; Golub, S.W.; Hevler, J.E.; Chen, K.; Meese, B.T.; Ghoochani, A.; Pulido, E.;
et al. Ageing Promotes Microglial Accumulation of Slow-Degrading Synaptic Proteins. Nature 2026, 650, 930-941. [CrossRef]
[PubMed]

Guneykaya, D.; Ivanov, A.; Hernandez, D.P,; Haage, V.; Wojtas, B.; Meyer, N.; Maricos, M.; Jordan, P.; Buonfiglioli, A.; Gielniewski,
B.; et al. Transcriptional and Translational Differences of Microglia from Male and Female Brains. Cell Rep. 2018, 24, 2773-2783.e6.
[CrossRef] [PubMed]

Kang, S.; Ko, E.Y.;; Andrews, A.E.; Shin, ].E.; Nance, K.J.; Barman, PK.; Heeger, P.S.; Freeman, W.M.; Benayoun, B.A.; Goodridge,
H.S. Microglia Undergo Sex-Dimorphic Transcriptional and Metabolic Rewiring during Aging. J. Neuroinflamm. 2024, 21, 150.
[CrossRef] [PubMed]

https://doi.org/10.3390/cells15131159


https://doi.org/10.1111/joim.13469
https://www.ncbi.nlm.nih.gov/pubmed/35184353
https://doi.org/10.1038/s43587-024-00571-w
https://www.ncbi.nlm.nih.gov/pubmed/38200274
https://doi.org/10.1038/s43587-021-00142-3
https://www.ncbi.nlm.nih.gov/pubmed/35531351
https://doi.org/10.1007/s00401-024-02727-9
https://www.ncbi.nlm.nih.gov/pubmed/38695952
https://doi.org/10.1111/acel.13606
https://www.ncbi.nlm.nih.gov/pubmed/35388616
https://doi.org/10.1186/s12974-023-02809-7
https://www.ncbi.nlm.nih.gov/pubmed/37254100
https://doi.org/10.1038/s41593-018-0290-2
https://www.ncbi.nlm.nih.gov/pubmed/30559476
https://doi.org/10.1073/pnas.1525528113
https://www.ncbi.nlm.nih.gov/pubmed/26884166
https://doi.org/10.1002/alz.12389
https://www.ncbi.nlm.nih.gov/pubmed/34223696
https://doi.org/10.1038/nn0914-1286d
https://doi.org/10.1097/01.jnen.0000202887.22082.63
https://www.ncbi.nlm.nih.gov/pubmed/16651881
https://doi.org/10.1002/jnr.490330407
https://www.ncbi.nlm.nih.gov/pubmed/1484388
https://doi.org/10.3233/JAD-160121
https://www.ncbi.nlm.nih.gov/pubmed/27176075
https://doi.org/10.1038/nn.4325
https://www.ncbi.nlm.nih.gov/pubmed/27294511
https://doi.org/10.1111/j.1365-2990.2012.01306.x
https://www.ncbi.nlm.nih.gov/pubmed/23039106
https://doi.org/10.1016/0014-4886(90)90054-v
https://www.ncbi.nlm.nih.gov/pubmed/1698655
https://doi.org/10.3389/fncel.2024.1379717
https://www.ncbi.nlm.nih.gov/pubmed/38560294
https://doi.org/10.1038/nn.4222
https://www.ncbi.nlm.nih.gov/pubmed/26780511
https://doi.org/10.1038/s41586-025-09987-9
https://www.ncbi.nlm.nih.gov/pubmed/41565824
https://doi.org/10.1016/j.celrep.2018.08.001
https://www.ncbi.nlm.nih.gov/pubmed/30184509
https://doi.org/10.1186/s12974-024-03130-7
https://www.ncbi.nlm.nih.gov/pubmed/38840206
https://doi.org/10.3390/cells15131159

Cells 2026, 15, 1159 35 of 42

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Ocafias, S.R.; Pham, K.D.; Cox, J.E.J.; Keck, A.W.; Ko, S.; Ampadu, F.A.; Porter, H.L.; Ansere, V.A.; Kulpa, A.; Kellogg, C.M.; et al.
Microglial Senescence Contributes to Female-Biased Neuroinflammation in the Aging Mouse Hippocampus: Implications for
Alzheimer’s Disease. bioRxiv 2023. [CrossRef] [PubMed]

Vegeto, E.; Benedusi, V.; Maggi, A. Estrogen Anti-Inflammatory Activity in Brain: A Therapeutic Opportunity for Menopause
and Neurodegenerative Diseases. Front. Neuroendocrinol. 2008, 29, 507-519. [CrossRef] [PubMed]

Wu, D.; Bi, X.; Chow, K.H.-M. Identification of Female-Enriched and Disease-Associated Microglia (FDAMic) Contributes to
Sexual Dimorphism in Late-Onset Alzheimer’s Disease. J. Neuroinflamm. 2024, 21, 1. [CrossRef] [PubMed]

Gedam, M.; Comerota, M.M.; Propson, N.E.; Chen, T,; Jin, F; Wang, M.C.; Zheng, H. Complement C3aR Depletion Reverses
HIF-1x-Induced Metabolic Impairment and Enhances Microglial Response to A3 Pathology. J. Clin. Investig. 2023, 133, e167501.
[CrossRef] [PubMed]

Cacciottolo, M.; Christensen, A.; Moser, A.; Liu, J.; Pike, C.J.; Smith, C.; LaDu, M.].; Sullivan, PM.; Morgan, T.E.; Dolzhenko, E.;
et al. The APOE4 Allele Shows Opposite Sex Bias in Microbleeds and Alzheimer’s Disease of Humans and Mice. Neurobiol. Aging
2016, 37, 47-57. [CrossRef] [PubMed]

Guillot-Sestier, M.-V.; Araiz, A.R.; Mela, V.; Gaban, A.S.; O'Neill, E.; Joshi, L.; Chouchani, E.T.; Mills, E.L.; Lynch, M.A. Microglial
Metabolism Is a Pivotal Factor in Sexual Dimorphism in Alzheimer’s Disease. Commun. Biol. 2021, 4, 711. [CrossRef] [PubMed]
Bobotis, B.C.; Braniff, O.; Gargus, M.; Akinluyi, E.T.; Awogbindin, 1.O.; Tremblay, M.-E. Sex Differences of Microglia in the
Healthy Brain from Embryonic Development to Adulthood and across Lifestyle Influences. Brain Res. Bull. 2023, 202, 110752.
[CrossRef] [PubMed]

Wehrspaun, C.C.; Haerty, W.; Ponting, C.P. Microglia Recapitulate a Hematopoietic Master Regulator Network in the Aging
Human Frontal Cortex. Neurobiol. Aging 2015, 36, 2443.e9-2443.€20. [CrossRef] [PubMed]

Cribbs, D.H.; Berchtold, N.C.; Perreau, V.; Coleman, P.D.; Rogers, J.; Tenner, A.].; Cotman, C.W. Extensive Innate Immune Gene
Activation Accompanies Brain Aging, Increasing Vulnerability to Cognitive Decline and Neurodegeneration: A Microarray Study.
J. Neuroinflamm. 2012, 9, 179. [CrossRef] [PubMed]

Jung, S.; Aliberti, J.; Graemmel, P.; Sunshine, M.].; Kreutzberg, G.W.; Sher, A.; Littman, D.R. Analysis of Fractalkine Receptor
CX3CRI1 Function by Targeted Deletion and Green Fluorescent Protein Reporter Gene Insertion. Mol. Cell. Biol. 2000, 20, 4106—4114.
[CrossRef] [PubMed]

Nishiyori, A.; Minami, M.; Ohtani, Y.; Takami, S.; Yamamoto, ].; Kawaguchi, N.; Kume, T.; Akaike, A.; Satoh, M. Localization of
Fractalkine and CX3CR1 mRNAs in Rat Brain: Does Fractalkine Play a Role in Signaling from Neuron to Microglia? FEBS Lett.
1998, 429, 167-172. [CrossRef] [PubMed]

Nobohito, M.; Maisam, M.; Rudolf, J. Functional Analysis of CX3CR1 in Human Induced Pluripotent Stem (iPS) Cell-Derived
Microglia-like Cells. Eur. J. Neurosci. 2020, 52, 3667-3678. [CrossRef] [PubMed]

Li, L.; Sun, B.; Harris, O.A.; Luo, J. TGF-$3 Signaling in Microglia: A Key Regulator of Development, Homeostasis and Reactivity.
Biomedicines 2024, 12, 2468. [CrossRef] [PubMed]

O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions, and Circulation. Front.
Endocrinol. 2018, 9, 402. [CrossRef] [PubMed]

Danka Mohammed, C.P; Park, J.S.; Nam, H.G.; Kim, K. MicroRNAs in Brain Aging. Mech. Ageing Dev. 2017, 168, 3-9. [CrossRef]
[PubMed]

Fenn, A.M.; Smith, K.M.; Lovett-Racke, A.E.; Guerau-de-Arellano, M.; Whitacre, C.C.; Godbout, J.P. Increased Micro-RNA 29 in
the Aged Brain Correlates with the Reduction of Insulin-like Growth Factor-1 and Fractalkine Ligand. Neurobiol. Aging 2013,
34, 2748-2758. [CrossRef] [PubMed]

Hébert, S.S.; Horré, K.; Nicolai, L.; Papadopoulou, A.S.; Mandemakers, W.; Silahtaroglu, A.N.; Kauppinen, S.; Delacourte, A.;
De Strooper, B. Loss of microRNA Cluster miR-29a/b-1 in Sporadic Alzheimer’s Disease Correlates with Increased BACE1/3-
Secretase Expression. Proc. Natl. Acad. Sci. USA 2008, 105, 6415-6420. [CrossRef] [PubMed]

Liang, C.; Zou, T.; Zhang, M.; Fan, W.; Zhang, T.; Jiang, Y.; Cai, Y.; Chen, F; Chen, X,; Sun, Y.; et al. MicroRNA-146a Switches
Microglial Phenotypes to Resist the Pathological Processes and Cognitive Degradation of Alzheimer’s Disease. Theranostics 2021,
11, 4103-4121. [CrossRef] [PubMed]

Martin, N.A.; Hyrlov, K.H.; Elkjaer, M.L.; Thygesen, E.K.; Wlodarczyk, A.; Elbaek, K.J.; Aboo, C.; Okarmus, J.; Benedikz, E.;
Reynolds, R.; et al. Absence of miRNA-146a Differentially Alters Microglia Function and Proteome. Front. Immunol. 2020, 11, 1110.
[CrossRef] [PubMed]

Miiller, M.; Kuiperij, H.B.; Claassen, J.A.; Kiisters, B.; Verbeek, M.M. MicroRNAs in Alzheimer’s Disease: Differential Expression
in Hippocampus and Cell-Free Cerebrospinal Fluid. Neurobiol. Aging 2014, 35, 152-158. [CrossRef] [PubMed]

Hébert, S.S.; Horré, K.; Nicolai, L.; Bergmans, B.; Papadopoulou, A.S.; Delacourte, A.; De Strooper, B. MicroRNA Regulation of
Alzheimer’s Amyloid Precursor Protein Expression. Neurobiol. Dis. 2009, 33, 422-428. [CrossRef] [PubMed]

Hébert, S.S.; De Strooper, B. Alterations of the microRNA Network Cause Neurodegenerative Disease. Trends Neurosci. 2009,
32,199-206. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15131159


https://doi.org/10.1101/2023.03.07.531562
https://www.ncbi.nlm.nih.gov/pubmed/36945656
https://doi.org/10.1016/j.yfrne.2008.04.001
https://www.ncbi.nlm.nih.gov/pubmed/18522863
https://doi.org/10.1186/s12974-023-02987-4
https://www.ncbi.nlm.nih.gov/pubmed/38178204
https://doi.org/10.1172/JCI167501
https://www.ncbi.nlm.nih.gov/pubmed/37317973
https://doi.org/10.1016/j.neurobiolaging.2015.10.010
https://www.ncbi.nlm.nih.gov/pubmed/26686669
https://doi.org/10.1038/s42003-021-02259-y
https://www.ncbi.nlm.nih.gov/pubmed/34112929
https://doi.org/10.1016/j.brainresbull.2023.110752
https://www.ncbi.nlm.nih.gov/pubmed/37652267
https://doi.org/10.1016/j.neurobiolaging.2015.04.008
https://www.ncbi.nlm.nih.gov/pubmed/26002684
https://doi.org/10.1186/1742-2094-9-179
https://www.ncbi.nlm.nih.gov/pubmed/22824372
https://doi.org/10.1128/mcb.20.11.4106-4114.2000
https://www.ncbi.nlm.nih.gov/pubmed/10805752
https://doi.org/10.1016/s0014-5793(98)00583-3
https://www.ncbi.nlm.nih.gov/pubmed/9650583
https://doi.org/10.1111/ejn.14879
https://www.ncbi.nlm.nih.gov/pubmed/32579729
https://doi.org/10.3390/biomedicines12112468
https://www.ncbi.nlm.nih.gov/pubmed/39595034
https://doi.org/10.3389/fendo.2018.00402
https://www.ncbi.nlm.nih.gov/pubmed/30123182
https://doi.org/10.1016/j.mad.2017.01.007
https://www.ncbi.nlm.nih.gov/pubmed/28119001
https://doi.org/10.1016/j.neurobiolaging.2013.06.007
https://www.ncbi.nlm.nih.gov/pubmed/23880139
https://doi.org/10.1073/pnas.0710263105
https://www.ncbi.nlm.nih.gov/pubmed/18434550
https://doi.org/10.7150/thno.53418
https://www.ncbi.nlm.nih.gov/pubmed/33754051
https://doi.org/10.3389/fimmu.2020.01110
https://www.ncbi.nlm.nih.gov/pubmed/32582192
https://doi.org/10.1016/j.neurobiolaging.2013.07.005
https://www.ncbi.nlm.nih.gov/pubmed/23962497
https://doi.org/10.1016/j.nbd.2008.11.009
https://www.ncbi.nlm.nih.gov/pubmed/19110058
https://doi.org/10.1016/j.tins.2008.12.003
https://www.ncbi.nlm.nih.gov/pubmed/19268374
https://doi.org/10.3390/cells15131159

Cells 2026, 15, 1159 36 of 42

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.
127.

128.

129.

130.

131.

132.

133.

134.
135.

136.

137.

138.

139.

140.

141.

Tan, L.; Yu, J.-T.; Tan, L. Causes and Consequences of MicroRNA Dysregulation in Neurodegenerative Diseases. Mol. Neurobiol.
2015, 51, 1249-1262. [CrossRef] [PubMed]

Long, Y.; Liu, J.; Wang, Y.; Guo, H.; Cui, G. The Complex Effects of miR-146a in the Pathogenesis of Alzheimer’s Disease. Neural
Regen. Res. 2025, 20, 1309-1323. [CrossRef] [PubMed]

Yang, J.; Malone, F.; Go, M.; Kou, J.; Lim, J.-E.; Caughey, R.C.; Fukuchi, K. Lipopolysaccharide-Induced Exosomal miR-146a
Is Involved in Altered Expression of Alzheimer’s Risk Genes Via Suppression of TLR4 Signaling. ]. Mol. Neurosci. 2021,
71,1245-1255. [CrossRef] [PubMed]

Antignano, I.; Liu, Y.; Offermann, N.; Capasso, M. Aging Microglia. Cell. Mol. Life Sci. 2023, 80, 126. [CrossRef] [PubMed]
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, €20202717. [CrossRef] [PubMed]

Hickman, S.E.; Allison, E.K.; Khoury, J.E. Microglial Dysfunction and Defective 3-Amyloid Clearance Pathways in Aging
Alzheimer’s Disease Mice. |. Neurosci. 2008, 28, 8354-8360. [CrossRef] [PubMed]

Tremblay, M.-E.; Zhang, I.; Bisht, K.; Savage, ].C.; Lecours, C.; Parent, M.; Titorenko, V.; Maysinger, D. Remodeling of Lipid Bodies
by Docosahexaenoic Acid in Activated Microglial Cells. J. Neuroinflamm. 2016, 13, 116. [CrossRef] [PubMed]

Green, G.S; Fujita, M.; Yang, H.-S.; Taga, M.; Cain, A.; McCabe, C.; Comandante-Lou, N.; White, C.C.; Schmidtner, A.K.; Zeng, L.;
et al. Cellular Communities Reveal Trajectories of Brain Ageing and Alzheimer’s Disease. Nature 2024, 633, 634—645. [CrossRef]
[PubMed]

Marschallinger, J.; Iram, T.; Zardeneta, M.; Lee, S.E.; Lehallier, B.; Haney, M.S.; Pluvinage, ].V.; Mathur, V.; Hahn, O.; Morgens,
D.W.; et al. Author Correction: Lipid-Droplet-Accumulating Microglia Represent a Dysfunctional and Proinflammatory State in
the Aging Brain. Nat. Neurosci. 2020, 23, 1308. [CrossRef] [PubMed]

Lu, T,; Pan, Y,; Kao, S.-Y.; Li, C.; Kohane, I.; Chan, ]J.; Yankner, B.A. Gene Regulation and DNA Damage in the Ageing Human
Brain. Nature 2004, 429, 883-891. [CrossRef] [PubMed]

Finkel, T.; Holbrook, N.J. Oxidants, Oxidative Stress and the Biology of Ageing. Nature 2000, 408, 239-247. [CrossRef] [PubMed]
Zuo, L.; Prather, E.R.; Stetskiv, M.; Garrison, D.E.; Meade, ].R.; Peace, T.I.; Zhou, T. Inflammaging and Oxidative Stress in Human
Diseases: From Molecular Mechanisms to Novel Treatments. Int. J. Mol. Sci. 2019, 20, 4472. [CrossRef] [PubMed]

Pole, A.; Dimri, M.; Dimri, G.P;; Pole, A.; Dimri, M.; Dimri, G.P. Oxidative Stress, Cellular Senescence and Ageing. AIMS Mol. Sci.
2016, 3, 300-324. [CrossRef]

Rim, C.; You, M.-].; Nahm, M.; Kwon, M.-S. Emerging Role of Senescent Microglia in Brain Aging-Related Neurodegenerative
Diseases. Transl. Neurodegener. 2024, 13, 10. [CrossRef] [PubMed]

Maldonado, E.; Morales-Pison, S.; Urbina, E; Solari, A. Aging Hallmarks and the Role of Oxidative Stress. Antioxidants 2023,
12, 651. [CrossRef] [PubMed]

Gaikwad, S.; Senapati, S.; Haque, M.A; Kayed, R. Senescence, Brain Inflammation, and Oligomeric Tau Drive Cognitive Decline in
Alzheimer’s Disease: Evidence from Clinical and Preclinical Studies. Alzheimers Dement. 2024, 20, 709-727. [CrossRef] [PubMed]
Gulen, M.E;; Samson, N.; Keller, A.; Schwabenland, M.; Liu, C.; Gliick, S.; Thacker, V.V; Favre, L.; Mangeat, B.; Kroese, L.].; et al.
c¢GAS-STING Drives Ageing-Related Inflammation and Neurodegeneration. Nature 2023, 620, 374-380. [CrossRef] [PubMed]
Kumari, R; Jat, P. Mechanisms of Cellular Senescence: Cell Cycle Arrest and Senescence Associated Secretory Phenotype. Front.
Cell Dev. Biol. 2021, 9, 645593. [CrossRef] [PubMed]

van Deursen, ].M. The Role of Senescent Cells in Ageing. Nature 2014, 509, 439-446. [CrossRef] [PubMed]

KuZniar, J.; Kozubek, P.; Czaja, M.; Sitka, H.; Kochman, U.; Leszek, J. Connections Between Cellular Senescence and Alzheimer’s
Disease—A Narrative Review. Int. . Mol. Sci. 2025, 26, 8638. [CrossRef] [PubMed]

Mylonas, A.; O'Loghlen, A. Cellular Senescence and Ageing: Mechanisms and Interventions. Front. Aging 2022, 3, 866718.
[CrossRef] [PubMed]

Ogrodnik, M.; Evans, S.A; Fielder, E.; Victorelli, S.; Kruger, P.; Salmonowicz, H.; Weigand, B.M.; Patel, A.D.; Pirtskhalava, T.;
Inman, C.L.; et al. Whole-Body Senescent Cell Clearance Alleviates Age-Related Brain Inflammation and Cognitive Impairment
in Mice. Aging Cell 2021, 20, €13296. [CrossRef] [PubMed]

Tuttle, C.S.L.; Waaijer, M.E.C.; Slee-Valentijn, M.S.; Stijnen, T.; Westendorp, R.; Maier, A.B. Cellular Senescence and Chronological
Age in Various Human Tissues: A Systematic Review and Meta-Analysis. Aging Cell 2020, 19, e13083. [CrossRef] [PubMed]
Yousefzadeh, M.]J.; Zhao, ].; Bukata, C.; Wade, E.A.; McGowan, S.J.; Angelini, L.A.; Bank, M.P.; Gurkar, A.U.; McGuckian, C.A,;
Calubag, M.F,; et al. Tissue Specificity of Senescent Cell Accumulation during Physiologic and Accelerated Aging of Mice. Aging
Cell 2020, 19, €13094. [CrossRef] [PubMed]

Costa, J.; Martins, S.; Ferreira, P.A.; Cardoso, A.M.S.; Guedes, ].R; Pega, J.; Cardoso, A.L. The Old Guard: Age-Related Changes in
Microglia and Their Consequences. Mech. Ageing Dev. 2021, 197, 111512. [CrossRef] [PubMed]

Ben-Azu, B.; Sabbah, S.; Awogbindin, I.O.; Chidebe, E.O.; Oritsemuelebi, B.; Patel, D.; Frenkel, D.; Tremblay, M.-E. Chapter
9—Microglial Senescence and Senolytic Drugs. In Microglial Aging; Tremblay, M.-E., Ed.; Academic Press: Cambridge, MA, USA,
2026; pp. 225-270.

https://doi.org/10.3390/cells15131159


https://doi.org/10.1007/s12035-014-8803-9
https://www.ncbi.nlm.nih.gov/pubmed/24973986
https://doi.org/10.4103/NRR.NRR-D-23-01566
https://www.ncbi.nlm.nih.gov/pubmed/39075895
https://doi.org/10.1007/s12031-020-01750-1
https://www.ncbi.nlm.nih.gov/pubmed/33185814
https://doi.org/10.1007/s00018-023-04775-y
https://www.ncbi.nlm.nih.gov/pubmed/37081238
https://doi.org/10.1084/jem.20202717
https://www.ncbi.nlm.nih.gov/pubmed/34292312
https://doi.org/10.1523/JNEUROSCI.0616-08.2008
https://www.ncbi.nlm.nih.gov/pubmed/18701698
https://doi.org/10.1186/s12974-016-0580-0
https://www.ncbi.nlm.nih.gov/pubmed/27220286
https://doi.org/10.1038/s41586-024-07871-6
https://www.ncbi.nlm.nih.gov/pubmed/39198642
https://doi.org/10.1038/s41593-020-0682-y
https://www.ncbi.nlm.nih.gov/pubmed/32719564
https://doi.org/10.1038/nature02661
https://www.ncbi.nlm.nih.gov/pubmed/15190254
https://doi.org/10.1038/35041687
https://www.ncbi.nlm.nih.gov/pubmed/11089981
https://doi.org/10.3390/ijms20184472
https://www.ncbi.nlm.nih.gov/pubmed/31510091
https://doi.org/10.3934/molsci.2016.3.300
https://doi.org/10.1186/s40035-024-00402-3
https://www.ncbi.nlm.nih.gov/pubmed/38378788
https://doi.org/10.3390/antiox12030651
https://www.ncbi.nlm.nih.gov/pubmed/36978899
https://doi.org/10.1002/alz.13490
https://www.ncbi.nlm.nih.gov/pubmed/37814508
https://doi.org/10.1038/s41586-023-06373-1
https://www.ncbi.nlm.nih.gov/pubmed/37532932
https://doi.org/10.3389/fcell.2021.645593
https://www.ncbi.nlm.nih.gov/pubmed/33855023
https://doi.org/10.1038/nature13193
https://www.ncbi.nlm.nih.gov/pubmed/24848057
https://doi.org/10.3390/ijms26178638
https://www.ncbi.nlm.nih.gov/pubmed/40943559
https://doi.org/10.3389/fragi.2022.866718
https://www.ncbi.nlm.nih.gov/pubmed/35821824
https://doi.org/10.1111/acel.13296
https://www.ncbi.nlm.nih.gov/pubmed/33470505
https://doi.org/10.1111/acel.13083
https://www.ncbi.nlm.nih.gov/pubmed/31808308
https://doi.org/10.1111/acel.13094
https://www.ncbi.nlm.nih.gov/pubmed/31981461
https://doi.org/10.1016/j.mad.2021.111512
https://www.ncbi.nlm.nih.gov/pubmed/34022277
https://doi.org/10.3390/cells15131159

Cells 2026, 15, 1159 37 of 42

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Idda, M.L.; McClusky, W.G.; Lodde, V.; Munk, R.; Abdelmohsen, K.; Rossi, M.; Gorospe, M. Survey of Senescent Cell Markers
with Age in Human Tissues. Aging 2020, 12, 4052-4066. [CrossRef] [PubMed]

Wu, Q.; Klopack, E.T.; Kim, J.K.; Arpawong, T.E.; Thyagarajan, B.; Cole, S.; Faul, ].D.; Zhou, E; Crimmins, E.M. Gene Expression
Composite Scores of Cellular Senescence Predict Aging Health Outcomes in the Health and Retirement Study. Nat. Commun.
2025, 16, 9044. [CrossRef] [PubMed]

Flanary, B.E.; Sammons, N.W.; Nguyen, C.; Walker, D.; Streit, W.J. Evidence That Aging And Amyloid Promote Microglial Cell
Senescence. Rejuvenation Res. 2007, 10, 61-74. [CrossRef] [PubMed]

Hu, Y,; Fryatt, G.L.; Ghorbani, M.; Obst, ].; Menassa, D.A.; Martin-Estebane, M.; Muntslag, T.A.O.; Olmos-Alonso, A.; Guerrero-
Carrasco, M.; Thomas, D.; et al. Replicative Senescence Dictates the Emergence of Disease-Associated Microglia and Contributes
to AB Pathology. Cell Rep. 2021, 35, 109228. [CrossRef] [PubMed]

Khan, A.M.; Babcock, A.A_; Saeed, H.; Myhre, C.L.; Kassem, M.; Finsen, B. Telomere Dysfunction Reduces Microglial Numbers
without Fully Inducing an Aging Phenotype. Neurobiol. Aging 2015, 36, 2164-2175. [CrossRef] [PubMed]

Rahman, S.; Islam, R. Mammalian Sirtl: Insights on Its Biological Functions. Cell Commun. Signal. 2011, 9, 11. [CrossRef]
[PubMed]

Cho, S.-H.; Chen, J.A; Sayed, F.; Ward, M.E.; Gao, F; Nguyen, T.A.; Krabbe, G.; Sohn, P.D.; Lo, I.; Minami, S.; et al. SIRT1
Deficiency in Microglia Contributes to Cognitive Decline in Aging and Neurodegeneration via Epigenetic Regulation of IL-13. J.
Neurosci. 2015, 35, 807-818. [CrossRef] [PubMed]

Matt, S.M.; Lawson, M.A; Johnson, R.W. Aging and Peripheral Lipopolysaccharide Can Modulate Epigenetic Regulators and
Decrease IL-13 Promoter DNA Methylation in Microglia. Neurobiol. Aging 2016, 47, 1-9. [CrossRef] [PubMed]

Flanary, B. The Role of Microglial Cellular Senescence in the Aging and Alzheimer Diseased Brain. Rejuvenation Res. 2005,
8, 82-85. [CrossRef] [PubMed]

Dhapola, R.; Beura, S.K.; Sharma, P; Singh, S.K.; HariKrishnaReddy, D. Oxidative Stress in Alzheimer’s Disease: Current
Knowledge of Signaling Pathways and Therapeutics. Mol. Biol. Rep. 2024, 51, 48. [CrossRef] [PubMed]

Coppé, J.-P; Patil, CK,; Rodier, E; Sun, Y.; Munoz, D.P,; Goldstein, J.; Nelson, P.S.; Desprez, P-Y.; Campisi, J. Senescence-
Associated Secretory Phenotypes Reveal Cell-Nonautonomous Functions of Oncogenic RAS and the P53 Tumor Suppressor. PLoS
Biol. 2008, 6, €301. [CrossRef] [PubMed]

Kunkle, B.W.; Grenier-Boley, B.; Sims, R.; Bis, ].C.; Damotte, V.; Naj, A.C.; Boland, A.; Vronskaya, M.; van der Lee, S.].; Amlie-Wolf,
A.; et al. Author Correction: Genetic Meta-Analysis of Diagnosed Alzheimer’s Disease Identifies New Risk Loci and Implicates
AB, Tau, Immunity and Lipid Processing. Nat. Genet. 2019, 51, 1423-1424. [CrossRef] [PubMed]

Guerreiro, R.; Wojtas, A.; Bras, J.; Carrasquillo, M.; Rogaeva, E.; Majounie, E.; Cruchaga, C.; Sassi, C.; Kauwe, ].5.K,; Younkin, S.;
et al. TREM2 Variants in Alzheimer’s Disease. N. Engl. ]. Med. 2013, 368, 117-127. [CrossRef] [PubMed]

Jonsson, T.; Stefansson, H.; Steinberg, S.; Jonsdottir, I.; Jonsson, P.V.; Snaedal, ].; Bjornsson, S.; Huttenlocher, J.; Levey, A.L; Lah,
J.J.; et al. Variant of TREM2 Associated with the Risk of Alzheimer’s Disease. N. Engl. ]. Med. 2013, 368, 107-116. [CrossRef]
[PubMed]

Millet, A.; Ledo, J.H.; Tavazoie, S.F. An Exhausted-like Microglial Population Accumulates in Aged and APOE4 Genotype
Alzheimer’s Brains. Immunity 2024, 57, 153-170.e6. [CrossRef] [PubMed]

Condello, C.; Yuan, P,; Schain, A.; Grutzendler, J. Microglia Constitute a Barrier That Prevents Neurotoxic Protofibrillar A {342
Hotspots around Plaques. Nat. Commun. 2015, 6, 6176. [CrossRef] [PubMed]

Wang, Y.; Ulland, T.K; Ulrich, ].D.; Song, W.; Tzaferis, ].A.; Hole, ].T.; Yuan, P.; Mahan, T.E.; Shi, Y.; Gilfillan, S.; et al. TREM2-
Mediated Early Microglial Response Limits Diffusion and Toxicity of Amyloid Plaques. J. Exp. Med. 2016, 213, 667-675. [CrossRef]
[PubMed]

Yuan, P.; Condello, C.; Keene, C.D.; Wang, Y.; Bird, T.D.; Paul, S.M.; Luo, W.; Colonna, M.; Baddeley, D.; Grutzendler, ]. TREM2
Haplodeficiency in Mice and Humans Impairs the Microglia Barrier Function Leading to Decreased Amyloid Compaction and
Severe Axonal Dystrophy. Neuron 2016, 90, 724-739. [CrossRef] [PubMed]

Hansen, D.V.; Hanson, J.E.; Sheng, M. Microglia in Alzheimer’s Disease. |. Cell Biol. 2018, 217, 459-472. [CrossRef] [PubMed]
Nimmerjahn, A.; Kirchhoff, F.; Helmchen, F. Resting Microglial Cells Are Highly Dynamic Surveillants of Brain Parenchyma in
Vivo. Science 2005, 308, 1314-1318. [CrossRef] [PubMed]

Roth, A.D.; Ramirez, G.; Alarcén, R.; Von Bernhardi, R. Oligodendrocytes Damage in Alzheimer’s Disease: Beta Amyloid Toxicity
and Inflammation. Biol. Res. 2005, 38, 381-387. [CrossRef] [PubMed]

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.€9. [CrossRef] [PubMed]

Vecchiarelli, H.A.; Bisht, K.; Sharma, K.; Weiser Novak, S.; Traetta, M.E.; Garcia-Segura, M.E.; St-Pierre, M.-K.; Savage, ].C.;
Willis, C.; Picard, K.; et al. Dark Microglia Are Abundant in Normal Postnatal Development, Where They Remodel Synapses via
Phagocytosis and Trogocytosis, and Are Dependent on TREM2. bioRxiv 2024. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15131159


https://doi.org/10.18632/aging.102903
https://www.ncbi.nlm.nih.gov/pubmed/32160592
https://doi.org/10.1038/s41467-025-64835-8
https://www.ncbi.nlm.nih.gov/pubmed/41073457
https://doi.org/10.1089/rej.2006.9096
https://www.ncbi.nlm.nih.gov/pubmed/17378753
https://doi.org/10.1016/j.celrep.2021.109228
https://www.ncbi.nlm.nih.gov/pubmed/34107254
https://doi.org/10.1016/j.neurobiolaging.2015.03.008
https://www.ncbi.nlm.nih.gov/pubmed/25892207
https://doi.org/10.1186/1478-811X-9-11
https://www.ncbi.nlm.nih.gov/pubmed/21549004
https://doi.org/10.1523/JNEUROSCI.2939-14.2015
https://www.ncbi.nlm.nih.gov/pubmed/25589773
https://doi.org/10.1016/j.neurobiolaging.2016.07.006
https://www.ncbi.nlm.nih.gov/pubmed/27500965
https://doi.org/10.1089/rej.2005.8.82
https://www.ncbi.nlm.nih.gov/pubmed/15929715
https://doi.org/10.1007/s11033-023-09021-z
https://www.ncbi.nlm.nih.gov/pubmed/38165499
https://doi.org/10.1371/journal.pbio.0060301
https://www.ncbi.nlm.nih.gov/pubmed/19053174
https://doi.org/10.1038/s41588-019-0495-7
https://www.ncbi.nlm.nih.gov/pubmed/31417202
https://doi.org/10.1056/NEJMoa1211851
https://www.ncbi.nlm.nih.gov/pubmed/23150934
https://doi.org/10.1056/NEJMoa1211103
https://www.ncbi.nlm.nih.gov/pubmed/23150908
https://doi.org/10.1016/j.immuni.2023.12.001
https://www.ncbi.nlm.nih.gov/pubmed/38159571
https://doi.org/10.1038/ncomms7176
https://www.ncbi.nlm.nih.gov/pubmed/25630253
https://doi.org/10.1084/jem.20151948
https://www.ncbi.nlm.nih.gov/pubmed/27091843
https://doi.org/10.1016/j.neuron.2016.05.003
https://www.ncbi.nlm.nih.gov/pubmed/27196974
https://doi.org/10.1083/jcb.201709069
https://www.ncbi.nlm.nih.gov/pubmed/29196460
https://doi.org/10.1126/science.1110647
https://www.ncbi.nlm.nih.gov/pubmed/15831717
https://doi.org/10.4067/s0716-97602005000400011
https://www.ncbi.nlm.nih.gov/pubmed/16579521
https://doi.org/10.1016/j.immuni.2017.08.008
https://www.ncbi.nlm.nih.gov/pubmed/28930663
https://doi.org/10.1101/2024.10.15.618087
https://www.ncbi.nlm.nih.gov/pubmed/39463930
https://doi.org/10.3390/cells15131159

Cells 2026, 15, 1159 38 of 42

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Flury, A.; Aljayousi, L.; Aziz, S.; Park, H.-].; Khakpour, M.; Sandberg, C.; Ibafiez, EG.; Braniff, O.; Deme, P.; McGrath, ].D.; et al. In-
tegrated Stress Response Associated with Dark Microglia Promotes Microglial Lipogenesis and Contributes to Neurodegeneration.
bioRxiv 2024. [CrossRef]

McQuade, A.; Kang, Y.J.; Hasselmann, J.; Jairaman, A.; Sotelo, A.; Coburn, M.; Shabestari, S.K.; Chadarevian, J.P; Fote, G.; Tu,
C.H.; et al. Author Correction: Gene Expression and Functional Deficits Underlie TREM2-Knockout Microglia Responses in
Human Models of Alzheimer’s Disease. Nat. Commun. 2023, 14, 1194. [CrossRef] [PubMed]

Deczkowska, A.; Keren-Shaul, H.; Weiner, A.; Colonna, M.; Schwartz, M.; Amit, I. Disease-Associated Microglia: A Universal
Immune Sensor of Neurodegeneration. Cell 2018, 173, 1073-1081. [CrossRef] [PubMed]

Kang, S.S.; Ebbert, M.T.W.; Baker, K.E.; Cook, C.; Wang, X; Sens, ].P.; Kocher, ].-P; Petrucelli, L.; Fryer, ].D. Microglial Translational
Profiling Reveals a Convergent APOE Pathway from Aging, Amyloid, and Tau. J. Exp. Med. 2018, 215, 2235-2245. [CrossRef]
[PubMed]

Nguyen, A.T.; Wang, K.; Hu, G.; Wang, X.; Miao, Z.; Azevedo, J.A.; Suh, E.; Van Deerlin, V.M.; Choi, D.; Roeder, K.; et al.
Correction: APOE and TREM2 Regulate Amyloid-Responsive Microglia in Alzheimer’s Disease. Acta Neuropathol. 2023, 146, 661.
[CrossRef] [PubMed]

Ulland, TK.; Song, WM.; Huang, S.C.-C.; Ulrich, J.D.; Sergushichev, A.; Beatty, W.L.; Loboda, A.A.; Zhou, Y.; Cairns, N.J.; Kambal,
A.; et al. TREM2 Maintains Microglial Metabolic Fitness in Alzheimer’s Disease. Cell 2017, 170, 649-663.e13. [CrossRef] [PubMed]
Wang, S.; Sudan, R; Peng, V.; Zhou, Y,; Du, S.; Yuede, C.M,; Lei, T.; Hou, J.; Cai, Z.; Cella, M.; et al. TREM2 Drives Microglia
Response to Amyloid-f3 via SYK-Dependent and -Independent Pathways. Cell 2022, 185, 4153—4169.e19. [CrossRef] [PubMed]
Zhao, X.; Sun, J.; Xiong, L.; She, L.; Li, L.; Tang, H.; Zeng, Y.; Chen, F; Han, X,; Ye, S.; et al. $-Amyloid Binds to Microglia Dectin-1
to Induce Inflammatory Response in the Pathogenesis of Alzheimer’s Disease. Int. J. Biol. Sci. 2023, 19, 3249-3265. [CrossRef]
[PubMed]

Daniels, M.].; Lefevre, L.; Szymkowiak, S.; Drake, A.; McCulloch, L.; Tzioras, M.; Barrington, J.; Dando, O.R.; He, X.; Mohammad,
M.; et al. Cystatin F (Cst7) Drives Sex-Dependent Changes in Microglia in an Amyloid-Driven Model of Alzheimer’s Disease.
eLife 2023, 12, €85279. [CrossRef] [PubMed]

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.e10. [CrossRef] [PubMed]

Gerrits, E.; Brouwer, N.; Kooistra, S.M.; Woodbury, M.E.; Vermeiren, Y.; Lambourne, M.; Mulder, J.; Kummer, M.; Moller, T.; Biber,
K.; et al. Distinct Amyloid-f and Tau-Associated Microglia Profiles in Alzheimer’s Disease. Acta Neuropathol. 2021, 141, 681-696.
[CrossRef] [PubMed]

Zhou, Y.; Song, WM.; Andhey, PS.; Swain, A.; Levy, T.; Miller, K.R.; Poliani, P.L.; 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, 131-142. [CrossRef] [PubMed]

Zhang, B.; Gaiteri, C.; Bodea, L.-G.; Wang, Z.; McElwee, ].; Podtelezhnikov, A.A.; Zhang, C.; Xie, T.; Tran, L.; Dobrin, R.; et al.
Integrated Systems Approach Identifies Genetic Nodes and Networks in Late-Onset Alzheimer’s Disease. Cell 2013, 153, 707-720.
[CrossRef] [PubMed]

Haure-Mirande, J.-V.; Wang, M.; Audrain, M.; Fanutza, T.; Kim, S.H.; Heja, S.; Readhead, B.; Dudley, ].T; Blitzer, R.D.; Schadt, E.E.;
et al. Correction: Integrative Approach to Sporadic Alzheimer’s Disease: Deficiency of TYROBP in Cerebral A Amyloidosis
Mouse Normalizes Clinical Phenotype and Complement Subnetwork Molecular Pathology without Reducing A3 Burden. Mol.
Psychiatry 2019, 24, 472. [CrossRef] [PubMed]

Mosher, K.I.; Wyss-Coray, T. Microglial Dysfunction in Brain Aging and Alzheimer’s Disease. Biochem. Pharmacol. 2014,
88, 594-604. [CrossRef] [PubMed]

Feiten, A.F,; Dahm, K.; Schlepckow, K.; van Lengerich, B.; Suh, ].H.; Reifschneider, A.; Wefers, B.; Bartos, L.M.; Wind-Mark, K.; de
Weerd, L.; et al. TREM2 Expression Level Is Critical for Microglial State, Metabolic Capacity and Efficacy of TREM2 Agonism.
Nat. Commun. 2026, 17, 2002. [CrossRef] [PubMed]

Zheng, H.; Cheng, B.; Li, Y.; Li, X,; Chen, X.; Zhang, Y. TREM2 in Alzheimer’s Disease: Microglial Survival and Energy Metabolism.
Front. Aging Neurosci. 2018, 10, 395. [CrossRef] [PubMed]

Spangenberg, E.; Severson, P.L.; Hohsfield, L.A.; Crapser, J.; Zhang, J.; Burton, E.A.; Zhang, Y.; Spevak, W.; Lin, J.; Phan, N.Y,;
et al. Sustained Microglial Depletion with CSF1R Inhibitor Impairs Parenchymal Plaque Development in an Alzheimer’s Disease
Model. Nat. Commun. 2019, 10, 3758. [CrossRef] [PubMed]

Sun, Y.; Wang, X.; Liu, T.; Zhu, X; Pan, X. The Multifaceted Role of the SASP in Atherosclerosis: From Mechanisms to Therapeutic
Opportunities. Cell Biosci. 2022, 12, 74. [CrossRef] [PubMed]

Hernandez-Segura, A.; Nehme, J.; Demaria, M. Hallmarks of Cellular Senescence. Trends Cell Biol. 2018, 28, 436—453. [CrossRef]
[PubMed]

Gorgoulis, V.; Adams, P.D.; Alimonti, A.; Bennett, D.C.; Bischof, O.; Bishop, C.; Campisi, J.; Collado, M.; Evangelou, K.; Ferbeyre,
G.; et al. Cellular Senescence: Defining a Path Forward. Cell 2019, 179, 813-827. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15131159


https://doi.org/10.1101/2024.03.04.582965
https://doi.org/10.1038/s41467-023-36930-1
https://www.ncbi.nlm.nih.gov/pubmed/36864071
https://doi.org/10.1016/j.cell.2018.05.003
https://www.ncbi.nlm.nih.gov/pubmed/29775591
https://doi.org/10.1084/jem.20180653
https://www.ncbi.nlm.nih.gov/pubmed/30082275
https://doi.org/10.1007/s00401-023-02620-x
https://www.ncbi.nlm.nih.gov/pubmed/37589745
https://doi.org/10.1016/j.cell.2017.07.023
https://www.ncbi.nlm.nih.gov/pubmed/28802038
https://doi.org/10.1016/j.cell.2022.09.033
https://www.ncbi.nlm.nih.gov/pubmed/36306735
https://doi.org/10.7150/ijbs.81900
https://www.ncbi.nlm.nih.gov/pubmed/37416769
https://doi.org/10.7554/eLife.85279
https://www.ncbi.nlm.nih.gov/pubmed/38085657
https://doi.org/10.1016/j.neuron.2021.01.027
https://www.ncbi.nlm.nih.gov/pubmed/33606969
https://doi.org/10.1007/s00401-021-02263-w
https://www.ncbi.nlm.nih.gov/pubmed/33609158
https://doi.org/10.1038/s41591-019-0695-9
https://www.ncbi.nlm.nih.gov/pubmed/31932797
https://doi.org/10.1016/j.cell.2013.03.030
https://www.ncbi.nlm.nih.gov/pubmed/23622250
https://doi.org/10.1038/s41380-018-0301-4
https://www.ncbi.nlm.nih.gov/pubmed/30464330
https://doi.org/10.1016/j.bcp.2014.01.008
https://www.ncbi.nlm.nih.gov/pubmed/24445162
https://doi.org/10.1038/s41467-026-68706-8
https://www.ncbi.nlm.nih.gov/pubmed/41580393
https://doi.org/10.3389/fnagi.2018.00395
https://www.ncbi.nlm.nih.gov/pubmed/30532704
https://doi.org/10.1038/s41467-019-11674-z
https://www.ncbi.nlm.nih.gov/pubmed/31434879
https://doi.org/10.1186/s13578-022-00815-5
https://www.ncbi.nlm.nih.gov/pubmed/35642067
https://doi.org/10.1016/j.tcb.2018.02.001
https://www.ncbi.nlm.nih.gov/pubmed/29477613
https://doi.org/10.1016/j.cell.2019.10.005
https://www.ncbi.nlm.nih.gov/pubmed/31675495
https://doi.org/10.3390/cells15131159

Cells 2026, 15, 1159 39 of 42

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

Bussian, T.J.; Aziz, A.; Meyer, C.F; Swenson, B.L.; van Deursen, ].M.; Baker, D.J. Clearance of Senescent Glial Cells Prevents
Tau-Dependent Pathology and Cognitive Decline. Nature 2018, 562, 578-582. [CrossRef] [PubMed]

Wang, Q.; Duan, L,; Li, X.; Wang, Y.; Guo, W.; Guan, F; Ma, S. Glucose Metabolism, Neural Cell Senescence and Alzheimer’s
Disease. Int. . Mol. Sci. 2022, 23, 4351. [CrossRef] [PubMed]

Li, W,; Yong-Yan, X.; Jia-Xin, M.; Shu-Chao, G.; Li-Ping, H. Senescent Microglia: The Hidden Culprits Accelerating Alzheimer’s
Disease. Brain Res. 2025, 1851, 149480. [CrossRef] [PubMed]

Kiss, T.; Nyul-Té6th, A_; DelFavero, J.; Balasubramanian, P; Tarantini, S.; Faakye, ].; Gulej, R.; Ahire, C.; Ungvari, A.; Yabluchanskiy,
A_; et al. Spatial Transcriptomic Analysis Reveals Inflammatory Foci Defined by Senescent Cells in the White Matter, Hippocampi
and Cortical Grey Matter in the Aged Mouse Brain. GeroScience 2022, 44, 661-681. [CrossRef] [PubMed]

Piccioni, G.; Mango, D.; Saidi, A.; Corbo, M.; Nistico, R. Targeting Microglia-Synapse Interactions in Alzheimer’s Disease. Int. J.
Mol. Sci. 2021, 22, 2342. [CrossRef] [PubMed]

Zhang, H.; Jiang, X.; Ma, L.; Wei, W.; Li, Z.; Chang, S.; Wen, J.; Sun, J.; Li, H. Role of Af in Alzheimer’s-Related Synaptic
Dysfunction. Front. Cell Dev. Biol. 2022, 10, 964075. [CrossRef] [PubMed]

Kapasi, A.; Yu, L.; Leurgans, S.E.; Agrawal, S.; Boyle, P.A.; Bennett, D.A.; Schneider, ].A. Association between Hippocampal
Microglia, AD and LATE-NC, and Cognitive Decline in Older Adults. Alzheimers Dement. 2024, 20, 3193-3202. [CrossRef]
[PubMed]

Shea, ].M.; Villeda, S.A. Microglia Aging in the Hippocampus Advances through Intermediate States That Drive Activation and
Cognitive Decline. eLife 2025, 13, RP97671. [CrossRef]

Botella Lucena, P.; Heneka, M.T. Inflammatory Aspects of Alzheimer’s Disease. Acta Neuropathol. 2024, 148, 31. [CrossRef]
[PubMed]

Alshaebi, E; Sciortino, A.; Kayed, R. The Role of Glial Cell Senescence in Alzheimer’s Disease. J. Neurochem. 2025, 169, e70051.
[CrossRef] [PubMed]

Zhang, L.; Wang, Y.; Liu, T.; Mao, Y.; Peng, B. Correction: Novel Microglia-Based Therapeutic Approaches to Neurodegenerative
Disorders. Neurosci. Bull. 2023, 39, 557. [CrossRef] [PubMed]

Muffat, J.; Li, Y,; Yuan, B.; Mitalipova, M.; Omer, A.; Corcoran, S.; Bakiasi, G.; Tsai, L.-H.; Aubourg, P.; Ransohoff, R.M.; et al.
Efficient Derivation of Microglia-like Cells from Human Pluripotent Stem Cells. Nat. Med. 2016, 22, 1358-1367. [CrossRef]
[PubMed]

Douvaras, P; Sun, B.; Wang, M.; Kruglikov, I.; Lallos, G.; Zimmer, M.; Terrenoire, C.; Zhang, B.; Gandy, S.; Schadt, E.; et al.
Directed Differentiation of Human Pluripotent Stem Cells to Microglia. Stern Cell Rep. 2017, 8, 1516-1524. [CrossRef] [PubMed]
Wu, J.; Tang, Y. The Versatile Applications of Human Pluripotent Stem Cell-Derived Microglia and Microglia-Containing Brain
Organoids. Ageing Neur. Dis. 2023, 3, 19. [CrossRef]

Wogram, E.; Stimpelmann, F,; Khalil, A.; Flamier, A.; Fu, D.; Bell, G.W.; Jaenisch, R. Human iPSC-Derived Microglia Integrate Into
Cerebral Organoids and Assume an In Vivo-Like Phenotype. Eur. J. Neurosci. 2025, 62, €70281. [CrossRef] [PubMed]
Hasselmann, J.; Coburn, M.A.; England, W.; Figueroa Velez, D.X.; Kiani Shabestari, S.; Tu, C.H.; 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.e10. [CrossRef] [PubMed]

Svoboda, D.S.; Barrasa, M.L; Shu, J.; Rietjens, R.; Zhang, S.; Mitalipova, M.; Berube, P; Fu, D.; Shultz, L.D.; Bell, G.W.,; et al.
Human iPSC-Derived Microglia Assume a Primary Microglia-like State after Transplantation into the Neonatal Mouse Brain.
Proc. Natl. Acad. Sci. USA 2019, 116, 25293-25303. [CrossRef] [PubMed]

Bodnar, B.; Zhang, Y.; Liu, J.; Lin, Y.; Wang, P.; Wei, Z.; Saribas, S.; Zhu, Y.; Li, F.; Wang, X.; et al. Novel Scalable and Simplified
System to Generate Microglia-Containing Cerebral Organoids From Human Induced Pluripotent Stem Cells. Front. Cell. Neurosci.
2021, 15, 682272. [CrossRef] [PubMed]

Hong, Y.; Dong, X.; Chang, L.; Xie, C.; Chang, M.; Aguilar, J.S.; Lin, J.; Lin, J.; Li, Q.Q. Microglia-Containing Cerebral Organoids
Derived from Induced Pluripotent Stem Cells for the Study of Neurological Diseases. iScience 2023, 26, 106267. [CrossRef]
[PubMed]

Huang, T.Y.; Xu, H. Bringing Order out of Chaos: Establishing an Epistatic Relationship between CD33 and TREM2. Neuron 2019,
103, 747-749. [CrossRef] [PubMed]

Wang, S.; Mustafa, M.; Yuede, C.M.; Salazar, S.V.; 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, €20200785. [CrossRef] [PubMed]

Long, H.; Simmons, A.; Mayorga, A.; Burgess, B.; Nguyen, T.; Budda, B.; Rychkova, A.; Rhinn, H.; Tassi, I.; Ward, M.; et al.
Preclinical and First-in-Human Evaluation of AL002, a Novel TREM2 Agonistic Antibody for Alzheimer’s Disease. Alzheimers
Res. Ther. 2024, 16, 235. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15131159


https://doi.org/10.1038/s41586-018-0543-y
https://www.ncbi.nlm.nih.gov/pubmed/30232451
https://doi.org/10.3390/ijms23084351
https://www.ncbi.nlm.nih.gov/pubmed/35457168
https://doi.org/10.1016/j.brainres.2025.149480
https://www.ncbi.nlm.nih.gov/pubmed/39884491
https://doi.org/10.1007/s11357-022-00521-7
https://www.ncbi.nlm.nih.gov/pubmed/35098444
https://doi.org/10.3390/ijms22052342
https://www.ncbi.nlm.nih.gov/pubmed/33652870
https://doi.org/10.3389/fcell.2022.964075
https://www.ncbi.nlm.nih.gov/pubmed/36092715
https://doi.org/10.1002/alz.13780
https://www.ncbi.nlm.nih.gov/pubmed/38494787
https://doi.org/10.7554/eLife.97671.2
https://doi.org/10.1007/s00401-024-02790-2
https://www.ncbi.nlm.nih.gov/pubmed/39196440
https://doi.org/10.1111/jnc.70051
https://www.ncbi.nlm.nih.gov/pubmed/40130281
https://doi.org/10.1007/s12264-023-01026-9
https://www.ncbi.nlm.nih.gov/pubmed/36780112
https://doi.org/10.1038/nm.4189
https://www.ncbi.nlm.nih.gov/pubmed/27668937
https://doi.org/10.1016/j.stemcr.2017.04.023
https://www.ncbi.nlm.nih.gov/pubmed/28528700
https://doi.org/10.20517/and.2023.01
https://doi.org/10.1111/ejn.70281
https://www.ncbi.nlm.nih.gov/pubmed/41221983
https://doi.org/10.1016/j.neuron.2019.07.002
https://www.ncbi.nlm.nih.gov/pubmed/31375314
https://doi.org/10.1073/pnas.1913541116
https://www.ncbi.nlm.nih.gov/pubmed/31772018
https://doi.org/10.3389/fncel.2021.682272
https://www.ncbi.nlm.nih.gov/pubmed/34290591
https://doi.org/10.1016/j.isci.2023.106267
https://www.ncbi.nlm.nih.gov/pubmed/36936782
https://doi.org/10.1016/j.neuron.2019.08.019
https://www.ncbi.nlm.nih.gov/pubmed/31487521
https://doi.org/10.1084/jem.20200785
https://www.ncbi.nlm.nih.gov/pubmed/32579671
https://doi.org/10.1186/s13195-024-01599-1
https://www.ncbi.nlm.nih.gov/pubmed/39444037
https://doi.org/10.3390/cells15131159

Cells 2026, 15, 1159 40 of 42

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

Kraller, M.; Faflbender, J.; Jabali, A.; Kroeger, J.; Fink, B.; Popper, B.; Ungerer, M.; Christlmeier, M.A. Novel Fully Human
High-Affinity Anti-TREM2 Antibody Shows Efficacy in Clinically Relevant Alzheimer’s Mouse Model. Alzheimers Res. Ther. 2025,
17, 114. [CrossRef] [PubMed]

Miles, L.A.; Hermans, S.J.; Crespi, G.A.N.; Gooi, ].H.; Doughty, L.; Nero, T.L.; Markuli¢, J.; Ebneth, A.; Wroblowski, B.; Oehlrich,
D.; et al. Small Molecule Binding to Alzheimer Risk Factor CD33 Promotes A3 Phagocytosis. iScience 2019, 19, 110-118. [CrossRef]
[PubMed]

Xiong, L.Y.; Ouk, M.; Wu, C.-Y,; Rabin, ].S.; Lanctét, K.L.; Herrmann, N.; Black, S.E.; Edwards, ].D.; Swardfager, W. Leukotriene
Receptor Antagonist Use and Cognitive Decline in Normal Cognition, Mild Cognitive Impairment, and Alzheimer’s Dementia.
Alzheimers Res. Ther. 2021, 13, 147. [CrossRef] [PubMed]

Bauzon, ].; Lee, G.; Cummings, J. Correction: Repurposed Agents in the Alzheimer’s Disease Drug Development Pipeline.
Alzheimers Res. Ther. 2023, 15, 139. [CrossRef] [PubMed]

Wu, M.; Chen, Y.-F; Yao, W.; Zhou, S.; Xie, Z.; Tao, Y.; Zhong, Y.; Ma, W. The Anti-Inflammatory Drug Montelukast Ameliorates
Cognitive Deficits by Rescuing the Inflammatory Levels in Young AD Animal Models. Sci. Rep. 2025, 15, 12720. [CrossRef]
[PubMed]

Desai, R.]J.; Varma, V.R.; Mahesri, M.; Lee, S.B.; Freedman, A.; Gerhard, T.; Segal, J.; Vine, S.; Ritchey, M.B.E.; Horton, D.B.; et al.
Population-Based Validation Results From the Drug Repurposing for Effective Alzheimer’s Medicines (DREAM) Study. Clin.
Pharmacol. Ther. 2025, 117, 1039-1050. [CrossRef] [PubMed]

Wang, J.; Tan, L.; Wang, H.-F,; Tan, C.-C.; Meng, X.-E,; Wang, C.; Tang, S.-W.; Yu, ]J.-T. Anti-Inflammatory Drugs and Risk of
Alzheimer’s Disease: An Updated Systematic Review and Meta-Analysis. ]. Alzheimers Dis. 2015, 44, 385-396. [CrossRef]
[PubMed]

Meyer, P.-F,; Tremblay-Mercier, J.; Leoutsakos, J.; Madjar, C.; Lafaille-Maignan, M.-E.; Savard, M.; Rosa-Neto, P.; Poirier, J.; Etienne,
P,; Breitner, J.; et al. INTREPAD: A Randomized Trial of Naproxen to Slow Progress of Presymptomatic Alzheimer Disease.
Neurology 2019, 92, €2070-e2080. [CrossRef] [PubMed]

Abdel-Rasol, M.A.; El-Sayed, WM. Nuclear Receptors in Metabolic, Inflammatory, and Oncologic Diseases: Mechanisms,
Therapeutic Advances, and Future Directions. Eur. J. Med. Res. 2025, 30, 843. [CrossRef] [PubMed]

Burns, D.K.; Alexander, R.C.; Welsh-Bohmer, K.A.; Culp, M.; Chiang, C.; O'Nelil, J.; Evans, R.M.; Harrigan, P.; Plassman, B.L.;
Burke, J.R.; et al. Safety and Efficacy of Pioglitazone for the Delay of Cognitive Impairment in People at Risk of Alzheimer’s
Disease (TOMMORROW): A Prognostic Biomarker Study and a Phase 3, Randomised, Double-Blind, Placebo-Controlled Trial.
Lancet Neurol. 2021, 20, 537-547. [CrossRef] [PubMed]

Martin-Moreno, A.M.; Reigada, D.; Ramirez, B.G.; Mechoulam, R.; Innamorato, N.; Cuadrado, A.; de Ceballos, M.L. Cannabidiol
and Other Cannabinoids Reduce Microglial Activation In Vitro and In Vivo: Relevance to Alzheimer’s Disease. Mol. Pharmacol.
2011, 79, 964-973. [CrossRef] [PubMed]

Cury, R.d.M,; da Silva, T.; Cezar-Dos-Santos, F.; Fakih, YR.C.; Narvaez, K.A.R.; Gouvea, M.C.; Espinola, C.; Ferreira, C.F; de
Castro, W.A.C.; Pamplona, FA ; et al. A Randomized Clinical Trial of Low-Dose Cannabis Extract in Alzheimer’s Disease. J.
Alzheimers Dis. 2025, 108, 1602-1613. [CrossRef] [PubMed]

Li, J.; Chen, J.; Mo, H.; Chen, J.; Qian, C; Yan, F; Gu, C.; Hu, Q.; Wang, L.; Chen, G. Minocycline Protects Against NLRP3
Inflammasome-Induced Inflammation and P53-Associated Apoptosis in Early Brain Injury After Subarachnoid Hemorrhage. Mol.
Neurobiol. 2016, 53, 2668-2678. [CrossRef] [PubMed]

Howard, R.; Zubko, O.; Bradley, R.; Harper, E.; Pank, L.; O’'Brien, J.; Fox, C.; Tabet, N.; Livingston, G.; Bentham, P; et al.
Minocycline at 2 Different Dosages vs Placebo for Patients With Mild Alzheimer Disease: A Randomized Clinical Trial. JAMA
Neurol. 2020, 77, 164-174. [CrossRef] [PubMed]

Wang, H.-M.; Zhang, T.; Huang, ].-K.; Xiang, J.-Y.; Chen, ].-].; Fu, ].-L.; Zhao, Y.-W. Edaravone Attenuates the Proinflammatory
Response in Amyloid-B-Treated Microglia by Inhibiting NLRP3 Inflammasome-Mediated IL-1 Secretion. Cell. Physiol. Biochem.
2017, 43, 1113-1125. [CrossRef] [PubMed]

van Dyck, C.H.; Swanson, C.J.; Aisen, P.; Bateman, R.J.; Chen, C.; Gee, M.; Kanekiyo, M.; Li, D.; Reyderman, L.; Cohen, S.; et al.
Lecanemab in Early Alzheimer’s Disease. N. Engl. ]. Med. 2023, 388, 9-21. [CrossRef] [PubMed]

Sims, J.R.; Zimmer, J.A.; Evans, C.D.; Lu, M.; Ardayfio, P.; Sparks, J.; Wessels, A.M.; Shcherbinin, S.; Wang, H.; Monkul Nery, E.S.;
et al. Donanemab in Early Symptomatic Alzheimer Disease. JAMA 2023, 330, 512-527. [CrossRef] [PubMed]

Hampel, H.; Elhage, A.; Cho, M.; Apostolova, L.G.; Nicoll, J.A.R; Atri, A. Amyloid-Related Imaging Abnormalities (ARIA):
Radiological, Biological and Clinical Characteristics. Brain 2023, 146, 4414-4424. [CrossRef] [PubMed]

Tobinick, E.L.; Gross, H. Rapid Cognitive Improvement in Alzheimer’s Disease Following Perispinal Etanercept Administration.
J. Neuroinflamm. 2008, 5, 2. [CrossRef] [PubMed]

Butchart, J.; Brook, L.; Hopkins, V.; Teeling, J.; Plintener, U.; Culliford, D.; Sharples, R.; Sharif, S.; McFarlane, B.; Raybould, R.; et al.
Etanercept in Alzheimer Disease: A Randomized, Placebo-Controlled, Double-Blind, Phase 2 Trial. Neurology 2015, 84, 2161-2168.
[CrossRef] [PubMed]

https://doi.org/10.3390/cells15131159


https://doi.org/10.1186/s13195-025-01759-x
https://www.ncbi.nlm.nih.gov/pubmed/40405265
https://doi.org/10.1016/j.isci.2019.07.023
https://www.ncbi.nlm.nih.gov/pubmed/31369984
https://doi.org/10.1186/s13195-021-00892-7
https://www.ncbi.nlm.nih.gov/pubmed/34479635
https://doi.org/10.1186/s13195-023-01284-9
https://www.ncbi.nlm.nih.gov/pubmed/37605263
https://doi.org/10.1038/s41598-025-91785-4
https://www.ncbi.nlm.nih.gov/pubmed/40222965
https://doi.org/10.1002/cpt.3583
https://www.ncbi.nlm.nih.gov/pubmed/39935003
https://doi.org/10.3233/JAD-141506
https://www.ncbi.nlm.nih.gov/pubmed/25227314
https://doi.org/10.1212/WNL.0000000000007232
https://www.ncbi.nlm.nih.gov/pubmed/30952794
https://doi.org/10.1186/s40001-025-03073-6
https://www.ncbi.nlm.nih.gov/pubmed/40926269
https://doi.org/10.1016/S1474-4422(21)00043-0
https://www.ncbi.nlm.nih.gov/pubmed/34146512
https://doi.org/10.1124/mol.111.071290
https://www.ncbi.nlm.nih.gov/pubmed/21350020
https://doi.org/10.1177/13872877251389608
https://www.ncbi.nlm.nih.gov/pubmed/41160460
https://doi.org/10.1007/s12035-015-9318-8
https://www.ncbi.nlm.nih.gov/pubmed/26143258
https://doi.org/10.1001/jamaneurol.2019.3762
https://www.ncbi.nlm.nih.gov/pubmed/31738372
https://doi.org/10.1159/000481753
https://www.ncbi.nlm.nih.gov/pubmed/28977782
https://doi.org/10.1056/NEJMoa2212948
https://www.ncbi.nlm.nih.gov/pubmed/36449413
https://doi.org/10.1001/jama.2023.13239
https://www.ncbi.nlm.nih.gov/pubmed/37459141
https://doi.org/10.1093/brain/awad188
https://www.ncbi.nlm.nih.gov/pubmed/37280110
https://doi.org/10.1186/1742-2094-5-2
https://www.ncbi.nlm.nih.gov/pubmed/18184433
https://doi.org/10.1212/WNL.0000000000001617
https://www.ncbi.nlm.nih.gov/pubmed/25934853
https://doi.org/10.3390/cells15131159

Cells 2026, 15, 1159 41 of 42

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

Zheng, C.; Fillmore, N.R.; Ramos-Cejudo, J.; Brophy, M.; Osorio, R.; Gurney, M.E.; Qiu, W.Q.; Au, R; Perry, G.; Dubreuil, M.; et al.
Potential Long-Term Effect of Tumor Necrosis Factor Inhibitors on Dementia Risk: A Propensity Score Matched Retrospective
Cohort Study in US Veterans. Alzheimers Dement. 2022, 18, 1248-1259. [CrossRef] [PubMed]

Pope, P; Pike, I; Barnum, C.; Tesi, R. Dose-related Modulation of the Synaptic Proteome after Short-term Treatment with XPro1595
for Alzheimer’s Disease. Alzheimers Dement. 2025, 20, €095343. [CrossRef]

Jaeger, J.; Cohen, S.; Blomberg, T.; Pope, P,; Staats, K.; Barnum, S.; Kingery, L.; Wills, G.; Buitendyk, M.; Lehner, T.; et al.
MINDFuL: A Multi-center, Randomized, Double-blind, Placebo-controlled Phase 2 Clinical Trial of XPro1595 for Patients with
Early Alzheimer’s Disease and Biomarkers of Inflammation. Alzheimers Dement. 2025, 21, e108386. [CrossRef]

Bohlson, S.S.; Tenner, A.]. Complement in the Brain: Contributions to Neuroprotection, Neuronal Plasticity, and Neuroinflamma-
tion. Annu. Rev. Immunol. 2023, 41, 431-452. [CrossRef] [PubMed]

Tenner, A ].; Petrisko, T.]. Knowing the Enemy: Strategic Targeting of Complement to Treat Alzheimer Disease. Nat. Rev. Neurol.
2025, 21, 250-264. [CrossRef] [PubMed]

Melchiorri, D.; Merlo, S.; Micallef, B.; Borg, J.-].; Dréfi, F. Alzheimer’s Disease and Neuroinflammation: Will New Drugs in
Clinical Trials Pave the Way to a Multi-Target Therapy? Front. Pharmacol. 2023, 14, 1196413. [CrossRef] [PubMed]

Liao, C.; Wang, Q.; Xie, Z. Kinase Inhibitors for the Treatment of Brain Diseases. In Trends in CNS Drug Discovery; John Wiley &
Sons, Ltd.: Hoboken, NJ, USA, 2025; pp. 311-352.

Matalon, O.; Perissinotto, A.; Baruch, K.; Braiman, S.; Maor, A.G.; Yoles, E.; Wilczynski, E.; Nevo, U.; Priel, A. Agent-Based
Modeling for Personalized Prediction of an Experimental Immune Response to Immunotherapeutic Antibodies. PLoS ONE 2025,
20, €0324618. [CrossRef] [PubMed]

Jiang, Q.; Zhao, Q.; Li, P. Galectin-3 in Metabolic Disorders: Mechanisms and Therapeutic Potential. Trends Mol. Med. 2025,
31, 424-437. [CrossRef] [PubMed]

Raffaele, I.; Cipriano, G.L.; Anchesi, I.; Oddo, S.; Silvestro, S. CRISPR/Cas9 and iPSC-Based Therapeutic Approaches in
Alzheimer’s Disease. Antioxidants 2025, 14, 781. [CrossRef] [PubMed]

Frenkel, D.; Puckett, L.; Petrovic, S.; Xia, W.; Chen, G.; Vega, J.; Dembinsky-Vaknin, A.; Shen, J.; Plante, M.; Burt, D.S.; et al. A
Nasal Proteosome Adjuvant Activates Microglia and Prevents Amyloid Deposition. Ann. Neurol. 2008, 63, 591-601. [CrossRef]
[PubMed]

Hjorth, E.; Frenkel, D.; Weiner, H.; Schultzberg, M. Effects of Inmunomodulatory Substances on Phagocytosis of Af1_4» by
Human Microglia. Int. |. Alzheimers Dis. 2010, 2010, 798424. [CrossRef] [PubMed]

Cheng, Q.; Danao, J.; Talreja, S.; Wen, P; Yin, J.; Sun, N.; Li, C.-M.; Chui, D.; Tran, D.; Koirala, S.; et al. TREM2-Activating
Antibodies Abrogate the Negative Pleiotropic Effects of the Alzheimer’s Disease Variant Trem2R47H on Murine Myeloid Cell
Function. J. Biol. Chem. 2018, 293, 12620-12633. [CrossRef] [PubMed]

Price, B.R.; Sudduth, T.L.; Weekman, E.M.; Johnson, S.; Hawthorne, D.; Woolums, A.; Wilcock, D.M. Therapeutic Trem2 Activation
Ameliorates Amyloid-Beta Deposition and Improves Cognition in the 5XFAD Model of Amyloid Deposition. J. Neuroinflamm.
2020, 17, 238. [CrossRef] [PubMed]

Satoh, K.; Zhou, Y.; Dodd, R.B.; Enomoto, M.; Zhang, Y.; Bohm, C.; Chen, F; Qamar, S.; Rashid, M.; Sevalle, J.; et al. Sialylated
Clusterin Binds CD33 to Regulate Microglial Functions in Alzheimer’s Disease. Alzheimers Dement. 2025, 21, €100929. [CrossRef]
Michael, J.; de Sousa, D.B.; Conway, J.; Gonzalez-Labrada, E.; Obeid, R.; Tevini, ].; Felder, T.; Hutter-Paier, B.; Zerbe, H.; Paiement,
N.; et al. Improved Bioavailability of Montelukast through a Novel Oral Mucoadhesive Film in Humans and Mice. Pharmaceutics
2020, 13, 12. [CrossRef] [PubMed]

Villapol, S. Roles of Peroxisome Proliferator-Activated Receptor Gamma on Brain and Peripheral Inflammation. Cell. Mol.
Neurobiol. 2018, 38, 121-132. [CrossRef] [PubMed]

Vijaya, A.K,; Krisikaityté, G.; Kuras, S.; Baltriukiené, D.; Burokas, A. Modulation of Ageing Mice Microglia Functions during
Neuroinflammation Using Synthetic Cannabinoids. Eur. ]. Pharmacol. 2025, 999, 177705. [CrossRef] [PubMed]

McGroarty, J.; Salinas, S.; Evans, H.; Jimenez, B.; Tran, V.; Kadavakollu, S.; Vashist, A.; Atluri, V. Inflammasome-Mediated
Neuroinflammation: A Key Driver in Alzheimer’s Disease Pathogenesis. Biomolecules 2025, 15, 676. [CrossRef] [PubMed]

Li, L.; Wang, Y,; Feng, Q.; Ma, C.; He, C.; Wan, W,; Tang, L. Role of Astroglia and Microglia in Alzheimer’s Disease and Multiple
Therapeutic Interventions. J. Alzheimers Dis. 2025, 105, 1222-1238. [CrossRef] [PubMed]

Mei, S.-Y.; Zhang, N.; Wang, M.-].; Lv, P-R,; Liu, Q. Microglial Purinergic Signaling in Alzheimer’s Disease. Purinergic Signal.
2025, 21, 815-827. [CrossRef] [PubMed]

Bard, F,; Barbour, R.; Cannon, C.; Carretto, R.; Fox, M.; Games, D.; Guido, T.; Hoenow, K.; Hu, K.; Johnson-Wood, K.; et al. Epitope
and Isotype Specificities of Antibodies to 3-Amyloid Peptide for Protection against Alzheimer’s Disease-like Neuropathology.
Proc. Natl. Acad. Sci. USA 2003, 100, 2023-2028. [CrossRef] [PubMed]

Ostrowitzki, S.; Deptula, D.; Thurfjell, L.; Barkhof, F.; Bohrmann, B.; Brooks, D.J.; Klunk, W.E.; Ashford, E.; Yoo, K.; Xu, Z.-X,; et al.
Mechanism of Amyloid Removal in Patients with Alzheimer Disease Treated with Gantenerumab. Arch. Neurol. 2012, 69, 198-207.
[CrossRef] [PubMed]

https://doi.org/10.3390/cells15131159


https://doi.org/10.1002/alz.12465
https://www.ncbi.nlm.nih.gov/pubmed/34569707
https://doi.org/10.1002/alz.095343
https://doi.org/10.1002/alz70861_108386
https://doi.org/10.1146/annurev-immunol-101921-035639
https://www.ncbi.nlm.nih.gov/pubmed/36750318
https://doi.org/10.1038/s41582-025-01073-y
https://www.ncbi.nlm.nih.gov/pubmed/40128350
https://doi.org/10.3389/fphar.2023.1196413
https://www.ncbi.nlm.nih.gov/pubmed/37332353
https://doi.org/10.1371/journal.pone.0324618
https://www.ncbi.nlm.nih.gov/pubmed/40489506
https://doi.org/10.1016/j.molmed.2024.11.006
https://www.ncbi.nlm.nih.gov/pubmed/39690058
https://doi.org/10.3390/antiox14070781
https://www.ncbi.nlm.nih.gov/pubmed/40722885
https://doi.org/10.1002/ana.21340
https://www.ncbi.nlm.nih.gov/pubmed/18360829
https://doi.org/10.4061/2010/798424
https://www.ncbi.nlm.nih.gov/pubmed/20798889
https://doi.org/10.1074/jbc.RA118.001848
https://www.ncbi.nlm.nih.gov/pubmed/29599291
https://doi.org/10.1186/s12974-020-01915-0
https://www.ncbi.nlm.nih.gov/pubmed/32795308
https://doi.org/10.1002/alz70855_100929
https://doi.org/10.3390/pharmaceutics13010012
https://www.ncbi.nlm.nih.gov/pubmed/33374646
https://doi.org/10.1007/s10571-017-0554-5
https://www.ncbi.nlm.nih.gov/pubmed/28975471
https://doi.org/10.1016/j.ejphar.2025.177705
https://www.ncbi.nlm.nih.gov/pubmed/40320115
https://doi.org/10.3390/biom15050676
https://www.ncbi.nlm.nih.gov/pubmed/40427569
https://doi.org/10.1177/13872877251335572
https://www.ncbi.nlm.nih.gov/pubmed/40452353
https://doi.org/10.1007/s11302-024-10029-8
https://www.ncbi.nlm.nih.gov/pubmed/38910192
https://doi.org/10.1073/pnas.0436286100
https://www.ncbi.nlm.nih.gov/pubmed/12566568
https://doi.org/10.1001/archneurol.2011.1538
https://www.ncbi.nlm.nih.gov/pubmed/21987394
https://doi.org/10.3390/cells15131159

Cells 2026, 15, 1159 42 of 42

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

Congdon, E.E.; Pan, R; Jiang, Y.; Sandusky-Beltran, L.A.; Dodge, A.; Lin, Y.; Liu, M.; Kuo, M.-H.; Kong, X.-P,; Sigurdsson,
E.M. Single Domain Antibodies Targeting Pathological Tau Protein: Influence of Four IgG Subclasses on Efficacy and Toxicity.
eBioMedicine 2022, 84, 104249. [CrossRef] [PubMed]

de Weerd, L.; Hummel, S.; Miiller, S.A ; Paris, I.; Sandmann, T.; Eichholtz, M.; Groger, R.; Englert, A.L.; Wagner, S.; Ha, C.; et al.
Early Intervention Anti-Af3 Immunotherapy Attenuates Microglial Activation without Inducing Exhaustion at Residual Plaques.
Mol. Neurodegener. 2025, 20, 92. [CrossRef] [PubMed]

Daly, T.; Kepp, K.P.; Imbimbo, B.P. Response to “Variability of Cognitive Changes after Donanemab Treatment.”. Alzheimers
Dement. 2025, 21, €14520. [CrossRef] [PubMed]

Panza, F; Dibello, V.; Sardone, R.; Zupo, R.; Castellana, F.; Leccisotti, I.; Moretti, M.C.; Altamura, M.; Bellomo, A.; Daniele, A.;
et al. Successes and Failures: The Latest Advances in the Clinical Development of Amyloid-f3-Targeting Monoclonal Antibodies
for Treating Alzheimer’s Disease. Expert Opin. Biol. Ther. 2025, 25, 275-283. [CrossRef] [PubMed]

Introna, A. ARIAs Are Not Random: A Posterior and Border-Zone Vascular Vulnerability Model. Alzheimers Dement. 2026,
22,e71304. [CrossRef] [PubMed]

Belder, C.R.S.; Boche, D.; Nicoll, ].A.R.; Jaunmuktane, Z.; Zetterberg, H.; Schott, ].M.; Barkhof, F; Fox, N.C. Brain Volume Change
Following Anti-Amyloid f Immunotherapy for Alzheimer’s Disease: Amyloid-Removal-Related Pseudo-Atrophy. Lancet Neurol.
2024, 23, 1025-1034. [CrossRef] [PubMed]

Taylor, X.; Clark, .M.; Fitzgerald, G.J.; Oluoch, H.; Hole, ].T.; DeMattos, R.B.; Wang, Y.; Pan, F. Amyloid- (Af) Immunotherapy
Induced Microhemorrhages Are Associated with Activated Perivascular Macrophages and Peripheral Monocyte Recruitment in
Alzheimer’s Disease Mice. Mol. Neurodegener. 2023, 18, 59. [CrossRef] [PubMed]

Foley, K.E.; Wilcock, D.M. Three Major Effects of APOEe4 on A Immunotherapy Induced ARIA. Front. Aging Neurosci. 2024,
16, 1412006. [CrossRef] [PubMed]

Bathini, P; Schilling, S.; Lemere, C.A. Anti-Amyloid Immunotherapy for AD: A Potential Link between ARIA and Complement.
Alzheimers Dement. 2025, 20, €093183. [CrossRef]

Torres-Acosta, N.; O'Keefe, ].H.; O’Keefe, E.L.; Isaacson, R.; Small, G. Therapeutic Potential of TNF-« Inhibition for Alzheimer’s
Disease Prevention. J. Alzheimers Dis. 2020, 78, 619-626. [CrossRef] [PubMed]

Duggan, M.R,; Morgan, D.G.; Price, B.R.; Rajbanshi, B.; Martin-Pefia, A.; Tansey, M.G.; Walker, K.A. Immune Modulation to Treat
Alzheimer’s Disease. Mol. Neurodegener. 2025, 20, 39. [CrossRef] [PubMed]

He, C; Chen, B.; Yan, C.; Zhou, X. Stem Cell and CRISPR/Cas9 Gene Editing Technology in Alzheimer’s Disease Therapy: From
Basic Research to Clinical Innovation. Front. Genome Ed. 2025, 7, 1612868. [CrossRef] [PubMed]

Palova, D.; Turic Csokova, N.; Markova, K.; Kontsekova, E.; Kovacech, B.; Zilkova, M. The Engagement of Microglia in
Tau-Targeted Immunotherapy in Alzheimer’s Disease. Gen. Physiol. Biophys. 2021, 40, 463—478. [CrossRef] [PubMed]
Cummings, J.; Zhou, Y.; Lee, G.; Zhong, K.; Fonseca, ]J.; Cheng, F. Alzheimer’s Disease Drug Development Pipeline: 2024.
Alzheimers Dement. Transl. Res. Clin. Interv. 2024, 10, e12465. [CrossRef] [PubMed]

Biber, K.; Bhattacharya, A.; Campbell, B.M.; Piro, ].R.; Rohe, M.; Staal, R.G.W.; Talanian, R.V.; M6ller, T. Microglial Drug Targets in
AD: Opportunities and Challenges in Drug Discovery and Development. Front. Pharmacol. 2019, 10, 840. [CrossRef] [PubMed]
Kim, CK; Lee, Y.R,; Ong, L.; Gold, M.; Kalali, A.; Sarkar, ]. Alzheimer’s Disease: Key Insights from Two Decades of Clinical Trial
Failures. |. Alzheimers Dis. 2022, 87, 83-100. [CrossRef] [PubMed]

Li, Y.; Pereda Serras, C.; Blumenfeld, J.; Xie, M.; Hao, Y.; Deng, E.; Chun, Y.Y,; Holtzman, J.; An, A.; Yoon, S.Y.; et al. Cell-
Type-Directed Network-Correcting Combination Therapy for Alzheimer’s Disease. Cell 2025, 188, 5516-5534.e18. [CrossRef]
[PubMed]

Gong, Y.; Haeri, M.; Zhang, X; Li, Y,; Liu, A.; Wu, D.; Zhang, Q.; Jazwinski, S.M.; Zhou, X.; Wang, X.; et al. Stereo-Seq of the
Prefrontal Cortex in Aging and Alzheimer’s Disease. Nat. Commun. 2025, 16, 482. [CrossRef] [PubMed]

Martins-Ferreira, R.; Calafell-Segura, J.; Leal, B.; Rodriguez-Ubreva, J.; Martinez-Saez, E.; Mereu, E.; Costa, PPE.; Laguna,
A.; Ballestar, E. The Human Microglia Atlas (HuMicA) Unravels Changes in Disease-Associated Microglia Subsets across
Neurodegenerative Conditions. Nat. Commun. 2025, 16, 739. [CrossRef] [PubMed]

Miyoshi, E.; Morabito, S.; Henningfield, C.M.; Das, S.; Rahimzadeh, N.; Shabestari, S.K.; Michael, N.; Emerson, N.; Reese, F,; Shi,
Z.; et al. Spatial and Single-Nucleus Transcriptomic Analysis of Genetic and Sporadic Forms of Alzheimer’s Disease. Nat. Genet.
2024, 56, 2704-2717. [CrossRef] [PubMed]

van Olst, L.; Simonton, B.; Edwards, A.].; Forsyth, A.V.; Boles, ].; Jamshidi, P.; Watson, T.; Shepard, N.; Krainc, T.; Argue, B.M,;
et al. Author Correction: Microglial Mechanisms Drive Amyloid-f3 Clearance in Immunized Patients with Alzheimer’s Disease.
Nat. Med. 2025, 31, 1712. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cells15131159


https://doi.org/10.1016/j.ebiom.2022.104249
https://www.ncbi.nlm.nih.gov/pubmed/36099813
https://doi.org/10.1186/s13024-025-00878-1
https://www.ncbi.nlm.nih.gov/pubmed/40830489
https://doi.org/10.1002/alz.14520
https://www.ncbi.nlm.nih.gov/pubmed/39776219
https://doi.org/10.1080/14712598.2025.2463963
https://www.ncbi.nlm.nih.gov/pubmed/39908579
https://doi.org/10.1002/alz.71304
https://www.ncbi.nlm.nih.gov/pubmed/41851062
https://doi.org/10.1016/S1474-4422(24)00335-1
https://www.ncbi.nlm.nih.gov/pubmed/39304242
https://doi.org/10.1186/s13024-023-00649-w
https://www.ncbi.nlm.nih.gov/pubmed/37649100
https://doi.org/10.3389/fnagi.2024.1412006
https://www.ncbi.nlm.nih.gov/pubmed/38756535
https://doi.org/10.1002/alz.093183
https://doi.org/10.3233/JAD-200711
https://www.ncbi.nlm.nih.gov/pubmed/33016914
https://doi.org/10.1186/s13024-025-00828-x
https://www.ncbi.nlm.nih.gov/pubmed/40165251
https://doi.org/10.3389/fgeed.2025.1612868
https://www.ncbi.nlm.nih.gov/pubmed/40933041
https://doi.org/10.4149/gpb_2021029
https://www.ncbi.nlm.nih.gov/pubmed/34897021
https://doi.org/10.1002/trc2.12465
https://www.ncbi.nlm.nih.gov/pubmed/38659717
https://doi.org/10.3389/fphar.2019.00840
https://www.ncbi.nlm.nih.gov/pubmed/31507408
https://doi.org/10.3233/JAD-215699
https://www.ncbi.nlm.nih.gov/pubmed/35342092
https://doi.org/10.1016/j.cell.2025.06.035
https://www.ncbi.nlm.nih.gov/pubmed/40695276
https://doi.org/10.1038/s41467-024-54715-y
https://www.ncbi.nlm.nih.gov/pubmed/39779708
https://doi.org/10.1038/s41467-025-56124-1
https://www.ncbi.nlm.nih.gov/pubmed/39820004
https://doi.org/10.1038/s41588-024-01961-x
https://www.ncbi.nlm.nih.gov/pubmed/39578645
https://doi.org/10.1038/s41591-025-03664-0
https://www.ncbi.nlm.nih.gov/pubmed/40155563
https://doi.org/10.3390/cells15131159

	Introduction 
	The Aged Brain and Microglia 
	Microglial Morphological Alterations in Physiological Aging 
	Molecular Drivers of Aging-Associated Microglial Phenotype 
	Molecular Landscape in Aging Microglia 
	Alterations in Regulatory Immune Response in Aging Microglia 
	Role of MicroRNAs in Aging Microglia 

	Lipid Droplet-Accumulating Microglia as an Aging Phenotype 
	Oxidative Stress, Inflammaging, and Cellular Senescence in Aging Microglia 

	Microglia in AD Pathology 
	Microglial Molecular Signatures in AD 
	Microglial Phenotypic and Morphological Alterations in AD 
	Microglial Senescence in AD Pathology 

	Therapeutic Implications: Emerging Strategies Targeting Microglia in AD 
	Perspectives and Future Directions 
	Conclusions 
	References

