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Abstract

Microglia, the resident macrophages of the CNS parenchyma, are 
recognized as highly plastic, transcriptionally diverse cells whose 
phenotypes are moulded by development, region, sex, age, genotype 
and environment. Advances in single-cell and single-nucleus 
transcriptomics, chromatin accessibility profiling, and spatial multi- 
omics have negated binary frameworks of ‘resting versus activated’ or 
‘M1 (pro-inflammatory) versus M2 (anti-inflammatory)’ and revealed 
a multidimensional state space that supports brain development, 
homeostasis and adaptive responses to perturbation. Building on 
the foundational concepts of the microglial sensome, homeostatic 
and disease-associated signatures, microglia exhibit transcriptomic 
state transitions in neurodegeneration, demyelination, infection and 
systemic inflammation. Moreover, a mechanistic framework for more 
‘hidden’ microglial states has emerged, in which latent programmes 
that appear homeostatic at baseline are revealed by challenges and 
are instructed through innate immune training or tolerance. We argue 
that these covert reprogrammed states, which are shaped by ageing, 
genotype, sex, location and prior exposures such as sepsis or viral 
infection, help explain interindividual variability in disease trajectories. 
We conclude by outlining priorities for unifying state annotation across 
species and modalities, and for translating state-resolved insights into 
biomarkers and interventions.
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and microglia xenografted into the mouse brain13–19. Parallel work 
has further emphasized that names for microglial states should not 
conflate transcriptomic signatures with biological function, and that 
state labels should encode context to avoid generalization3. Indeed, 
evidence suggests that following exposure to environmental stimuli, 
some microglia continue to show resting-state behaviour while carry-
ing latent epigenetic changes that are only revealed upon rechallenge. 
We refer to these states as ‘hidden’.

In view of their central role as sentinels of the brain parenchyma, 
their contribution to CNS development, and the expanding evidence 
that microglia are at the centre of many neurodegenerative and neu-
roinflammatory disorders, it is critical that we understand microglia 
states, how they come to be, and how they affect CNS function.

In this work, we will first review microglial states in healthy 
brains from embryogenesis through ageing, highlighting conserved 

Introduction
In less than a decade, the field of neuroscience has pivoted from 
describing microglia as ‘resting’ sentinels that become generically 
‘activated’, to recognizing a broad, nuanced spectrum of transcrip-
tional and functional states that are tuned by developmental timing, 
brain region, sex, ageing, genotype and experience1–4 (see ‘Glossary’ for 
definitions). This conceptual shift was catalysed by intravital imaging 
revealing that microglia continuously sample and integrate signals 
from their microenvironment5,6. The advent of single-cell transcrip-
tomics and chromatin profiling (Box 1) in mouse and human tissues 
revealed previously unappreciated microglial heterogeneity and 
dynamism3,7–12, that is, different microglial states. These advances 
were complemented by experimental systems that permit perturba-
tion and causal testing, including primary and induced pluripotent 
stem cell (iPSC)-derived human microglia, organoid co-cultures 

Box 1 | Transcriptomic technologies
 

Bulk RNA sequencing: A method that identifies RNA molecules 
extracted from either tissue or a group of cells. These cells can be 
of different identities or a pool of (sorted) cells of the same type. 
The outcome is the average expression of genes within the sample. 
Advantages of this approach are sensitivity, in which typically up to 
20,000 genes are detected, and cost–effectiveness. Approaches 
to sequence either the full-length RNA or only the 3′ end, which 
precludes transcript variant detection, exist.

Single-cell and single-nucleus RNA sequencing: An approach 
that allows the detection of RNA molecules from individual cells or 
nuclei. Depending on the cell type and the tissue (that is, biopsy, 
post-mortem, fixed or frozen), the number of detected genes 
per cell can vary from 1,000 to several thousands. The development 
of techniques for sequencing of nuclear mRNA eliminated bias 
introduced by difference in capacity of cells to be isolated from 
fresh tissue, with the connotation that nuclei are a proxy for cells, 
but do not capture their full complexity118,119. Profiling of nuclei from 
frozen tissue allows for careful stratification and quality control of the 
samples. A major advantage of single-cell and single-nucleus RNA 
sequencing over bulk RNA sequencing is its power to show cellular 
heterogeneity at a high resolution. Computational tools to 
deconvolve bulk RNA sequencing data are available but depend on 
the quality of the used reference single nucleus and single-cell RNA 
sequencing data.

Spatial transcriptomics: Different techniques exist to explore spatial 
gene expression patterns in the context of tissue. Variations exist in 
the nature of the tissue analysed (frozen, fixed or FFPE), the level of 
detail obtained (ranging from subcellular resolution to spatial spots 
that generate mini-bulk data representing 1–20 cells or data from a 
larger region of interest), and the number of genes profiled (ranging 
from single genes to thousands of genes in probe-based assays to 
unbiased genome-wide information in RNA capture platforms). Most 
current platforms allow for the labelling of tissue to detect proteins 
or pathology of interest. Integrating spatial pathology features with 
gene expression data can be used to map gene activity changes 
related to local damage or pathology. Methods of analysis, including 
improved cell segmentation of the highly irregularly shaped cells 

of the CNS, are constantly improved, and this will aid in the 
understanding of microglial states in connection to pathology.

Long-read sequencing: Sequencing of full-length RNA molecules, 
directly or following cDNA conversion, can inform on variations 
in transcript structure and isoform, and their relative abundance. 
To detect changes in splicing of mRNA or to detect novel transcript 
variants, this technique sequences individual, long strands of RNA 
or cDNA without disrupting it. Therefore, the technique provides 
complete isoform information that is used to describe transcript 
changes over development or in disease. Long-read sequencing 
is typically done on bulk RNA samples; however, more recently, 
single-cell long-read approaches have been developed. Whether 
these transcript variants represent in vivo isoforms that result in 
altered cell proteomes is a layer of information that would require 
advanced, highly sensitive single-cell proteomics.

ATAC-seq: ATAC-seq (assay for transposase accessible chromatin 
using sequencing) can detect open regions of chromatin. These 
typically represent promoter and enhancer regions of actively 
transcribed genes. The assay can be performed on bulk samples, 
but single-cell approaches have also been developed, in which it is 
possible to measure the RNA and open chromatin from the same cell, 
to correlate gene expression and open chromatin.

Detection of modified histones: Different genomic regions 
are occupied by histones carrying specific post-translational 
modifications. These modifications come in many forms (most 
well-known are acetylation and methylation) and quantities 
(monomethylation, dimethylation, trimethylation) and are 
characteristic of genomic regions (promoter, enhancer, silent 
heterochromatin), but they also correlate with transcriptional activity. 
As such, the histone code contributes to gene expression profiles 
and dictates areas of the genome that are accessible or inaccessible 
to the transcription machinery. Several approaches have been 
developed to assess occupancy of modified histones, including ChIP 
(Chromatin Immunoprecipitation), Cut&Tag and Cut&Run Chromatin, 
all of which are epigenomic profiling methods that are instrumental in 
uncovering hidden microglial states.
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programmes. Then, we synthesize disease-associated state transi-
tions with special attention to human-relevant data and in vivo vali-
dation. Lastly, we formalize ‘hidden states’ as latent innate-immune 
memory programmes that remain silent at baseline but are unveiled 
upon challenge20. These memory-like states may profoundly shape 
microglial responses throughout lifespan, influencing susceptibility 
or resilience to neurological disease. Throughout, we prioritize studies 
with direct human evidence and those that bridge species gaps, aim-
ing to provide a framework that integrates mechanistic insight with 
translational relevance.

Microglial states in health
Developmental origin, colonization and early programmes
In mice, microglia derive from yolk sac erythro-myeloid progenitors 
that invade the neuroectoderm before blood–brain barrier closure and 
self-maintain thereafter with minimal haematopoietic input21–26, estab-
lishing a long-lived self-renewing population. Human microglia also 
probably originate from the yolk sac27, indicating that this primitive wave 
of myelopoiesis populates the central nervous system across species.

Most developmental data derive from rodent models and show 
that during development, microglia exist in a variety of states7,28–32 
(reviewed in ref. 33). A particular developmental state that has been 
reported across several rodent studies, axon tract-associated microglia, 
proliferative-region-associated microglia and youth-associated micro-
glia, shares features with a microglial state observed in disease28,31,34. 
This state, carrying a phagocytic signature, reflects the multifaceted 
role and plasticity of microglia: during development, it helps in actively 
sculpting the brain through synaptic pruning, clearing dead cells, and 
managing tissue integrity during morphogenesis.

The ontogeny of microglia imprints them with a distinct regula-
tory epigenome that records early-life exposures10,11. Microglia-specific 

gene expression is instructed by their microenvironment, and this is 
captured in specific epigenomic profiles10,11. Embryonic and early post-
natal microglia are proliferative, migratory and phagocytic, express-
ing cell-cycle and cytoskeletal genes (for example, Mki67, Ccnb1 and 
Actb), as well as genes encoding key components of the engulfment 
machinery (for example, MerTK and Gas6). During this period, they 
contribute to structural integrity35, axon guidance32, programmed cell 
death clearance, synaptic sculpting and angiogenesis, thereby coordi-
nating multiple facets of circuit assembly9,29. As myelination and synap-
tic refinement accelerate, lipid-handling and lysosomal gene modules 
(Apoe, Lpl and Ctsd) are engaged to process debris and membrane 
turnover during structural remodelling7,36.

Transition to homeostasis and the sensome
With maturation, microglia upregulate hallmark homeostatic genes 
(P2RY12, TMEM119, SALL1, CX3CR1, CSF1R) that are already detectable 
in fetal microglia by the late first trimester, suggesting that core fea-
tures such as immune sensing of microglia identity are established 
well before birth12,29,37,38. The homeostatic ‘sensome’ comprises a rep-
ertoire of receptors that sense neurotransmitters, lipids, complement 
and damage-associated patterns, enabling continuous surveillance 
of the parenchyma2,39. The composition of this sensome is not fixed: 
chromatin accessibility at sensome loci and receptor abundance are 
dynamically tuned by brain region, developmental stage, ageing and 
environmental experience10–12,40 (Fig. 1).

Regional heterogeneity
The microenvironment strongly shapes transcription factor activity, 
enhancer landscapes and downstream transcriptional programmes in 
microglia. Regional differences in metabolic, synaptic and immune 
milieus shape microglial transcriptomes across the brain. Most 
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Fig. 1 | Microglia during human lifespan. Microglia populate the central 
nervous system early in development. During maturation, they start to express 
the sensome, a plethora of receptors enabling their environment-sensing 
capacities and recording of early-life exposure to inflammation and stress 
in the epigenome. Following maturation, microglia perform homeostatic 
functions, and natural ageing induces loss of expression of homeostatic genes, 

including sensome genes, changes in their phagocytic capacity, and increased 
inflammation. To maintain CNS homeostasis throughout life, microglia mount 
a response to a wide variety of pathological stimuli, resulting in altered and 
sometimes maladaptive microglia function (indicated by red colour). Stimuli 
include pathology-induced damage in the case of diseases such as Alzheimer’s 
disease (AD) and multiple sclerosis (MS), inflammation and stress.
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prominently, a specific microglial state related to white matter devel-
opment and remodelling has been described28,34,41. White-matter micro-
glia are relatively enriched for lipid metabolism and myelin turnover 
programmes41,42, consistent with continuous engagement with oligo-
dendroglial cells and myelin debris, whereas grey-matter microglia 
emphasize synaptic surveillance and complement control42–44. Hip-
pocampal microglia often show higher ‘immune vigilance’, including 
elevated complement45 and cytokine receptor expression, aligning 
with the well-documented sensitivity of this region to age-related stress 
and pathology of Alzheimer’s disease. By contrast, cerebellar microglia 
display distinct bioenergetic and stress-response features that may 
confer relative resilience to neurodegenerative processes46–50. Such 
gradients in microglial profiles are subtle compared to the profound 
regional differences observed in neurons or astrocytes, but they are 
reproducible and probably carry meaningful functional consequences 
for microglial behaviour in situ.

Sex as a modifier of microglia
Sex differences pervade many aspects of microglial biology, yet they 
remain under-represented and often underpowered in most available 
datasets. Although no sex-specific microglial states have been reported, 
there are relevant differences between male and female microglia. 
In rodents, female microglia tend to mount stronger interferon and 
inflammatory transcriptional modules with ageing, whereas microglia 
in males may shift earlier in metabolic and mitochondrial programmes; 
endocrine contexts contribute to these trajectories51,52. One of the most 
extreme and functionally striking examples of sex-related differential 
microglia biology is that of their role in tactile allodynia: in male mice, 
the pathway runs through microglia and involves BDNF signalling to 
neurons, whereas in female mice, microglia appear uninvolved and 
alternative immune or neuronal pathways dominate53,54.

For human microglia, larger harmonized datasets are needed to 
disambiguate the intertwined effects of sex, age and brain region55,56. 
In view of the pronounced sex-based difference in prevalence, pro-
gression and outcome for many neurological and neuropsychiatric 
disorders, the translational implication is clear: sex should be modelled 
explicitly when annotating states and prioritizing targets.

Ageing, priming and lipid-droplet-accumulating microglia
Ageing progressively remodels microglial transcription programmes, 
their epigenomes and functions. Canonical homeostatic markers 
decline (P2RY12, TMEM119, SALL1), whereas interferon-stimulated 
genes (ISG15, IFIT1, MX1), oxidative stress and mitochondrial dysfunc-
tion modules rise, reflecting a shift towards a more inflammatory and 
energetically stressed phenotype28,37,38. Transcriptional profiling of 
human microglia across lifespan revealed that many genes that were 
dysregulated in relation to ageing encoded proteins of the actin 
cytoskeleton, suggesting impaired microglia surveillance during 
ageing37,57. These gene expression shifts do not occur homogene-
ously across all microglia. Notable ageing-associated states include 
lipid-droplet-accumulating microglia, which are defined by intracel-
lular neutral-lipid stores, impaired phagocytotic capacity, increased 
production of reactive oxygen species, and pro-inflammatory cytokine 
secretion58. In the white matter, ageing drives increased occurrence of a 
state called white-matter-associated microglia that shares marker gene 
expression with disease-associated microglia (DAM) yet is restricted 
to the white matter and probably occurs in response to degenerat-
ing myelin41. The relevance of such physiological microglial states is 
evident from studies in mice. Genetic approaches demonstrated that 

maladaptive activation of microglia in ageing results in T cell-mediated 
damage to myelinated axons and the impairment of brain function59. 
Ageing-associated microglia changes probably have molecular under-
pinnings rooted in the regulatory epigenome as ATAC-seq (assay for 
transposase accessible chromatin using sequencing) and histone-mark 
profiling have revealed enhancer and promoter remodelling at inflam-
matory and sensome genes, consistent with the concept of ‘priming’, 
which is an epigenetically poised configuration that exaggerates or 
accelerates responses to subsequent challenges46,60–62. Functionally, 
aged microglia clear debris less efficiently, show altered motility, and 
may over-prune synapses under increased inflammatory tone, thereby 
contributing to cognitive decline and network instability.

Environmental and systemic modulators
Microglia continuously integrate neuronal, glial, vascular and systemic 
signals even in the healthy brain, positioning them as central sensors 
of tissue homeostasis3,63. Sensory activity sculpts synapse pruning by 
microglia and complement expression: sensory deprivation reduces 
complement-mediated synapse remodelling, whereas visual stimula-
tion enhances trophic support and surveillance-related transcripts64,65. 
Circadian programmes modulate microglial surveillance and inflam-
matory readiness via clock genes, coupling immune vigilance to daily 
rhythms. In addition to circadian influences, local CNS cell populations 
provide region-specific instructive cues. Astrocytes in white matter 
and neurons in grey matter provide region-specific factors that are 
essential for microglial function and survival66–68, whereas oligoden-
droglial lipids push microglia towards catabolic and lipid-handling 
states41. In addition, endothelial cells and perivascular niches signal to 
microglia through a range of molecules and receptors, linking vascular 
health to immune tone. In summary, microglia act as the sentinels of 
the CNS and are exposed to an extensive and dynamic range of sys-
temic and CNS-borne signals, which collectively impinge on microglia 
transcriptional programmes, phenotypic states and functions.

Model systems and cross-species contrasts
Human iPSC-derived microglia (iMG) are gaining traction as a tractable 
model to assess microglial state and function in controlled in vitro 
settings. In iMGs, transcriptomic states can be induced by extracel-
lular triggers such as synaptosomes, myelin debris and aggregated 
amyloid-β (Aβ), enabling mechanistic dissection of stimulus–response 
relationships and functional characterization of microglia transcrip-
tomic states69. Although in vitro-cultured microglia are not identical to 
microglia in vivo, in these first experiments, DAM-like states that were 
dependent on TREM2 were induced69,70, as is the case for the in vivo shift 
to DAM8,70. This system is also amenable to CRISPR-based genetic per-
turbation to investigate both common and disease-associated genetic 
variants that drive microglial states and functions. For example, APOE 
isoform-dependent effects on lipid storage and mitochondrial stress 
and TREM2-dependent phagocytic programmes have been assessed 
in iMGs, demonstrating the power of precise human microglia models.

Several strategies integrating microglia in CNS organoids have 
been developed to generate in vitro models in which microglia are 
exposed to a more CNS-like microenvironment, and to explore 
functional interactions with other CNS cell types71–76 (reviewed in 
ref. 77). Organotypic assembloids and cerebral organoids that incor-
porate microglia further recreate features of activity-dependent 
microglia–neuron crosstalk and complement-mediated pruning, 
illustrating that these three-dimensional systems allow for func-
tional assessment of microglia roles within emergent neural circuits78. 
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At an in vivo interface, xenografting of human microglia into the 
brains of transgenic mice with Aβ accumulation revealed both con-
served and human-specific transcriptomic states. Alongside typical 
amyloid-associated transcriptional states, including DAM8, the micro-
glia neurodegenerative phenotype79 and Alzheimer’s disease 1 (ref. 80), 
human microglia mount pronounced antigen-presentation-associated 
gene signatures (HLA) and cytokine and chemokine response pro-
grammes that are less evident in mice, and these responses were further 
modulated by APOE isoforms and TREM2 risk alleles17,81. Functionally, 
this suggests that although certain microglia responses are conserved 
between species, reflected by at least a partially shared transcriptional 
programme, intrinsic differences exist between microglia from human 
and mouse. These might be driven not only by structural differences 
in the CNS (for example, a gyrenchephalic vs lissencephalic) but also 
by changes in pathological burden. Together, these models caution 
against over-extrapolating murine microglial states to humans and 
argue for human-anchored annotation schemes when interpreting 
disease-associated programmes. These human microglia models hold 
great promise and offer important insights, with the important caveat 
that human iPSC organoids remain relatively immature when compared 
to the human CNS82, that mouse models typically only recapitulate 
specific aspects of human CNS disease83, and that ageing induces 
different transcriptional changes in mouse and human microglia37,47.

Microglial states in disease
From developmentally tuned homeostasis, microglia can move along 
multiple transcriptional and functional axes in response to pathol-
ogy, adopting distinct but often overlapping disease-associated states 
rather than a single unified activation programme (Fig. 1). Across 
neurodegeneration, demyelination, infection and psychiatric condi-
tions, recurrent transcriptomic modules include loss of homeostatic 
signatures, upregulation of lipid and/or lysosomal and phagocytic 
programmes, induction of interferon–inflammatory pathways, and, 
in humans, expression of HLA genes.

Alzheimer’s disease and related neurodegeneration
DAM were first defined in mouse Aβ models as a two-step programme 
marked by downregulation of the homeostatic microglia markers 
P2ry12 and Tmem119 and upregulation of genes Trem2, Apoe, Lpl, Cst7 
and Itgax, which are associated with phagocytosis, and lysosomal 
enzymes. This shift was established with an early TREM2-independent 
initiation phase followed by a later TREM2-dependent consolidation 
phase2,8,84. Spatially, plaque-associated microglia cluster around Aβ 
deposits and may undergo local clonal expansion; spatial transcrip-
tomics revealed continuous gradients in which microglia progres-
sively adopt lipid-handling and phagocytic modules as they approach 
plaques85. In human-relevant contexts, xenografted human micro-
glia assume not only DAM-like and lipid and/or lysosomal states but 
also a prominent HLA programme, suggestive of antigen presenta-
tion, together with a cytokine/chemokine response; APOE isoforms 
and TREM2 variants skew the balance among these discrete but  
interrelated states18.

Together, these multi-pronged responses imply that the net 
impact of microglia on pathology is dependent on state composition: 
certain states may promote plaque compaction, debris clearance 
and local synaptic protection, whereas other states amplify neuroin-
flammation oxidative stress and synapse loss. Extensive multi-omic 
profiling of microglia in Alzheimer’s disease has further revealed wide-
spread epigenomic rewiring in microglia and partial erosion of their 

regulatory landscape, underscoring long-term reprogramming rather 
than transient activation.

Beyond Aβ, tau pathology engages microglia through complement- 
mediated synaptic tagging and engulfment, interferon signalling and 
cytoskeletal stress responses86. Ageing amplifies these disease-linked 
programmes through primed chromatin states and progressive lipid 
droplet burden, potentially explaining why clinically similar amyloid 
loads yield divergent trajectories depending on prior environmental 
exposures and epigenetic state.

Multiple sclerosis and demyelination
In multiple sclerosis, demyelinating lesions show different pathol-
ogy in the core compared with the lesion edge and the perilesional 
white matter. Within these demyelinating lesions, microglia adopt 
programmes that overlap with DAM-like lipid and lysosomal states but 
also include myelin-handling and HLA gene expression features tailored 
to debris clearance and T cell crosstalk7,87. Microglia can actively facili-
tate remyelination by clearing inhibitory lipid species from lesion sites 
and by secreting trophic cues that support oligodendrocyte precursor 
recruitment and differentiation, but a sustained pro-inflammatory 
skew impairs effective repair88. Region and age further modify these 
balances; during normal ageing, white-matter microglia appear intrinsi-
cally predisposed to lipid-catabolic states41, whereas cortical microglia 
exhibit stronger complement control89. Integration of single-cell and 
spatial transcriptomic data has begun to resolve lesion-edge versus 
lesion-core state composition and to link these spatially segregated 
programmes to either repair or chronic lesion persistence.

Infection, systemic inflammation and  
sepsis-associated encephalopathy
Microglia mount robust interferon and antiviral programmes in viral 
infection, yet systemic inflammation, even without direct CNS infec-
tion, can leave long-lived microglial imprints on microglial state. In 
the context of maternal immune activation, persistent transcriptional 
and functional changes in microglia in the offspring, accompanied 
by altered cognitive and behavioural performance, are extensively 
reported90–94. Repeated or severe peripheral immune insults (for 
example, lipopolysaccharide (LPS), β-glucan and polymicrobial sep-
sis) induce innate-immune memory, either training, characterized by 
exaggerated secondary responses, or tolerance, marked by attenuated 
responsiveness, with hallmark changes in H3K4me1 and H3K27ac land-
scapes across gene regulatory regions in the genome that are stable over 
time and accompanying metabolic rewiring20,62,95,96. Sepsis-associated 
encephalopathy, in turn, links microglial complement-dependent 
synaptic removal through complement receptor 3 to long-term cog-
nitive deficits, suggesting that systemic inflammatory insults can 
precipitate durable microglial state shifts that later intersect with 
neurodegenerative vulnerability.

Psychiatric and stress-related conditions
Alterations in microglia in schizophrenia, major depression and 
stress-related disorders include modest but reproducible complement 
and cytokine signatures, alongside morphological remodelling97–99. 
Single-nucleus RNA sequencing of midbrain cells in schizophrenia 
revealed dysregulation of inflammatory genes in microglia and/or 
macrophage in schizophrenia100. Although effect sizes are smaller 
than in classical neurodegenerative diseases and causality remains 
actively debated, chronic stress paradigms in rodents consistently 
reveal microglia-dependent behavioural phenotypes that may reflect 
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low-grade priming and altered synaptic surveillance rather than overt 
neuroinflammation. Sequencing data on bulk human grey-matter 
microglia identified a transcriptomic profile, termed DepDAM, with 
an overall suppressed state101. Transcriptomic analysis of individual cells 
from the dorsolateral prefrontal cortex has not revealed extensive 
changes or altered microglial states in the context of major depressive 
disorder102,103. However, microglia nuclei show altered chromatin acces-
sibility in depression that probably has impacts on canonical microglial 
factors, including ETS domain and interferon regulatory factors, that 
can regulate microglial homeostasis and immune activation104.

Hidden microglial states: innate immune training 
and tolerance
Definition and rationale
We define ‘hidden microglial states’ as latent programmes in which 
microglia are indistinguishable from baseline by morphology and 
often characterized by apparently steady-state transcriptomes under 

homeostatic conditions (Fig. 2). These states can be induced by a range 
of peripheral or central stimuli and are only revealed by subsequent chal-
lenges through altered amplitude, kinetics or qualitative features of the 
response. Functionally, these states reflect innate-immune memory —  
either training (sensitized or exaggerated responses) or tolerance 
(attenuated responses) — that is imprinted by prior exposures and 
stabilized by coordinated chromatin remodelling and metabolic  
rewiring (Fig. 3).

In practical terms, microglia responses from two individuals (or 
distinct brain regions within an individual) with highly similar ‘homeo-
static’ profiles can diverge dramatically when exposed to insults such 
as Aβ seeds, viral infection, ischaemia or systemic inflammation: one 
may exhibit hyperinflammatory, synapse-toxic responses, whereas 
the other mounts restrained, reparative programmes (Fig. 4). This 
form of latent divergence provides a compelling framework to recon-
cile why similar genetic lesions, neurological insults or comparable 
amyloid burdens can yield heterogeneous functional and clinical 
outcomes.

Mechanisms of innate-immune memory in microglia
Repeated LPS or β-glucan exposures induce polarization towards 
trained or tolerant innate immune states in microglia and/or mac-
rophages in rodents and humans, which is accompanied by the estab-
lishment of distinct enhancer repertoires marked by gains or losses of 
H3K4me1 and/or H3K27ac at inflammatory and metabolic loci20,62,95,105. 
These changes are further coupled to altered chromatin accessibility 
at sensome genes and rewiring of glycolytic and oxidative metabolism, 
which together gate the magnitude and composition of cytokine output 
upon restimulation95,96. Importantly, these chromatin states are unu-
sually long-lived in microglia owing to their limited self-renewal and 
longevity within the CNS, and they can locally be propagated through 
microglial proliferation22.

Transmission of innate-immune memory across cell division 
is preserved even after enforced microglia repopulation, a find-
ing with potential implications for therapeutic strategies based on 
CSF1R-inhibitor-mediated depletion–repopulation of microglia as a 
putative ‘reset’ approach. Ageing exacerbates these effects: primed 
enhancers in aged microglia lower the threshold for immune training 
and reduce the reversibility of tolerance, effectively biasing the system 
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Fig. 2 | How hidden microglial states arise. Following stimuli triggering 
microglia activation, damage and inflammation can be resolved, and 
microglia return to baseline, restoring homeostasis. In case of certain triggers, 
epigenetic and metabolic reprogramming occurs, resulting in long-lasting 
changes in microglia. Paradoxically, these reprogrammed microglia, when 
under steady-state conditions, are transcriptionally and morphologically 
indistinguishable from homeostatic cells and are, thus, in a ‘hidden state’.
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Fig. 3 | Consequences of hidden microglial states. 
Left: following exposure to many pathological stimuli, 
microglia become activated. This activated state is 
characterized by changes in morphology, gene expression 
profiles and functional shifts, for example, in the domain 
of phagocytosis. Right: following exposure to certain 
stimuli, however, microglia can adopt a ‘hidden state’ 
that is characterized by limited changes in steady-
state physiology but significantly altered responses to 
subsequent stimuli. These altered responses change 
the role of these microglia in healthy CNS support 
and potentially contribute to the development and 
progression of neurodegenerative disease.
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towards persistent dysregulation106,107. Whether hidden microglial 
states represent discrete biological entities or instead reflect con-
tinua of altered response propensities remains unresolved. Moreover, 
most evidence for innate-immune memory in microglia derives from 
experimental perturbation models, whereas direct evidence for stable 
memory-like states in human microglia in vivo remains limited. Because 
these states are often defined functionally through altered responses 
to secondary challenge rather than by baseline molecular signatures, 
standardized approaches for their annotation and experimental valida-
tion are essential. Candidate molecular switches to direct microglial 
memory for therapeutic application include TREM2, APOE and chro-
matin regulators such as the BRD family and HDACs, as suggested by 
mouse experimental studies and CRISPR-based perturbations in iMG 
systems and xenografts.

Hidden states in sepsis and infection
Clinical sepsis survivors frequently manifest long-term cognitive defi-
cits, and animal models implicate microglial complement-mediated 
synaptic loss together with enduring hyperresponsiveness as mecha-
nistic substrates of this impairment108,109. Notably, tolerance can also 
emerge in this context as extended LPS preconditioning reduces sub-
sequent inflammatory output but may at the same time impair host 
defence and pathogen clearance96. In viral encephalitis and post-viral 
states, microglia adopt interferon-primed programmes that persist 
beyond pathogen clearance and sensitize synaptic pruning, network 
instability and cognitive phenotypes110–113. These observations indicate 
that infection can leave a durable imprint on microglial responsiveness 
long after the acute immune challenge has resolved.

Intersection with neurodegeneration
Hidden states may exert powerful modulatory effects on disease 
trajectories in Alzheimer’s disease and other proteinopathies. In 
the trained direction, prior systemic inflammation skews microglia 
towards exaggerated cytokine, reactive oxygen species and comple-
ment responses to nascent Aβ or tau seeds, accelerating synapse loss 
and network dysfunction. By contrast, in the tolerized direction, early 
plaque compaction and effective debris clearance might be blunted, 
favouring the persistence of diffuse, toxic oligomers. Peripheral 
immune training or tolerance reshapes amyloid and tau hallmarks in 
mice20, providing direct experimental support for the concept that cov-
ert, experience-dependent microglial reprogramming can modulate 
neurodegenerative trajectories.

Operationalizing hidden states in humans
Hidden states are difficult to detect under homeostatic conditions. 
Practical strategies to expose these latent programmes include (i) 
functional challenge assays in freshly isolated ex vivo microglia, iMG 
or xenotransplanted iMG, such as second-hit cytokine outputs and 
dynamic phagocytosis measurements; (ii) chromatin profiling for 
memory-associated enhancer marks at inflammatory and sensome 
loci; (iii) metabolic flux measurements capturing glycolytic reserve and 
mitochondrial stress; and (iv) in vivo challenge-response biomarkers, 
including cerebrospinal fluid (CSF) cytokine kinetics, complement 
fragments and microglial PET ligands.

In xenografted systems, controlled systemic stimuli can reveal 
both the direction and magnitude of this innate-immune memory 
across human genotypes, including genes important for microglia 

Age

Sex

Genotype

Inflammatory
history

Brain region

Pathology/disease

Fig. 4 | External and internal factors combine to determine microglial states. 
Microglia exist in a wide variety of states, which depend on a range of parameters. 
The response of microglia to stimuli and their ability to enter a transcriptional 
programme linked to a particular state depend on a range of factors including 
age, sex, genotype, inflammatory history, brain region, and pathology or disease, 

illustrated by the concentric circles, in which the colour gradient represents  
the diversity in these parameters. The integration of combinations of these 
factors influences microglial states, as illustrated by the microglia on the left  
and right, and drives their heterogeneity.
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function such as APOE, TREM2 and CD33 (refs. 114–116). Spatial tran-
scriptomics before and after challenge further allows localization 
of memory-biased microglia to niches such as plaques or the vascu-
lature. Collectively, these experimental and translational pipelines 
could offer a path to rendering hidden microglial states ‘visible’ for 
prognosis, patient stratification and interventional trials targeting 
immune memory.

Conclusions and perspectives
The microglial field has moved beyond coarse activation framework to 
a state-resolved understanding of how development, region, sex, age-
ing and prior environmental exposures sculpt innate immune function 
in the CNS. Rather than occupying either a single resting or activated 
phenotype, microglia exist along multidimensional continua shaped 
by local cues and life history. Human-anchored datasets and experi-
mental models — including single-nucleus or single-cell atlases, and 
iMG CRISPR perturbation platforms and xenografts — have exposed 
both extensive conservation and important divergence relative to 
mouse, especially in antigen-presentation and cytokine-driven states. 
Across disease contexts, a shared set of transcriptional modules — lipid−
lysosomal, interferon−inflammatory and antigen-presentation — are 
repeatedly remixed over spatial and temporal gradients; genotype, sex 
and age systematically bias the composition, timing and persistence 
of these mixtures.

The hidden-state framework adds a further explanatory dimen-
sion: a latent, epigenetically encoded training or tolerance that 
can determine how microglia respond to subsequent pathological 

challenges. We hypothesize that this framework might dictate how 
microglia compact plaques and preserve synapses or instead amplify 
neurotoxicity under otherwise identical baseline profiles. This per-
spective helps reconcile interindividual variability in disease course 
and treatment response.

Standardization of state annotation (a system of classifica-
tion based on specific molecular characteristics) will be crucial 
going forward. We argue that such standardization should not only 
include marker genes or inferred functions and anatomical location 
but also account for epigenetic potential and challenge-response 
behaviour3,46. We expect benefits for patients from the development of 
clinical biomarkers capable of reporting immune-memory direction 
and for trials that explicitly stratify participants by microglial state 
composition and immune memory status rather than by diagnosis 
alone.

Translationally, three complementary routes for using state 
information in the clinic stand out: (i) precision immunity: the use 
of small-molecule or epigenetic modulators to rebalance memory 
direction without broadly suppressing beneficial surveillance and 
repair functions; (ii) receptor engineering: tuning sensome nodes (for 
example, TREM2 agonism and ADGRG1 upregulation) to couple effi-
cient phagocytosis with timely resolution of inflammation rather than 
chronic immune activation; and (iii) cell therapy: microglial replace-
ment or gene-corrected iMG engraftment to reset dysfunctional states 
in lysosomal, metabolic and neuroinflammatory disorders. Across 
all three routes, rigorous human-anchored validation — spanning 
genetics, epigenomics, physiology and clinical outcomes — will be 

Box 2 | Non-microglial CNS myeloid cells
 

In the context of the CNS, other relevant macrophage populations 
exist in spatially restricted locations. Found at the interfaces of 
the CNS, these non-parenchymal CNS-associated macrophages 
(CAMs, also referred to as border-associated macrophages), fulfill 
important functions to maintain CNS-border integrity and regulate 
the exchange of metabolic and immune-related molecules across 
these borders120. CAMs locate to blood vessels, the perivascular 
macrophages (PvMΦ), the leptomeninges, leptomeningeal 
macrophages (MnMΦ) and the choroid plexus, epiplexus macrophages  
(cpMΦ).

These CAMs share their ontogeny with microglia and originate 
from early erythromyeloid progenitors in the yolk sac121. Once 
matured in their respective niches, they are locally sustained, 
and in homeostasis, there is no contribution from circulating 
marrow-derived myeloid cells121,122. Although there is evidence of 
exchange with peripheral cells in patients who received human 
sex-mismatched bone marrow transplantation, these findings might 
be affected by the transplantation procedure. The role of CAMs 
is manyfold and coupled to their location. PvMΦ directly affect 
vascular permeability through VEGF and have been described to 
probe the bloodstream by extending protrusions that invade the 
vascular lumen121,123. PvMΦ and MnMΦ reside in relevant locations 
and are hypothesized to control the flow dynamics of the CSF124. 
Transcriptional profiles of CAMs suggest that they are involved in 
processes such as phagocytosis, antigen presentation and cytokine 
production. This is partly corroborated by experimental evidence 

in vivo, in which MnMΦ continuously surveil their surroundings, 
whereas phagocytic activity has been observed for both PvMΦ 
and cpMΦ.

Under neurodegenerative conditions, CAMs are implicated 
in multiple ways. Genome-wide association study analyses 
identified genetic variants associated with an increased risk of 
neurodegenerative disease, and many of the connected genes are 
significantly enriched or uniquely expressed in myeloid cells125. 
Recent work on the human vasculature provides evidence that these 
include PvMΦ126. Treatment of accumulated Aβ in a mouse model 
of amyloidosis resulted in activated PvMΦ, which have an increased 
association with vascular Aβ plaques. Ultimately, this could lead to 
microhaemorrhages and increased monocyte infiltration127. CAMs 
are connected to inflammatory conditions and form a link between 
the periphery and the CNS. In the case of COVID-19, in which there 
is no evidence of viral presence in the CNS, the barrier cells of the 
choroid plexus have been proposed to sense and relay peripheral 
inflammation into the brain, affecting resident cell types including 
microglia and astrocytes.

Single-nucleus RNA sequencing and spatial transcriptomic 
approaches to explore cells at the human CNS interfaces and their 
signatures have unequivocally demonstrated their existence, spatial 
confinement and unique nature and hinted at their heterogeneity126,128. 
Notwithstanding important insights into CAMs, their ontogeny and 
their roles in health and disease, the specific states and functions for 
these cells are yet largely unknown.
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essential to translate state-resolved microglia biology into effective 
and durable therapies.

Key outstanding questions
A central unresolved challenge is how to reliably measure the ‘direction’ 
of microglial immune memory — training versus tolerance — in living 
humans rather than inferring it retrospectively from disease outcomes. 
Addressing this will require identifying which enhancer signatures, 
chromatin features and metabolic readouts observed in experimental 
systems can be translated into accessible biomarkers in blood and CSF, 
or can be visualized noninvasively by (PET) imaging. Equally important 
is understanding how combinations of genotype, age, sex and lifetime 
exposure history interact to bias memory direction and, thereby, shape 
individual disease trajectories. These variables do not tend to act 
independently; instead, they probably converge to establish distinct 
immunological set points that determine how microglia respond to 
subsequent pathological challenges.

A related and fundamental question concerns which microglial 
transcriptional modules are protective and which are harmful in a 
state-composition-dependent manner in human CNS disease. Lipid−
lysosomal, interferon−inflammatory and antigen-presentation pro-
grammes all emerge repeatedly in profiling studies, yet their net impact 
probably depends on disease state, timing, spatial context and rela-
tive abundance. Determining when each of these modules should be 
promoted, restrained or rebalanced remains a major scientific puzzle 
and, therefore, a therapeutic challenge. This raises the further issue 
of whether trained or tolerized microglia can be reprogrammed to 
a flexible, tissue-supportive state without simultaneously impairing 

antimicrobial host defence or destabilizing essential homeostatic and 
neurotrophic functions.

Beyond parenchymal microglia alone, it will also be critical to 
understand how perivascular and border-associated macrophages 
(Box 2) interact with microglia to gate immune memory at the CNS 
interfaces such as the perivascular space, the meninges and the 
choroid plexus, as they potentially shape CNS exposure to systemic 
inflammatory cues. Finally, as efforts move towards durable immune 
reprogramming in the ageing human brain, fundamental ethical and 
safety questions emerge. These include defining acceptable degrees of 
long-term immune modulation, managing unforeseen consequences 
of persistent epigenetic reprogramming, and ensuring that inter-
ventions designed to restore plasticity do not inadvertently increase 
vulnerability to infection or malignancy. Together, these challenges 
outline a demanding but essential agenda for translating microglial 
biology into safe and effective clinical strategies.
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