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Abstract

Ageing is a major biological context for late-onset Alzheimer disease (AD), but its relation-
ship with AD neuroinflammation remains incompletely understood. This review compares
immune and glial changes in physiological brain ageing and AD using single-cell, single-
nucleus, and spatial transcriptomic studies of human tissue and experimental models.
Interferon response, phagocytic, and lipid-handling gene programs recur in both settings,
while their cellular sources and spatial distributions vary with brain region, genotype,
and pathology. Myelin-associated responses in aged white matter and plaque-associated
glial environments in AD show how similar programs occur around different substrates.
Tau-associated and vascular changes provide further tissue contexts for comparison. Most
human studies are cross-sectional, so molecular similarity or spatial co-occurrence cannot
establish functional equivalence or a causal progression from ageing to AD. Combining
expression profiles with genetic perturbation, cellular function, and tissue localization can
guide mechanistic testing and biomarker development.

Keywords: brain ageing; Alzheimer disease; neuroinflammation; microglia; single-cell
transcriptomics; spatial transcriptomics

1. Introduction
Alzheimer disease (AD) is an age-associated neurodegenerative disorder, and ad-

vanced age is among its strongest known risk factors [1]. Ageing is a major biological
context for sporadic late-onset AD, although it does not fully explain the timing or mech-
anisms of early-onset familial disease. Healthy brain ageing is accompanied by altered
energy metabolism, reduced adaptive plasticity, oxidative stress, and changes in inflam-
matory signalling [2]. Age-related changes in the circulation and systemic milieu may
also contribute to impaired brain function [3,4]. These processes are not uniform across
the brain, as regions differ in their vulnerability to normal ageing [5]. At the cellular
level, microglial phenotype and function change with age [6], while mouse studies link
age-related myelin fragmentation to increased microglial clearance burden, lysosomal
accumulation, cellular senescence, and immune dysfunction [7]. The blood–brain barrier
(BBB), its transport functions, and the neurovascular interface also change during healthy
ageing [8]. Together, these features provide the biological setting for neuroinflammaging, a
persistent, low-grade, sterile inflammatory state associated with ageing [9].

Ageing and AD provide distinct contexts in which partly overlapping immune
and glial features have been reported. Neuroinflammation is closely linked to amyloid-
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beta (Aβ) and tau pathology, and microglial responses vary across space and disease
stage [10]. In mouse amyloidosis models and in vitro experiments, microglial ASC specks
can promote Aβ aggregation and pathological spread [11]. Human apolipoprotein E4
(APOE4) carriers may also show BBB disruption in the hippocampus and medial tem-
poral lobe that is associated with cognitive decline [12]. The comparison below there-
fore separates recurrent molecular features from context-specific functional findings and
pathology-associated localization.

Single-cell RNA sequencing (scRNA-seq), single-nucleus RNA sequencing (snRNA-
seq), and spatial transcriptomics make this comparison possible at the level of cell states,
molecular programs, and tissue niches. Single-cell and single-nucleus methods resolve
tissue-level expression changes into cell types and states. Spatial approaches, often com-
bined with cell type mapping or deconvolution, retain anatomical information and connect
cellular composition and molecular programs to local tissue architecture [13]. This review
compares normal ageing and AD across these three related levels.

Three analytical levels are central to this comparison. In this review, we operationally
define a cell state as a cellular condition distinguished by its transcriptional profile, while
recognizing that states can also be characterized proteomically, morphologically, epige-
netically, metabolically, or functionally. A molecular program is a coordinated gene set
that may recur across several states, and a spatial niche is a local tissue context in which
cells and programs co-occur. A state may carry an interferon or lipid-processing pro-
gram without being defined by it, and the same program may have different implications
in a white matter lesion, a plaque-adjacent region, or a vascular interface. Immune- or
inflammation-related transcriptional signatures require functional measurements before
they can be interpreted as inflammatory activity, tissue injury, or neurotoxicity. Mechanistic
conclusions also depend on the experimental design and the system and endpoint tested.

Each platform provides different information and has distinct limitations. scRNA-seq
resolves transcriptional heterogeneity, but cell dissociation can underrepresent fragile or
highly ramified cells and induce stress-response artefacts [14,15]. snRNA-seq is particularly
useful for archived and frozen post-mortem human tissue. However, nuclear and whole-
cell transcriptomes differ, and sample preservation affects RNA recovery. Sequencing-based
spatial assays retain anatomy at spot- or bin-defined scales, often requiring reference-based
deconvolution [16]. Targeted in situ methods such as multiplexed error-robust fluorescence
in situ hybridization (MERFISH) resolve selected transcripts and cell neighbourhoods,
but their gene panels limit transcriptome coverage. Spatial graph models can relate a
cell’s expression profile to the composition of its local neighbourhood [17]. Computa-
tional ligand–receptor analysis identifies candidate expression relationships rather than
demonstrated signalling.

Spatial sampling scale and detection sensitivity must be distinguished. Classical
Visium uses approximately 55 µm spots [18]. Nova-ST uses ~300-nm wells at ~625 nm
pitch (~350 wells per 100 µm2), but its analyses aggregate reads into 25 × 25, 50 × 50 or
100 × 100 µm2 bins [19]. In a selected mouse brain region comprising the cortex, corpus
callosum, and CA1, median per-gene detection efficiencies relative to osmFISH were 1.08%
for Nova-ST, 1.3% for Visium HD, and 0.43–2.48% across three Stereo-seq datasets [19].
These estimates depend on the sampled genes, tissue region, and sequencing depth, which
was not normalized across platforms; they are not universal platform capture rates.

We first summarize immune expression programs and tissue contexts in ageing, then
examine those in AD, before comparing their molecular, cellular, and spatial features. This
cross-study comparison does not infer a continuous ageing-to-AD process. Functional
findings are assessed within each experimental system to help interpret recurrent programs
and spatial patterns. Figure 1 summarizes the comparison.
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Figure 1. Framework for comparing neuroinflammation in brain ageing and Alzheimer disease.
Single-cell and single-nucleus transcriptomics define cell states and molecular programs, while spatial
approaches place these features within tissue niches. The four parallel panels summarize ageing-
associated cell states and programs, AD pathology and risk contexts, AD-associated cellular and
spatial features, and neuronal or synaptic changes. Their arrangement does not imply a fixed temporal
sequence or an established causal pathway. Abbreviations: AD, Alzheimer disease; Aβ, amyloid-beta;
tau, microtubule-associated protein tau; APOE4, apolipoprotein E4; TREM2, triggering receptor
expressed on myeloid cells 2; scRNA-seq, single-cell RNA sequencing; snRNA-seq, single-nucleus
RNA sequencing; ST, spatial transcriptomics; MERFISH, multiplexed error-robust fluorescence in
situ hybridization.

Search Strategy and Selection Criteria

Searches were conducted in Google Scholar and supplemented by targeted checks
of PubMed-indexed records via Europe PMC and selected primary sources. No lower
publication year limit was applied, and searches were updated in October 2026. Search con-
cepts combined single-cell, single-nucleus, and spatial transcriptomic methods with ageing,
Alzheimer disease, and neuroinflammation, focusing on microglial, astrocyte, myeloid,
and adaptive immune states and tissue niches. Core evidence comprised original human
or animal transcriptomic studies of immune or glial states in the ageing brain or AD and
spatial platform benchmarks, supplemented by mechanistic and clinical studies. Reviews
and opinion pieces served as background, and full texts were assessed where accessible.
As this iterative, non-preregistered search cannot be reconstructed to historical hit counts
(Supplementary Table S1 lists the major included studies), evidence was appraised qualita-
tively by species, model, age and pathology, region, assay, and validation, and discordant
findings are presented separately rather than merged into a consensus.

2. Age-Related Immune Remodelling Revealed Using Single-Cell and
Spatial Transcriptomics

Brain ageing involves heterogeneous immune and glial changes [9]. Mouse scRNA-seq
and protein profiling identify microglial interferon responses [20,21], triggering receptor
expressed on myeloid cells 2 (TREM2)-associated senescence-like features [22] and white
matter adaptation [23]; human scRNA-seq describes microglial variation across devel-
opmental and adult ages [24]. Regional findings derive from mouse white matter [18],
mouse and human dentate gyrus [25,26], and mouse third-ventricle cell types [20]. To-
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gether, these findings describe heterogeneous immune expression and region-specific
cellular environments.

Ageing studies provide a reference for comparing immune programs and tissue
contexts with AD. Whether these particular programs contribute to subsequent AD suscep-
tibility remains a hypothesis for direct testing; their recurrence across datasets alone cannot
resolve this question.

2.1. Heterogeneous Remodelling of Age-Associated Immune States

Microglia provide the clearest single-cell evidence of immune remodelling during
brain ageing. Whole-brain mouse scRNA-seq datasets resolve partially overlapping
microglial states with inflammatory, stress-related, and tissue-adaptive features rather
than a single activated phenotype [20]. Mouse lifespan scRNA-seq also identified a
Ccl4/Ccl3/Il1b-enriched microglial subset with a higher relative abundance at 18 months
than at postnatal day 100, with Ccl4-positive cells validated in situ [27]. Human scRNA-seq
data spanning developmental to adult ages likewise indicate that microglial transcriptional
states are remodelled across the sampled age range rather than replaced by one age-defined
phenotype [24]. A lifespan snRNA-seq atlas of 284 neurotypical human donors further
identified microglial ageing modules enriched for immune response pathways [28].

A TREM2-positive, p16INK4a-positive microglial population illustrates this mixed
phenotype. In aged mouse brain, these cells show features linked to senescence and
deoxyribonucleic acid (DNA) damage, including p16INK4a, p19, and γH2AX, together
with apolipoprotein E (APOE)-associated metabolic changes while retaining part of the
homeostatic microglial program [22]. This combination of senescence-associated, metabolic,
and residual homeostatic features makes a simple pro-inflammatory label inadequate.

Interferon-responsive microglia represent another prominent change. Whole-brain
studies in aged mice identified microglial populations enriched for Ifit2, Ifit3, and Oasl2,
alongside populations with increased immune response programs involving Cst7 and
Lpl [20]. In mice, Ifi27l2a expression increases modestly with age in sham control microglia
and is more strongly induced after ischaemic stroke, particularly in aged animals [21].

In aged mice, white matter-associated microglia (WAM) increase with age, accumulate
near degenerating myelin, and upregulate Cst7, Lpl, and Apoe within phagocytic and
lipid-processing programs [23]. Tissue imaging also demonstrates myelin engulfment,
linking WAM to myelin debris clearance [23].

Ageing-related immune remodelling also involves brain border compartments. In the
choroid plexus, an interface between the central nervous system (CNS) and the circula-
tion, a single-cell and single-nucleus atlas of developing, adult, and aged mice identified
age-dependent epithelial and immune programs, supported by spatial RNA and protein
mapping [29]. Resident macrophages showed higher Il1b expression with age, while
protein labelling localized IL-1β to macrophages near the choroid plexus [29].

Adaptive immune cells also participate in age-associated glial changes. In aged
mice, CD8-associated interferon responses occur in white matter oligodendrocytes and
microglia, while chemokine pathway perturbations reduce T-cell accumulation and
axonal injury [30,31].

2.2. Multicellular Microenvironments Linked to Neuroinflammation

Age-associated immune expression changes occur alongside alterations in neigh-
bouring glia and local tissue structure. White matter provides one of the clearest re-
gional examples. Visium profiling of mouse coronal sections at approximately 55 µm
spot diameter, together with immunofluorescence and MRI validation, reports enhanced
myeloid activation, astrocytic reactivity, and complement-related inflammatory programs
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in aged white matter, together with lower myelin basic protein (MBP) and 2′,3′-cyclic-
nucleotide 3′-phosphodiesterase (CNPase) signals that indicate altered myelin integrity [18].
The enrichment of WAM around degenerating myelin provides a cellular link between
white matter change and local microglial immune responses [23]. In cognitively nor-
mal human dorsolateral prefrontal cortex, Visium and snRNA-seq also identified age-
enriched astrocyte- and vascular-associated gene modules in layer 1 and white matter, with
senescence-related expression [32].

The hippocampus and dentate gyrus show a different local configuration. In mice,
scRNA-seq combined with Visium profiling at approximately 55 µm spot diameter and
immunostaining identified age-associated inflammatory cell enrichment and immune-
related expression alongside fewer neurogenic lineage cells [25]. In human post-mortem
dentate gyrus spanning infancy to old age, Visium profiling of approximately 55 µm
spots identified anatomically layered, age-associated inflammatory, and maturation-related
expression patterns [26].

A third age-sensitive environment lies around the third ventricle. In regionally sam-
pled whole-brain mouse scRNA-seq, ependymal cells and tanycytes show increased inter-
feron response and major histocompatibility complex class I (MHC-I)-related expression
with age [20]. The study used an adult MERFISH reference atlas to provide anatomi-
cal context. Targeted Resolve molecular cartography directly localized ependymal cells
and tanycytes along the third ventricle and confirmed selected age-associated expression
changes in tissue [20]. IRISeq with single-nucleus profiling found lower ventricular in-
terferon responses and higher relative ependymal cell abundance in 23-month-old Rag1-
and Prkdc-deficient mice than in age-matched WT mice [33]. These congenital systemic
deficiencies, including the DNA repair role of Prkdc, do not establish effects of an acute,
cell-specific intervention.

Oligodendroglial cells also show age-associated immune expression changes. In
24-month-old mice, scRNA-seq and tissue staining identified interferon-responsive oligo-
dendrocytes and microglia in white matter; Rag1 or Cd8a deficiency reduced these re-
sponses and was associated with higher oligodendrocyte density than in age-matched
wild-type mice [30].

Brain scRNA-seq and optic nerve MERFISH identified Cxcl10-expressing reactive
glia near CD8+ T cells in aged mice. Cxcl10 deletion or Cxcr3-deficient bone marrow
reconstitution reduced T-cell accumulation and axonal injury, whereas chronic PLX5622
treatment or Cx3cr1 deficiency worsened these outcomes [31].

2.3. Inflammatory Programs Recurrent Across Cell Types

Ageing studies repeatedly identify an interferon and immune response module across
cell types and regions. Interferon-responsive microglia are present in aged mouse brain [20],
age-associated Ifi27l2a upregulation is detectable in sham control mouse microglia and
amplified after ischaemic stroke [21], and cells near the third ventricle show heightened
interferon and MHC-I programs [20]. A study comparing age and environmental enrich-
ment in the male mouse dorsal hippocampus identified inflammation-related molecular
changes with age [34]. These findings reinforce the need to distinguish changes in cellular
state from changes in cell composition when interpreting tissue-level inflammatory signals.

Phagocytosis and lipid or myelin processing form a second recurring pattern. WAM
are enriched for phagocytic and lipid-metabolism genes and participate in clearing degen-
erating myelin [23]. TREM2-positive, p16INK4a-positive microglia combine APOE-related
metabolic and stress features [22], while aged white matter shows altered myelin integrity
alongside stronger glial inflammatory programs [18]. These observations associate phago-
cytic and lipid-processing programs with age-related tissue changes.
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Analytical scale also matters. At a bulk tissue level, a rise in inflammatory transcripts
can result from more immune cells, a stronger program within resident cells, altered contri-
butions from glia, or a mixture of all three. Single-cell data distinguish these possibilities
more directly, while spatial data indicate whether the changes are concentrated in a defined
layer, tract, vessel-associated territory, or border compartment. The aged mouse hippocam-
pal findings are illustrative: stronger immune-related transcription can coexist with little
evidence for a broad shift in estimated cell proportions [34]. Program-level changes are
most informative when considered alongside cell abundance, spatial distribution, and local
tissue context.

2.4. Spatial Heterogeneity of Age-Related Neuroinflammation

The regional evidence supports an uneven distribution of age-associated immune
expression. Mouse white matter and dentate gyrus studies use approximately 55 µm Visium
spots with selected imaging validation [18,25]; the human dentate gyrus study uses the
same spot-based platform [26]. In mice, WAM localization is supported by tissue staining
and ultrastructural validation [23]. The third-ventricle findings combine regionally sampled
scRNA-seq with direct localization and selected age-associated expression validation using
targeted resolve molecular cartography [20]. MERFISH with snRNA-seq mapped glial
activation in mouse frontal cortex and striatum [35], while a multiregion mouse atlas
combined regional bulk profiling with Visium and selected region snRNA-seq to highlight
white matter vulnerability [36].

CosMx profiling of independent 4- and 24-month-old mouse cohorts localized galectin-
3 (GAL3)-positive microglia with programs related to the mouse-defined disease-associated
microglia (DAM) signature and senescence to aged white matter. Systemic senotherapeutic
interventions reduced the abundance of GAL3-positive microglia classified as DAM in
separate 16- to 20-month-old cohorts [37]. Cerebellar snRNA-seq and reanalysis of MER-
FISH data identified age-associated, granule cell-proximal microglial programs whose
proposed neuroprotective role remains untested [38]. The spatial dataset is shared with the
morphology study discussed below [39].

2.5. Integrating Ageing Evidence and Defining Its Boundaries

Ageing-related cell states need to be interpreted in their local tissue context. Mouse
white matter studies link myelin alterations with WAM enrichment and inflamma-
tory programs [18,23]; dentate gyrus findings include immune and neurogenic lineage
changes in mice and inflammatory or maturation-related expression in humans [25,26].
These regional findings should not be generalized to the entire ageing brain without
independent evidence.

Across ageing studies, immune expression programs occur in combinations that
vary by region and cell type. These findings allow comparison with AD at the levels of
molecular programs, cellular composition, and tissue localization, without assigning a
uniform adaptive or damaging role to the programs.

Figure 2 summarizes the ageing-related cell states, recurrent molecular programs, and
regional microenvironments discussed in this section.

Supplementary Table S2 summarizes representative markers, biological associations,
and evidence contexts for selected ageing-related populations.

Most ageing studies are cross-sectional, so differences in cell proportions or transcrip-
tional states across age groups map age-associated patterns rather than temporal state
conversion. Key whole-brain [20], white matter [18], dentate gyrus [25], hippocampal [34],
and WAM [23] datasets are largely derived from mice. Human studies have different
coverage: some focus on particular regions [26], while the microglial series in [24] includes
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adults aged 41–61 years and mainly addresses development to adulthood, limiting its use
as evidence for physiological ageing in elderly humans. Spatial co-occurrence, cellular
proximity, and candidate ligand–receptor relationships identify tissue relationships for
functional testing rather than establish cell contact, functional communication, or causality.
Four-region human snRNA-seq in 13 donors aged 20–30 or 60–85 years without appar-
ent neurodegeneration found predominantly region-specific glial ageing expression [40].
Limited neuropathological staging and sample size constrain its use as a pathology-free
human reference.

Figure 2. Age-related brain immune remodelling across cell states, molecular programs, and tissue
niches. (A) Microglial, border-associated myeloid, adaptive immune, astrocytic, and oligodendroglial
populations show age-associated differences. (B) Interferon response, antigen-presentation, phago-
cytic, lipid-processing, and stress-related expression programs recur across cell types. These program
labels do not establish inflammatory activity or cellular function. (C) White matter, the dentate
gyrus, and the third-ventricle region show distinct age-sensitive microenvironments. The solid lines
locate the illustrated regions anatomically; they do not denote signalling, causality, or temporal
transitions. The third-ventricle example includes direct tissue-based localization and validation of
selected age-associated expression changes [20]. The schematic does not imply uniform whole-brain
change or a fixed cellular conversion pathway. Abbreviations: BAMs, border-associated macrophages;
CD8, cluster of differentiation 8; TREM2, triggering receptor expressed on myeloid cells 2; p16INK4a,
p16 isoform of cyclin-dependent kinase inhibitor 2A; ApoE, apolipoprotein E; IFN, interferon; WAM,
white matter-associated microglia; MHC-I, major histocompatibility complex class I. Superscript +
denotes marker positivity.

Human post-mortem comparisons can be affected by premortem and terminal illness,
agonal state, medication, post-mortem interval, and RNA degradation, with RNA integrity
number (RIN) serving as one indicator of RNA quality [41,42]. Tissue preservation and
cell-versus-nucleus capture can affect measured expression and cell recovery [14]. Selective
neuronal loss can increase the relative representation of immune cells among all recovered
cells or nuclei, even without an increase in their absolute numbers in the tissue. Ageing–
AD comparisons should also consider brain region, sex, APOE genotype, cognitive status,
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Braak tau stage, Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) neu-
ritic plaque score, and coexisting limbic-predominant age-related TDP-43 encephalopathy
(LATE), and Lewy body or vascular pathology [42,43]. Cognitive normality alone does not
establish a pathology-free ageing reference.

Comparing studies is complicated by differences in age range, brain region, sequencing
chemistry, dissociation protocols, reference atlases, and statistical thresholds. Named
states such as interferon-responsive microglia or WAM are useful descriptive shorthand.
Comparisons are strongest when they focus on the underlying program and its regional
context, rather than exact correspondence among subtype names. Estimates of the relative
abundance of parenchymal and border-associated populations also depend on dissection
strategy and anatomical coverage.

In mice, paired MERFISH and morphological profiling identified ramified microglia
with DAM-like transcriptional features [39]. A phagocytic gene signature alone does not
demonstrate greater engulfment, and engulfment itself is insufficient evidence of patholog-
ical phagocytosis or neurotoxicity. Lysosomal and lipid-handling signatures therefore need
to be interpreted alongside measured cellular activity and local tissue context.

3. AD-Associated Immune Remodelling Revealed Using Single-Cell and
Spatial Transcriptomics

Immune change in AD is closely associated with Aβ deposition, tau pathology, ge-
netic risk, and local tissue injury. Studies of AD mouse models [44] and human brain
tissue [45,46] identify several disease-associated microglial states, whereas human multi-
modal and spatial studies also report changes in adaptive immune and oligodendroglial
populations [42]. Human Visium data with approximately 55 µm spots [47] and mouse spa-
tial transcriptomics with 100 µm tissue domains plus cellular in situ sequencing [48] identify
plaque-associated local expression environments. Mouse Visium data with approximately
55 µm spots reveal white matter versus grey matter glial programs at sampled ages [49]; vas-
cular cell transcriptomic syntheses also highlight vascular or perivascular interfaces [50].

3.1. AD-Associated Microglial and Adaptive Immune States

Microglia show some of the most conspicuous disease-associated transcriptional
changes in AD. Disease-associated microglia (DAM) were originally identified using
scRNA-seq in 5xFAD mouse brains, where the identified cells downregulate homeostatic
genes including P2ry12 and Tmem119 and upregulate phagocytic, lipid-processing, and
disease-response genes such as Apoe, Cst7, and Lpl [44]. In separate 5xFAD cohorts
sampled at 1, 3, 6, and 8 months, initial homeostatic marker loss and Tyrobp/Apoe in-
duction were more frequent at 3 months, whereas later Cst7/Lpl/Trem2 induction was
more frequent at 8 months along the inferred DAM activation axis [44]. In human datasets
including AD, the Human Microglia Atlas (HuMicA) identified several distinct microglial
populations with DAM-related transcriptional signatures [46].

Terminally inflammatory microglia (TIM) with an exhausted-like transcriptional sig-
nature were associated with higher Braak pathology in human snRNA-seq reanalyses, al-
though their onset at a specific clinical stage was not established [45]. In APOE-humanized
amyloid mice, these cells co-express S100a8/S100a9 inflammatory and Fos/Jun/Egr1 stress
programs and show impaired Aβ handling; the functional consequences of the analogous
human population remain unresolved [45]. HuMicA integrates human single-cell and
single-nucleus datasets and resolves several homeostatic and disease-associated states
whose abundance differs across neurodegenerative conditions [46].

Microglial changes are detectable in cognitively unimpaired donors, but this does
not establish onset before amyloidosis. In the human post-mortem Seattle Alzheimer’s
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Disease Brain Cell Atlas (SEA-AD), which combines snRNA-seq with epigenomic and
MERFISH assays, the early pathology-ordered epoch combined preserved cognition with
sparse Aβ and phosphorylated tau (pTau) pathology and higher representation of microglia
with inflammatory transcriptional profiles [42]. This pathology-based ordering represents
inferred pseudoprogression rather than longitudinal follow-up of the same individuals.
For clinically defined mild cognitive impairment (MCI), joint single-nucleus RNA and
chromatin accessibility profiling found greater proportions of CD74-high microglia in
the superior temporal gyrus. GPNMB-positive microglia in the dorsolateral prefrontal
cortex and superior temporal gyrus were associated with AD dementia, cognitive decline,
and pTau burden [51]. In AD dementia, human spatial data identify plaque-associated
complement and antigen-presentation programs that vary with local Aβ and tau [43]. These
observations link populations to clinical categories without establishing the clinical stage
of first appearance of each state.

Direct human transcriptomics also distinguish responses across clinicopathologi-
cal groups. Across empirically defined human clinicopathological groups, microglial
snRNA-seq analyses of selected states showed lower P2RY12/CX3CR1 and higher
IL1B/CCL4 expression in early AD than in non-AD and lower IL1B/CCL4 and higher
APOE/MSR1/CD74 expression in late AD than in early AD [52]. These groups were not
standard preclinical, MCI, and dementia categories. An analysis integrating snRNA-seq of
living cortical biopsies from patients evaluated for normal pressure hydrocephalus (NPH)
with published cell and nucleus datasets identified higher relative abundances of reactive
GPNMB–EYA2 and LPL–CD83 microglial states in cross-sectional groups representing early
and late AD histopathology [41]. These cross-sectional observations were associated with
established Aβ pathology and do not demonstrate pre-amyloid onset or within-individual
transitions between microglial states.

AD-associated microglia also exhibit stress- and cell death-related programs. One
integrative reanalysis of bulk data and human brain snRNA-seq data (GSE175814) re-
ported solute carrier family 11 member 1 (SLC11A1) as a ferroptosis-associated inflam-
matory candidate elevated in a microglial subset classified by expression markers as
pro-inflammatory [53]. A separate human brain snRNA-seq reanalysis (GSE157827) of
programmed cell death signatures linked these programs to microglial alterations in AD
and tested S100A4 in an Aβ oligomer-treated murine BV2 microglial model [54]. These
reports identify iron homeostasis, cell death, and inflammatory pathways as candidate
contributors to microglial state remodelling.

Genetic background modifies responses to pathology. In mice expressing human
APOE alleles, APOE modulates microglial immunometabolic responses to ageing, amyloid
pathology, and inflammatory challenge [55]. In PS19 mice expressing human P301S tau,
induced human wild-type TREM2 enhanced cortical DAM-like responses, with limited tau-
related effects [56]. In human-Aβ mouse models, CosMx profiling and confocal imaging
linked the homozygous Abi3S212F variant to age-dependent microglial loss and altered
plaque compaction [57]. APOE and TREM2 are important contextual regulators of immune
state formation and output.

Immune remodelling in AD is not confined to microglia. In 5xFAD and AppNL-G-
F mouse amyloidosis models, C-X-C chemokine receptor type 6 (CXCR6)-positive pro-
grammed cell death protein 1 (PD-1)-positive cluster of differentiation 8 (CD8)-positive T
cells can accumulate in the brain. In 5xFAD mice, ligand–receptor analysis suggests a can-
didate C-X-C motif chemokine ligand 16 (CXCL16)–CXCR6 relationship between microglia
and these T cells. Cxcr6-loss experiments in 5xFAD mice support receptor-dependent T-cell
accumulation, residency, and plaque-associated localization, with related accumulation
and residency findings in AppNL-G-F mice. In vitro co-cultures using 5xFAD-derived
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cells showed that CD8-positive T cells reduced stimulated microglial TNF-α and pro-IL-1β
expression [58]. These experiments support defined receptor and cellular functions in the
tested systems but do not directly establish the complete ligand-specific pathway. Human
APOE epsilon4-associated AD has also been associated with altered C-X-C chemokine
receptor type 3 (CXCR3)-positive cluster of differentiation 127 (CD127)-positive cluster
of differentiation 4 (CD4)-positive T-cell states in blood and cerebrospinal fluid (CSF),
alongside plasma neurofilament light-chain measurements [59].

Tau engages innate and adaptive neuroimmune pathways beyond plaque-associated
responses. In primed mouse microglia, tau activates NLR family pyrin domain-containing
3 (NLRP3) inflammasome signalling and interleukin-1β (IL-1β) release [60]. In primary
mouse cultures, conditioned medium from inflammasome-activated microglia increased
neuronal tau phosphorylation and calcium/calmodulin-dependent protein kinase IIα
(CaMKIIα) activation; blocking neuronal IL-1 receptor signalling attenuated the kinase
response [60]. In Tau22 mice, Nlrp3 or Asc deficiency reduced tau hyperphosphorylation
and aggregation and rescued spatial memory deficits [60]. In THY-Tau22 mice, anti-CD3
treatment reduced hippocampal T-cell infiltration and improved spatial memory without
detectably changing tau deposition or phosphorylation [61]. The separation of cognitive
improvement from tau burden suggests that immune responses can affect neuronal function
downstream of protein accumulation. T-cell findings also differ across pathological settings:
CXCR6-dependent CD8 T-cell residency limits amyloid pathology in 5xFAD mice [58],
whereas CD8-associated responses contribute to oligodendroglial and axonal injury in aged
white matter [30,31]. These studies use different interventions and tissue compartments, so
their effects on Aβ burden, myelin or axonal integrity, and memory should be compared as
distinct outcomes.

AD-associated microglial responses combine changes in homeostatic expression, lipid
handling, lysosomal activity, antigen presentation, interferon responses, and stress in
proportions that vary by model, pathology, and region. Inducible microglial deletion of
Havcr2, encoding the immune checkpoint TIM-3, reduced plaque burden and improved
Y-maze performance in 5xFAD mice; transcriptomic analyses dissociated phagocytic from
inflammatory programs [62]. Program composition and tissue context must therefore be
defined before function is inferred from a DAM label. Supplementary Table S3 summarizes
clinical groups, clinicopathological comparisons, and model time courses.

3.2. Glial and Neurovascular Unit Remodelling in AD

Multiregion snRNA-seq of 48 ROSMAP donors identified regional differences in glial
expression and astrocytic programs associated with cognitive resilience [63]. A human
multimodal atlas combining snRNA-seq with epigenomic and MERFISH assays reports
disease-linked molecular changes in astrocytes, oligodendrocytes and their precursors,
neurons, and other non-neuronal cells [42].

Astrocytes are an important part of this setting. Protoplasmic astrocyte abundance
and reactive programs increased in the early, low-pathology epoch of the pathology-
ordered human atlas, with continued gliosis at greater pathology [42]. In snRNA-seq of
living cortical biopsies, WIF1-expressing astrocytes showed expression programs related to
antioxidant responses, lysosomes, and fatty-acid degradation at low Aβ burden, whereas
CHI3L1/GFAP astrocytes had higher relative abundance in the biopsy group with both
Aβ and pTau pathology [41]. In snRNA-seq of 5xFAD mice, disease-associated astrocytes
(DAAs) expressing Gfap, Vim, and Serpina3n represented a larger fraction of profiled
astrocyte nuclei at 4–5 months than at 1.5–2 months, with higher proportions across older
sampled 5xFAD cohorts [64]. Related DAA-like profiles also occur in older WT mice, and
the human DAA-like assignment relied on cross-species transcriptomic mapping [64]. The
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DAA label therefore describes a disease-enriched response rather than a state proven to be
exclusive to AD.

Spatial studies show that microglial and astrocytic programs vary across sampled
pathological regions [48,49], and human AD tissue can contain plaque–glia niches with
different glial abundance and molecular features around Aβ plaques [47]. As a func-
tional complement to the transcriptomic descriptions of astrocyte states, experiments in
primary mouse astrocytes provide evidence for atypical chemokine receptor 3 (ACKR3)-
mediated recognition of CXCL12 bound to phosphatidylethanolamine at synaptic terminals
in vitro [65]. Compared with age-matched controls, human post-mortem AD hippocam-
pus showed increased ACKR3 and CXCL12 protein signals, whereas astrocyte-targeted
Ackr3 knockdown in 5xFAD mice reduced synaptic engulfment, preserved synaptic mark-
ers, and improved spatial working memory [65]. The intervention establishes a model-
specific functional link; the human observation alone does not establish pathological
synapse elimination.

A separate perturbation example concerns astrocytic signal transducer and activator
of transcription 3 (STAT3). Astrocyte-selective Stat3 deletion in APP/PS1 mice reduced
brain IL-1β and TNF-α levels and enhanced microglial Aβ uptake [66]. These outcomes
support a model-specific astrocyte–microglia interaction; they do not establish the same
mechanism in human AD.

Oligodendroglial and myelin changes can alter the local environment in which im-
mune cells respond to AD pathology. The human atlas identified early oligodendro-
cyte precursor cell (OPC) differentiation and remyelination programs, followed along the
pathology-derived trajectory by reduced OPC differentiation and oligodendrocyte myelin-
associated expression [42]. In mouse amyloidosis models with myelin defects, increased
Aβ deposition was accompanied by reduced microglial clustering around plaques [67].
These results link myelin integrity to microglial plaque engagement and amyloid handling,
complementing the human cell state observations.

The neurovascular unit also shows cell type-specific changes in AD. Yang et al. used
vessel-enriched snRNA-seq to profile 143,793 nuclei from 25 hippocampal and superior
frontal cortical samples from 9 individuals with AD and 8 with no cognitive impairment [68].
They found lower representation of vascular cells in AD, particularly matrix-maintaining
pericytes, with histological support for reduced vascular cell density. AD-associated expres-
sion changes were strongest in mural cells and involved vasoconstriction-related pathways
in mural cells and fibroblasts. A separate genotype comparison identified endothelial
interferon response enrichment in APOE4 carriers [68]. These findings connect vascular
maintenance, blood flow regulation, and inflammatory signalling, while highlighting re-
gional and cellular heterogeneity. They provide candidate mechanisms rather than direct
measurements of barrier permeability or immune cell entry [50,68].

Reanalysis of ROSMAP and SEA-AD snRNA-seq detected no significant T-cell en-
richment in prefrontal cortex or hippocampus, while reproducing enrichment in middle
temporal gyrus [69]. This regional difference and the limited recovery of rare cells caution
against generalizing T-cell enrichment across the AD brain.

Cellular origin also matters. Mouse lineage-tracing work distinguishes monocyte-
derived disease-inflammatory macrophages (DIMs) from resident DAM; overlapping
inflammatory signatures do not establish a shared origin or function [70]. Supplementary
Table S4 summarizes representative markers, programs, and evidence contexts for the
populations discussed here.
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3.3. Pathology-Linked Spatial Niches

Spatial transcriptomics places cell states defined by scRNA-seq or snRNA-seq within
sampled tissue structures at a scale determined by the assay. The findings below distinguish
spatially measured expression and cellular localization from anatomical sampling and
computational inference.

3.3.1. Aβ Plaque-Associated Glial Niches

Aβ plaques are among the best-supported pathological structures in AD spatial omics.
In separate AppNL-G-F mouse age cohorts, spot-based spatial transcriptomics (100 µm tis-
sue domains), cellular in situ sequencing, and RNAscope showed that the oligodendrocyte-
enriched (OLIG) module increased under mild local Aβ exposure at 3 months, with regional
variation, whereas plaque-induced gene (PIG) programs involving complement, lysosomal,
and inflammatory pathways strengthened between 6 and 12 months [48]. In 5xFAD mice
profiled with ~55 µm Visium spots and tissue staining, white matter glial signatures were
prominent at 3 months, when some Aβ was already present but grey matter plaque accumu-
lation was not yet pronounced. Grey matter reactivity was more extensive at 7 months [49].
In the human cohort studied by Avey et al., including AD and cognitively unimpaired
donors, ~55 µm Visium spots registered to immunostaining on adjacent sections define
plaque–glia categories that differ by Aβ burden and glial enrichment. Glia-high regions
show stronger glial reactivity, inflammatory, and neurodegeneration-related programs,
whereas some low-Aβ regions show more prominent neuronal loss features [47]. These
local differences describe plaque environments in the sampled AD and cognitively unim-
paired donor cohort, rather than successive clinical stages. Plaque type, Aβ burden, glial
abundance, and local tissue state may covary. These spatial associations do not estab-
lish that local pathology causes immune reorganization or that low Aβ burden itself is
protective or harmful.

Human Visium and targeted Xenium data further distinguish responses to Aβ from
changes associated with additional tau pathology. In octogenarian cortex, the study-
defined early-PIG programs enriched for complement and TREM2–TYROBP signalling
accompanied Aβ-rich, pTau-poor tissue, whereas late-PIG programs involving MHC-II
and CD74 were stronger where Aβ and pTau co-occurred [43]. Octogenarians without
dementia showed early-PIG responses without the late-PIG program. However, late-PIG
activation also occurred around Aβ-rich, pTau-poor plaques in the centenarian cohort,
which was selected for cognitive resilience at enrolment but included variable cognition
near death; the program is therefore not dementia exclusive. The early-PIG and late-PIG
labels denote local pathology-associated programs, not observed longitudinal transitions
or an intervening MCI state.

CosMx and Stereo-seq mapping in AppNL-G-F mice resolved microglia-dense and
microglia-sparse plaque niches, with region-dependent astrocytic expression changes [71].
The expression and ligand–receptor analyses identify candidate interactions rather than
establish neuronal toxicity.

Plaque-proximal microglia are functionally diverse. In 5xFAD mice, microglial Atg7
deletion disrupted autophagy, promoted cellular senescence, reduced engagement with
Aβ plaques, and aggravated plaque-associated neuritic injury [72]. LAMP1 staining in this
amyloid model identifies dystrophic neurites near plaques; it is not a direct measure of tau
pathology [72]. Plaque handling, phagocytosis, stress, and inflammatory programs can
therefore coexist without defining a uniformly harmful population.
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3.3.2. Tau-Associated Tissue Environments

In human post-mortem middle temporal gyrus, Visium profiling (~55 µm spots)
followed by cellular RNAscope and AT8 staining for phosphorylated tau showed higher
SPP1 RNA in microglia near tau-positive neurofibrillary tangles and neuropil threads than
in microglia farther away. Astrocytes near these tau-positive structures also showed higher
CD63 and CRYAB RNA levels [73].

In human superior frontal cortex, Visium (~55 µm spots), single-nucleus RNA se-
quencing, and targeted, cell-segmented Xenium imaging linked areas with abundant
phosphorylated tau to microglial expression of antigen-presentation genes. Immunostain-
ing identified major histocompatibility complex class II (MHC-II)-expressing microglia
beside neuritic plaques containing phosphorylated tau [43]. These human findings are
cross-sectional, and coexisting Aβ limits attribution to tau alone. Similar immune programs
in centenarians with little tau pathology also argue against tau specificity [43].

In PS19 mice expressing human P301S tau, targeted, cell-segmented CosMx RNA
imaging mapped disease-associated microglia to affected hippocampal and piriform re-
gions. The Christchurch variant in mouse Apoe reduced tau-associated glial responses and
partially mitigated tau-induced synaptic and myelin loss without reducing tau accumula-
tion [74]. Spatial protein measurements supported these model-specific findings [74]. They
suggest that glial reactivity and tissue injury can be partly dissociated from tau burden in
this model, while requiring human validation.

3.3.3. Vascular and Perivascular Niches

Vascular and perivascular interfaces provide another setting for AD-associated cellular
changes. Vessel-enriched human snRNA-seq resolved endothelial, mural, and fibroblast
populations and identified selective vulnerability of matrix-maintaining pericytes in AD,
with histological support for vascular cell loss [68]. This atlas complements broader vascular
syntheses [50] and links cell identity to the vascular compartment, although it does not
map immune programs as a function of plaque–vessel distance. In mice exposed to Aβ and
in Tg2576 mice, depletion of perivascular macrophages reduced vascular reactive oxygen
species and restored cerebral blood flow responses. Bone marrow chimera experiments
implicated macrophage cluster of differentiation 36 (CD36) and NADPH oxidase 2 (NOX2)
in the vascular effects of Aβ [75]. These functional experiments link perivascular innate
immunity to neurovascular dysfunction through an oxidative signalling pathway.

3.3.4. Brain Border Immune Environments

Brain borders are anatomical interfaces between the CNS and peripheral immunity.
Single-cell and single-nucleus profiling with spatial RNA and protein mapping has re-
vealed ventricle- and age-dependent cell programs in the mouse choroid plexus, including
increased IL-1β-related expression in resident macrophages during ageing [29]. This at-
las provides a cellular and spatial framework for examining central–peripheral immune
interactions, although it does not characterize AD-specific border states.

Spatial studies establish plaque–glia niches in AD [47,48], while vascular [68] and
brain border [29] evidence identifies additional tissue interfaces whose ageing–AD cor-
respondence is less directly resolved. Figure 3 summarizes the disease-associated states,
multicellular changes, and pathology-linked niches discussed here. Its brain border panel
provides anatomical context rather than an AD-validated immune niche. Tau-associated
tissue environments and their evidence limits are discussed separately in Section 3.3.2.
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Figure 3. AD-associated immune states and pathology-linked tissue environments. (A) Disease-
associated microglial programs and altered adaptive immune populations. The exhausted-like
signature is transcriptomic; reduced Aβ uptake refers to a mouse assay, whereas metabolic changes
are inferred. (B) Microglia, astrocytes, oligodendroglial lineages, and vascular cells show pathology-
associated cellular and transcriptional changes. (C) Plaque-associated glial niches illustrate local
organization around Aβ pathology; vascular and perivascular panels identify additional tissue
interfaces. The brain border panel provides anatomical context because the cited border study
does not establish an AD-specific niche. Symbols: endothelial cells, pink/red; pericytes, purple;
astrocytic endfeet, orange; choroid-plexus epithelium, blue; macrophages, purple. Vascular purple
dots denote peripheral immune context. Lines label cells or anatomical locations, and backgrounds
group panels; neither implies additional cell types or states, causal pathways, or temporal transitions.
Abbreviations: AD, Alzheimer disease; DAM, disease-associated microglia; APOE, apolipoprotein E;
Aβ, amyloid-beta; BBB, blood–brain barrier; CNS, central nervous system; CXCR6/CXCR3, C-X-C
chemokine receptors 6/3; PD-1, programmed cell death protein 1; CD4/CD8/CD127, cluster of
differentiation 4/8/127. Superscript + denotes marker positivity.

Spatial assays describe co-occurrence in sampled tissue rather than demonstrated cell
communication. Ligand–receptor analyses identify candidate expression relationships.
Appropriate perturbation experiments can provide evidence for specific mechanisms, with
conclusions restricted to the tested species, model, and functional endpoint.

Methodological resolution also matters. The ~55 µm Visium spots used in the cited
white matter [18], dentate gyrus [25,26], and human plaque [47] studies contain mixed-cell
signals. In the mouse plaque study, 100 µm discovery domains were followed by cellular
validation, including a plaque-proximal ring within 10 µm of Aβ-positive areas [48]. These
are different sampling and validation scales. Smaller barcode features do not guarantee
whole-cell profiles: transcript sparsity, binning, segmentation, and tissue processing also
determine effective resolution [19]. Deconvolution estimates cell type contributions rather
than cell contact. Imaging can support localization or proximity at the assay’s spatial scale,
but proximity alone does not establish functional interaction or causality.
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4. Shared Programs and Disease-Related Reorganization in Normal
Ageing and AD

Comparing immune changes in ageing and AD can clarify which features recur and
which are associated with disease pathology. Ageing and AD-related studies report partly
overlapping microglial features and immune programs [22,45], while AD datasets also
identify disease-associated cell states, regulatory programs, and spatial niches. We use
reorganization to describe differences in cellular composition and spatial arrangement
between the compared conditions. This section examines the evidence for molecular
overlap and how its interpretation changes in the AD pathological setting.

4.1. Recurrent Immune Features and Molecular Programs Across Ageing and AD

Shared or recurrent programs in this review indicate the level at which correspondence
is supported: selected genes or proteins, a broader pathway, or a mapped transcriptional
profile. These forms of evidence are distinguished in Table 1. A shared program does not
require the same cluster name in every dataset, but it also does not establish identical cellu-
lar function. AD enrichment means a feature is more prominent in a tested disease setting;
AD specificity would additionally require evidence that it is absent from appropriately
sampled normal ageing and relevant non-AD conditions.

In mice, mass cytometry detected senescence-associated, TREM2-expressing features
in naturally aged, amyloidosis, and tauopathy settings [22]. An exhausted-like transcrip-
tional profile was characterized in ageing AD-model mice carrying human APOE alleles;
related profiles were mapped to normal mouse ageing datasets and human AD tissue [45].

WAM in aged mouse white matter and DAM originally identified in AD mouse
models share parts of a transcriptional program related to phagocytosis and lipid handling,
including Apoe, Cst7, and Lpl [23,44]. These overlapping features occur around different
substrates: degenerating myelin in the original WAM observations and amyloid plaques
in the original DAM study [23,44]. They support a molecular comparison between ageing
and AD, but do not establish that WAM and DAM are homologous populations or have
equivalent functions.

A mouse study comparing WT and AppNL-G-F mice at matched ages adds evidence
for disease enrichment of a recurrent response. Activated response microglia (ARM),
characterized by Apoe expression and lysosomal and immune response programs, were
proportionally more abundant in older independently sampled AppNL-G-F cohorts and
were also detected in old wild-type mice [76]. The reported proportions were 6%, 33%,
and 52% of profiled microglia at 3, 6, and 12 months in AppNL-G-F mice, respectively,
and 12% at 21 months in wild-type mice [76]. The study included age-matched genotype
comparisons that support disease enrichment, but the selected old WT and amyloidosis
percentages above refer to different ages and are not an age-matched AD effect size.

Interferon response programs recur in aged mouse and human AD microglia, although
pathway-level overlap need not involve identical gene sets or cellular functions [20,42].
DNA sensing is one possible cell-intrinsic route. In human SH-SY5Y cells, dysfunction
of phospholipase D3 (PLD3), a candidate late-onset AD risk gene product, caused lysoso-
mal mitochondrial DNA (mtDNA) accumulation, Toll-like receptor 9 (TLR9) signalling,
and cytosolic mtDNA accumulation with cyclic GMP–AMP synthase–stimulator of inter-
feron genes (cGAS–STING) activation. STING inhibition reduced autophagy-associated
abnormalities and amyloid precursor protein C-terminal fragment (APP-CTF) accumula-
tion [77]. Complementary experiments in aged mouse microglia linked cytosolic mtDNA
accumulation to cGAS–STING activation and showed that STING inhibition reduced type I
interferon-related gene expression [78]. These findings identify DNA sensing as a candidate
upstream mechanism in two distinct experimental systems.
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Related astrocytic responses recur as well. DAA-like profiles were detected in wild-
type mice at 13–14 months and accounted for up to 2% of profiled astrocyte nuclei in
the 20-month WT group, whereas DAAs were detected at younger sampled ages and
represented higher fractions in older sampled 5xFAD cohorts [64]. This comparison extends
the shared program framework beyond microglia. The human DAA-like assignment in
that study relied on cross-species mapping and does not establish an equivalent astrocyte
population in pathology-free elderly human brain. Together with interferon-responsive [20],
senescence-associated [22], and WAM-related [23] programs in normally aged mice, these
observations show that selected responses can occur without an AD amyloid model; they
do not establish onset before Aβ deposition in human AD.

In amyloid models, DAM-related changes accompany plaque development [44]. OLIG
expression is associated with mild local Aβ exposure, whereas PIG programs strengthen
with increasing plaque burden [48]. These findings distinguish responses in sampled
ageing groups from those accompanying established amyloid pathology; they do not
determine the corresponding onset order in humans. Supplementary Table S3 separates
clinical groups, pathology-derived ordering, and mouse sampling ages.

Most ageing datasets are derived from mice [18,20,23,34], whereas human studies often
focus on selected brain regions or cell types [24,26]. Applying mouse-derived signatures to
human data may produce apparent overlap that does not, on its own, establish conservation.
Phagocytic and lipid-handling programs show evidence of partial conservation, supported
by plaque-associated LPL-positive microglia in human AD [44] and related lysosomal and
lipid metabolism programs in human microglial populations [46]. WAM were characterized
in the white matter of aged mice [23], whereas human microglia show species-specific
transcriptional features [24]. Programs supported by observations in both species provide
stronger evidence of conservation than overlaps inferred mainly through signature transfer,
which remain provisional. A harmonized human–mouse myeloid taxonomy likewise
identified conserved broad phagocytosis, interferon, and antigen presentation programs
alongside species- and context-dependent fine clusters [79].

Direct human ageing datasets provide additional evidence without relying on mouse-
derived labels. In cognitively normal human dlPFC, snRNA-seq identified age-associated
increases in homeostatic astrocyte proportions and oligodendrocyte CDKN2A expression;
Visium showed senescence-associated gene modules enriched in layer 1 and white mat-
ter [32]. A lifespan atlas of 284 neurotypical dlPFC donors aged 0–97 years identified
late-life glial immune and interferon-related programs [28]. A separate four-region human
ageing study detected region-specific glial changes but did not identify DAM or DAA
states [40]. These observations indicate that recurrent immune programs need not corre-
spond to the same named states. The non-detection of DAM or DAA in the four-region
study should be interpreted in light of its small cohort and limited glial sampling [40].

4.2. Immune State and Spatial Reorganization in the AD Pathological Setting

Genetic deletion experiments revealed different effects of APOE loss in normal ageing
and the APP/PS1 AD model. In normally aged mice, deletion of Trem2 prevented the WAM
response, whereas WAM still formed after Apoe deletion. In APP/PS1 mice, however,
Apoe deletion reduced the proportions of microglia classified as WAM-like or DAM in
single-cell analyses [23].

Myelin integrity can influence amyloid pathology through neuronal and microglial
mechanisms. In mouse models combining myelin defects or demyelinating injury with
amyloidosis, myelin dysfunction altered APP processing and increased Aβ deposition.
Microglia engaged with damaged myelin clustered less around plaques, while single-
nucleus profiling distinguished related myelin damage-associated and amyloid-associated
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responses [67]. These findings link the substrate encountered by microglia to their distri-
bution and plaque-related activity. They connect myelin damage to amyloidosis in these
models, but do not show that WAM convert to DAM during normal ageing.

Temporal microglial responses also occur in experimental neurodegeneration. In the
inducible CK-p25 mouse model of neuronal p25 overexpression, microglia from separate
cohorts were profiled before induction and at 1, 2, and 6 weeks afterwards, revealing an
early proliferative response and later states carrying type I or type II interferon response
modules [80]. This study resolves responses to induced neuronal injury; it does not
define an AD amyloid stage sequence or establish when comparable programs appear in
preclinical AD, MCI, or dementia.

AD datasets identify disease-associated cell states and molecular programs [44,46].
In 5xFAD mice, the Christchurch variant in mouse Apoe enhanced plaque-associated
microglial responses; in PS19 mice, the same variant suppressed tau-associated glial re-
sponses [74]. This difference illustrates pathology-dependent regulation. The findings
fit the broader pattern of overlapping molecular programs expressed in different cell
populations and tissue locations in ageing and AD.

AD spatial datasets report pathology-associated distributions of immune programs.
In normally aged mice, WAM enrichment and altered myelin-processing programs occur
in age-sensitive white matter [18,23]. In AD mouse models, spatial assays localize immune
programs around Aβ plaques [48], while one human Visium study reports plaque–glia
categories with distinct glial enrichment and expression patterns [47]. Vessel-enriched
human snRNA-seq provides complementary evidence of AD-associated vascular cell
vulnerability and transcriptional change, with tissue validation of cell abundance rather
than a spatially quantified immune niche [68].

The comparison identifies recurrent molecular programs deployed in different cell
populations and tissue settings. Phagocytic and lipid-handling programs occur in myelin-
associated responses in aged mouse white matter [23] and plaque-associated microglial
responses in amyloidosis models [44,48].

Table 1 compares recurrent molecular features in myelin- and plaque-associated tis-
sue [23,44,48] and extends the comparison to tau-associated environments [43,73,74]. Vas-
cular and brain border findings are included where corresponding ageing and AD states
remain less directly resolved.
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Table 1. Cell states, molecular programs, and tissue contexts compared between physiological ageing and AD.

Feature and Comparison Status Physiological Ageing AD or Pathology-Associated
Observation Spatial Context Species, Assays, and Interpretation Limits

Microglial phagocytosis and lipid
handling
Recurrent selected genes; state
homology unresolved

WAM carry Apoe-, Cst7-, and
Lpl-related programs; ARM occur in old
WT mice [23,76]. The
Apoe/Csf1-expressing MG-9
subpopulation expands at
21 months [81].

DAM/WAM-like profiles in amyloidosis
models share selected genes; ARM
expand across the AppNL-G-F age
series [23,44,76]. MG-9 expands in
3-month-old 5xFAD mice [81].

WAM: myelin-containing white matter
nodules. DAM and ARM:
plaque-proximal tissue in amyloidosis
models [23,44,76]. MG-9 expansion is
based on nuclear profiling rather than
independent niche validation [81].

Mouse scRNA-seq and tissue
validation [23,44,76]; MG-9: EasySci-RNA
snRNA-seq [81]. Trem2 deletion prevents the
aged-mouse WAM response; Apoe deletion
preserves WAM in normal ageing but
reduces WAM-like/DAM proportions in
APP/PS1 [23]. Shared genes do not establish
equivalent states or functions.

Interferon response
Recurrent pathway

Aged mouse microglia express Ifit2, Ifit3,
and Oasl2; ventricular wall cells also
show interferon responses [20]. Human
neurotypical dlPFC shows late-life
immune/interferon-related glial
programs [28].

Human AD microglia upregulate
interferon response genes including
IRF1, IRF7, and IFI16 along
pathology-derived
pseudoprogression [42].

Mouse regional sampling and
third-ventricle wall in situ signals [20];
human dlPFC ageing [28] versus AD
MTG/A9 sampling [42]. No single
common interferon niche is established.

Mouse 10x scRNA-seq/Resolve molecular
cartography [20]; human snRNA-seq [28,42].
The correspondence is at pathway level
across species and regions, without identical
gene sets, functions, or matched abundance.

Microglial senescence and stress
features
Selected protein recurrence; other
stress models remain distinct

TREM2-positive microglia show
p16INK4a-, p19-, and DNA
damage-related features in naturally
aged WT mice [22]. S100a8/S100a9-high
microglia occur in 9-month-old SAMP8
accelerated-ageing mice, which are a
separate model from natural WT
ageing [82].

Related senescence-associated features
occur in 5xFAD and DMhTAU mice [22].
At 18 months, plaque-free
hAβ-KI/Abi3S212F double-homozygous
mice have lower IBA1-positive
microglial density than
hAβ-KI controls [57].

Naturally aged mouse brain and 5xFAD
cortex [22]; SAMP8 hippocampus [82];
hippocampus/cortex in the
hAβ-KI/Abi3S212F comparison [57].

CyTOF/IF [22]; SAMP8 CITE-seq and
S100A8 staining [82]; IBA1 immunohistology
in the ABI3 model [57]. These observations
concern different proteins, models, and
survival-related readouts; they do not define
one shared stress state or
AD-exclusive phenotype.

Exhausted-like TIM transcriptional
profile
Recurrent mapped profile;
age/genotype enrichment

TIM-related labels increase with age in a
normal mouse ageing atlas; this
comparison uses transcriptomic label
transfer [45].

TIM accumulate in aged
5xFAD/human-APOE mice; related
human AD profiles are detected using
snRNA-seq and Xenium [45].

Mouse cortex/hippocampus and
targeted human cortical profiling,
including plaque-containing tissue [45].

Mouse scRNA-seq and snRNA-seq/ATAC
multiome; human snRNA-seq reanalysis and
Xenium [45]. Reduced Aβ uptake was
measured in mouse microglia. Both human
genotype groups had AD.

Astrocytic responses and DAA-like
profiles
Recurrent response; state
equivalence provisional

Reactive/complement programs occur
in aged mouse white matter [18];
DAA-like profiles occur in older WT
hippocampus [64]. Homeostatic
astrocyte subcluster proportions are
higher in older cognitively normal
human dlPFC donors [32].

DAA profiles are detected in younger
sampled 5xFAD age groups [64]; human
AD shows reactive astrocytes and
heterogeneous plaque–glia
niches [42,47]. The trophic-factor-rich
astTinf subcluster decreases across
increasing human AD neuropathology
stages [83].

Ageing: mouse white
matter/hippocampus and human dlPFC.
Amyloidosis: 5xFAD
subiculum/plaque-adjacent tissue.
Human AD: cortical plaque tissue and
five-region astrocyte
sampling [18,32,47,64,83].

Mouse Visium/IF [18]; mouse
snRNA-seq/IF with human snRNA-seq
mapping [64]; human snRNA-seq/
MERFISH [42], Visium [47], and
astrocyte-enriched snRNA-seq [83]. Human
DAA-like assignment in [64] uses
cross-species mapping; these findings do not
establish one shared astrocyte state.
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Table 1. Cont.

Feature and Comparison Status Physiological Ageing AD or Pathology-Associated
Observation Spatial Context Species, Assays, and Interpretation Limits

Oligodendroglial and myelin
responses
Tissue-level correspondence; state
equivalence unresolved

Aged mouse white matter has reduced
MBP/CNPase staining [18]. OLG-7
proportions increase and C4b/Serpina3n
RNA is enriched near the SVZ in aged
WT mice [81]. Oligodendrocyte
CDKN2A RNA increases with age in
normal human dlPFC [32].

The OLIG module increases with mild
local Aβ accumulation in 3-month-old
AppNL-G-F mice but can decline in the
highest-burden regions [48]. Human
MTG/A9 Oligo_2/Oligo_4 relative
proportions decline earlier along inferred
AD progression, and OPC_2 later [42].

Ageing: mouse white matter/SVZ
vicinity and human dlPFC. AD:
amyloid-model plaque-related tissue
and human MTG/A9 regional
sampling [18,32,42,48,81].

Mouse staining [18], EasySci-RNA
snRNA-seq/Visium [81], and spatial
transcriptomics/in situ validation [48];
human snRNA-seq [32,42]. OLIG is a gene
module; OLG-7 and human lineage clusters
are separate study-defined categories.
Similar tissue responses do not establish a
common state or matched age–AD effect.

Plaque–glia niches
Aβ-associated spatial organization

The cited natural ageing studies do not
define a matching plaque-centred niche.
Absence from those studies does not
demonstrate AD-exclusive biology.

Plaque-induced complement, lysosomal,
and inflammatory programs occur in
AppNL-G-F mice; human AD shows
heterogeneous glia-high/glia-low
plaque niches [47,48].

Aβ plaques and surrounding glial tissue,
evaluated directly with spatial
assays [47,48].

AppNL-G-F spatial transcriptomics/in situ
sequencing and human cortical Visium with
tissue staining [47,48]. Local niche categories
are not clinical stages or tests of
causal interaction.

Tau-associated glial tissue
pTau-associated context;
attribution incomplete

A matched physiological ageing
immune niche has not been established.
The centenarian cohort in [43] also had
Aβ pathology.

Higher microglial SPP1 RNA occurs near
AT8-positive tangles/threads [73];
antigen-presentation programs occur in
pTau-rich human tissue [43]; CosMx
maps DAM in PS19 tauopathy [74].

Human MTG and superior frontal cortex;
PS19 hippocampus/piriform
cortex [43,73,74].

Human Visium, RNAscope, AT8 IF,
snRNA-seq, and Xenium; mouse
CosMx/spatial protein assays [43,73,74].
Coexisting human Aβ and cross-sectional
sampling limit tau-only attribution. PS19 is a
tauopathy model, and similar human
programs in low-tau centenarians
limit specificity.

Vascular and perivascular responses
Selected transport/immune changes;
state correspondence unresolved

Aged WT mice show endothelial
immune/cytokine transcriptional
changes, lower capillary Mfsd2a
expression and increased cortical
vascular tracer leakage [84].

Human AD is associated with reduced
representation of matrix-maintaining
pericytes and cell type-specific vascular
expression changes; APOE4 carriers
show endothelial interferon
responses [68]. Human AD bulk RNA
reanalysis also shows lower
MFSD2A/SLC2A1 expression [84].

Ageing: mouse brain endothelial
sampling excluding the cerebellum, with
permeability imaging of somatosensory
cortical vessels [84]. Human AD:
hippocampus and superior frontal
cortex; vascular cell density validated in
hippocampal tissue [68]. Neither study
quantifies a glia–vessel or glia–plaque
distance-defined niche.

Mouse scRNA-seq/qPCR/two-photon
permeability imaging and separate human
bulk RNA reanalysis [84]; vessel-enriched
human snRNA-seq with
immunohistochemistry [68]. These studies
address different cell populations and
outcomes; they do not establish equivalent
ageing and AD endothelial states or human
BBB functional failure.

Brain border myeloid populations
Age-associated expression; AD
correspondence unresolved

Resident choroid-plexus macrophages
show increased Il1b expression with age;
IL-1β protein labelling provides tissue
localization [29].

A matching AD-associated population
was not established by the choroid
plexus ageing atlas [29].

Choroid plexuses of the lateral, third,
and fourth ventricles [29].

Mouse scRNA-seq/snRNA-seq with spatial
RNA and protein mapping [29]. The atlas
samples development and normal ageing,
rather than an AD model; correspondence
with AD border states remains unresolved.
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Table 1. Cont.

Feature and Comparison Status Physiological Ageing AD or Pathology-Associated
Observation Spatial Context Species, Assays, and Interpretation Limits

Brain CD8 T cells and
neighbourhood responses
Compartment-specific responses;
equivalent function unresolved

Aged white matter contains
CD8-associated IFN-responsive
oligodendrocytes and microglia;
Rag1/Cd8a deficiency reduces these
responses and is associated with higher
oligodendrocyte density [30].
Cxcl10/Cxcr3 perturbations reduce
T-cell accumulation and axonal
injury [31]. Nearby oligodendrocytes
have older predicted transcriptomic
ages [85].

In 5xFAD, Cxcr6 deficiency reduces
brain CD8 T cells and worsens Aβ
deposition/cognition [58].

Ageing white matter/optic nerve and
T-cell neighbourhoods; amyloidosis
plaque-adjacent
parenchyma [30,31,58,85].

Mouse scRNA-seq, tissue imaging, and
MERFISH/imputation [30,31,85]; genetic or
immune cell perturbations and behavioural
tests [30,31,58]. Predicted transcriptomic age
is an association measure. Differing
interventions and endpoints do not establish
one fixed T-cell function across contexts.

Human blood/CSF CD4 T-cell
findings
Lineage and compartment
correspondence unresolved

A physiological-ageing counterpart
matched for T-cell lineage and
compartment is not established by the
cited comparison.

CXCR3+CD127+ CD4/Th1-associated
changes are reported in human
blood/CSF [59].

Blood and CSF are distinguished from
the brain parenchymal CD8 observations
above [59].

Blood CyTOF and CSF scRNA-seq
reanalysis [59]. These findings do not
establish the same state as aged brain CD8 T
cells or an equivalent human
protective mechanism.

Comparison labels distinguish molecular recurrence, pathology-associated localization, and unresolved state correspondence. Anatomical sampling is distinguished from directly imaged
niches. Each row specifies the species and natural ageing, accelerated ageing, or pathology setting. Abbreviations: AD, Alzheimer disease; ARM, activated response microglia; BBB,
blood–brain barrier; CITE-seq, cellular indexing of transcriptomes and epitopes by sequencing; CSF, cerebrospinal fluid; CyTOF, cytometry by time of flight; DAA, disease-associated
astrocytes; DAM, disease-associated microglia; dlPFC, dorsolateral prefrontal cortex; IF, immunofluorescence; MG-9, Apoe/Csf1-expressing microglial cluster 9; MTG, middle
temporal gyrus; OLIG, oligodendrocyte-enriched gene module; OPC, oligodendrocyte precursor cell; pTau, phosphorylated tau; qPCR, quantitative polymerase chain reaction; SAMP8,
senescence-accelerated mouse prone 8; scRNA-seq, single-cell RNA sequencing; snRNA-seq, single-nucleus RNA sequencing; SVZ, subventricular zone; Th1, type 1 T helper; TIM,
terminally inflammatory microglia; WAM, white matter-associated microglia; WT, wild type.
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5. Translational Implications of Single-Cell and Spatial Transcriptomics
5.1. Biomarker Development and Patient Stratification

Cell and spatial signatures can prioritize biomarker candidates by linking molecular
signals to their cellular and anatomical context [47,59]. Human spatial transcriptomics
identifies plaque–glia niches with different cellular composition and molecular programs,
supported by histological and cellular model analyses [47]. Plaque-associated signals
also depend on local Aβ burden and glial enrichment [47]. In human immune profiling,
peripheral blood CXCR3+CD127+CD4+ T-cell abundance was inversely associated with
plasma neurofilament light in AD in an APOE ε4-dependent analysis [59]. This peripheral
association should be distinguished from the increased frequency of the corresponding
cells reported in CSF [59]. For patient stratification studies, candidate immune signatures
should be evaluated across Aβ/tau pathological status, APOE genotype, and clinical stage.
Validation should test whether they improve prediction beyond established pathological
biomarkers and clinical information. Independent longitudinal cohorts are needed to
determine the clinical value of tissue, blood, and CSF candidates [47,59].

5.2. Mechanism-Based Therapeutic Priorities

Functional experiments prioritize candidate intervention mechanisms within defined
pathological settings. In PS19 tauopathy mice, inducible human wild-type TREM2 over-
expression enhanced a disease-associated microglial program, with modest effects on
detergent-soluble pTau and limited neuronal preservation; other tau measures were un-
changed [56]. In 5xFAD mice, Cxcr6 loss reduced brain CD8-positive T-cell accumulation
and residency, increased Aβ levels, and impaired memory [58]. In co-cultures derived
from this model, CD8-positive T cells reduced stimulated microglial TNF-α and pro-IL-1β
expression [58]. These findings identify candidate receptor and cellular functions for inter-
vention, with treatment timing, cellular specificity, and human efficacy remaining priorities
for investigation.

Pharmacological evidence provides a complementary test of glial targets. In APP/PS1
mice, six weeks of systemic treatment with the STAT3 inhibitor SH-4-54 reduced the fraction
of pSTAT3-positive peri-plaque astrocytes, improved spatial learning, and attenuated neu-
ronal hyperactivity [66]. Total plaque load and dystrophic neurite area were unchanged [66].
This preclinical result supports pharmacological modulation of STAT3-associated reactivity,
while systemic dosing does not establish astrocyte-specific action or human efficacy.

5.3. Clinical Investigation and Translational Boundaries

Clinical immune modulation provides related context, although the cited sar-
gramostim studies were not directly derived from single-cell or spatial findings [86,87].
In the official registry snapshot checked on 20 October 2026, the phase 2 SESAD trial
(NCT04902703) was listed as recruiting [86]. It is a separate study from the earlier pub-
lished 40-participant trial, whose primary endpoint was safety [86,87]. That trial reported
exploratory changes in Mini-Mental State Examination scores and increased plasma Aβ40
with decreased total tau and ubiquitin C-terminal hydrolase L1 (UCH-L1); cognitive out-
comes were not uniformly improved [87]. These findings require confirmation in larger
studies and do not establish disease modification or clinical validation of an omics-defined
target [87].

TREM2 agonism has also been tested clinically. In the phase 2 INVOKE-2 trial
(NCT04592874), involving 381 participants with early AD, AL002 reduced cerebrospinal
fluid (CSF) soluble TREM2 (sTREM2) and increased osteopontin, supporting target en-
gagement and a central pharmacodynamic response [88]. However, the primary Clinical
Dementia Rating–Sum of oxes (CDR-SB) endpoint was not met, and amyloid-related
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imaging abnormality (ARIA)-like changes were observed on magnetic resonance imaging
(MRI) [88]. These results show that target engagement and biomarker responses do not
establish clinical benefit.

Supplementary Table S5 distinguishes candidate markers, mechanistic readouts, and
treatment-response measures across these studies, together with their evidence limits.

6. Summary and Future Directions
Single-cell and spatial transcriptomics identify partly overlapping immune-related

gene programs in brain ageing and AD, alongside differences in cell state composition and
tissue localization. Phagocytic and lipid-handling features recur in myelin- and plaque-
associated settings. Tau-associated and vascular findings broaden the comparison, although
tau specificity and correspondence with normal ageing remain unresolved. Their func-
tional interpretation requires attention to cellular origin, genotype, local pathology, and
experimental setting; shared expression or a disease-associated label alone cannot establish
functional equivalence or distinguish protection from harm.

The reviewed studies do not provide a common quantitative measure of ageing–AD
state overlap. Cell fractions depend on the cells recovered, their denominator, and cluster
definitions; spatial enrichment depends on region, assay resolution, and distance from
pathology. Cross-study percentages therefore cannot be treated as interchangeable. Most
human evidence is cross-sectional or post-mortem, and a non-demented clinical label does
not establish a pathology-free ageing reference. Atlas expansion alone cannot resolve the
temporal order or causal roles of the observed states.

Targeted comparisons should match human cohorts by age and region; quantify Aβ,
tau, and vascular pathology alongside cognition and genotype; use comparable cell state
definitions; and validate selected signatures in situ. State proportions should include
donor-level uncertainty and explicit cell type denominators. Spatial analyses should report
enrichment with distance from plaques, tangles, or vessels and separate local pathology
from regional effects. Relevant non-AD neurodegenerative and inflammatory controls are
needed before claiming AD specificity. Longitudinal observations and perturbation studies
can then test whether recurrent programs change function during disease or contribute
to susceptibility.

Emerging approaches can strengthen these designs. Spatial multi-omics could co-map
transcripts, chromatin, and proteins within pathological niches. Proteogenomics could
connect gene and transcript variation to protein abundance or modification. Longitudinal
human studies should combine repeated fluid biomarkers and imaging with clinical out-
comes since repeated brain sampling is generally impractical. Integrative systems biology
could link cell state, spatial, genetic, and clinical data to prioritize networks for perturba-
tion, while accounting for batch effects, incomplete modality overlap, and the non-causal
nature of inferred interactions. Translation will require reproducibility in independent
human cohorts and functional validation that separates target engagement and biomarker
responses from clinical benefit.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biom16111562/s1, Table S1: Primary study evidence; Table S2:
Selected cell populations and states described in brain ageing; Table S3: Stage-related glial and
inflammatory findings in representative human studies and mouse models; Table S4: Selected cell
populations, states and lineage programs described in AD; Table S5: Biomarker candidates and
therapeutic directions related to single-cell and spatial findings in AD. References [7,11,12,18–49,51–
59,62–74,76–88] are cited in the Supplementary Materials.
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