
Nature Immunology | Volume 27 | July 2026 | 1336–1352 1336

nature immunology

Perspective https://doi.org/10.1038/s41590-026-02541-3

Epigenetic mechanisms of inflammatory 
memory in the central nervous system
 

Jessica J. Ye1,2 & Francisco J. Quintana    1,2,3 

Inflammatory memory enables cells to remember prior inflammatory 
signals, shaping their responses to subsequent challenges. While this 
phenomenon has been extensively characterized in immune cells and 
various tissues, recent reports suggest that both immune and nonimmune 
cells in the central nervous system (CNS) also exhibit inflammatory memory. 
In this Perspective, we synthesize emerging evidence of inflammatory 
memory in the CNS and discuss its underlying mechanisms. We highlight 
how epigenomic reprogramming through histone and DNA modifications, 
the recruitment of epigenetic regulators and nucleosome remodeling drive 
changes in gene expression kinetics central to inflammatory memory. We 
also examine mechanisms that maintain or reset inflammatory memory. 
By identifying shared principles and CNS-specific features, we propose 
conceptual frameworks to advance our understanding of CNS inflammatory 
memory and its implications for health and disease.

Memory is the capacity to use past experiences to inform future 
responses. While colloquially it refers to an organism’s mental recol-
lection of prior events and information, memory is also encoded at 
many other levels of biological organization, affecting diverse pro-
cesses, ranging from long-term potentiation of synapses in neuronal 
networks to the differentiation of antigen-specific memory B cells and 
T cells, or the developmental plasticity of defensive spikes in Daphnia 
on exposure to predator pheromones1. These examples illustrate the 
diversity of biological memory, the range of stimuli that can induce it 
and its adaptive value. However, memory can also be pathological. For 
instance, fetuses exposed to famine during the Dutch Hunger Winter 
of 1944–1945 appeared to acquire metabolic changes that increased 
caloric conservation but also risk of diabetes and metabolic disease later 
in life in a calorically replete environment2–4, although socioeconomic 
factors and other environmental variables confound these studies5.

Inflammation is an important process by which threats and stress 
signals, including tissue damage and infection, elicit targeted effector 
responses6. Thus, inflammatory events are likely to form memory, 
which we refer to as ‘inflammatory memory’ (Box 1). The most clas-
sic example is immune memory to pathogens. In the familiar case of 
adaptive immune memory, exposure to a pathogen induces long-lived 
memory B cells and T cells expressing microorganism-specific 

receptors, which protect against subsequent encounters with the 
same and similar pathogens (as reviewed elsewhere7). In addition, cells 
can retain memories of inflammation through epigenetic programs, 
which we refer to as epigenetic inflammatory memory. One of the best 
examples of this phenomenon is trained immunity8 in innate immune 
cells. Trained immunity includes vaccination-like effects promoting 
pathogen clearance9–11 and tolerance to lipopolysaccharide (LPS) 
whereby repeated macrophage exposure to LPS can enhance antimi-
crobial gene expression (sensitizable genes; Box 2) while decreasing 
proinflammatory cytokine expression (tolerizable genes)12 (Box 2). 
Epigenetic inflammatory memory also operates in nonimmune cells. 
Skin exposure to the inflammatory agent imiquimod causes the same 
skin area to heal faster after subsequent wounding due to epigenetic 
alterations in epidermal stem cells13,14. Airway basal progenitor cells 
from patients with allergies also display an exaggerated response 
to IL-4 and IL-13 even after 5 weeks of ex vivo culture, attributed to 
chromatin accessibility changes15. By extension, both CNS immune 
(microglia) and nonimmune cells, such as neurons, astrocytes, oli-
godendrocytes and other stromal cells are likely capable of encoding 
epigenetic memories of inflammatory events. In this Perspective, we 
explore epigenetic inflammatory memory in the CNS and discuss pos-
sible regulatory mechanisms.
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changes23,24. In Alzheimer’s disease, microglia exhibit stage-specific 
functional states25–28. Priming-associated epigenetic modifications 
may exacerbate early pathological functions, such as amyloid plaque 
seeding, while impairing the transition to protective phenotypes.

Beneficial effects of inflammatory memory in microglia have 
also been described. In mouse models of microglial LPS tolerance, 
intraperitoneal LPS (1 mg per kg body weight) altered microglial chro-
matin accessibility and transcriptional responses upon LPS rechallenge  
4 weeks later, reducing active H3K4me3 marks and increasing repres-
sive H3K9me or H3K27me marks at tolerized genes29, recapitulating 
similar findings in macrophages30. In another model of repeated daily 
intraperitoneal injections of low-dose LPS (500 µg per kg body weight), 
microglial cytokine production increased upon second exposure to 
LPS, then waned with additional daily LPS exposure up to four doses31. 
This was associated with increased deposition of poising H3K4me1 
marks at HIF-1α target gene enhancers after 1× LPS but phagocytic 
gene enhancers after 4× LPS, as well as decreased clearance of amyloid 
plaque in amyloid precursor protein (APP)-overexpressing mice receiv-
ing 1× LPS versus 4× LPS31. Similarly, peripheral Bacillus Calmette–
Guérin (BCG) vaccination of aged mice has been shown to induce 
beneficial microglial reprogramming, increasing active chromatin 
marks at demyelination-response genes, promoting lipid metabolism 
and enhancing recovery from lysolecithin-induced demyelination32. 
Why microglial priming improves recovery in demyelination models 
but increases plaque formation in neurodegenerative disease models 
is still unclear, but may reflect distinct epigenetic programs induced 
by LPS versus BCG. These findings highlight that microglial inflamma-
tory memory is not uniformly beneficial or detrimental, but instead 
depends on the nature, timing and context of the initial stimulus. 
Microglial heterogeneity across brain regions is also associated with 
distinct baseline epigenetic landscapes33. Although the impact of this 
heterogeneity on memory responses remains unclear, it suggests that 
prior exposure to local environmental cues, such as neuronal turnover, 
may shape microglial responses to future inflammatory challenges.

Among nonimmune CNS cells, astrocytes are important in the con-
trol of CNS inflammation34, and thus would also be expected to establish 
inflammatory memory (Fig. 1). Systemic LPS administration induces 
inflammatory signaling in astrocytes indirectly via microglia-derived 
factors such as tumor necrosis factor (TNF), IL-1α and C1q35, and alters 
astrocyte chromatin accessibility detected by single-nucleus assay 
for transposase-accessible chromatin using sequencing (ATAC-seq), 
consistent with the acquisition of inflammatory memory36. Similar 
chromatin alterations have been detected across multiple inflamma-
tory contexts, including models of multiple sclerosis, traumatic brain 
injury and Alzheimer’s disease, and are associated with increased his-
tone acetyltransferase (HAT) p300 activity36. Additional evidence sup-
ports a role for chromatin remodeling factors in astrocyte responses. 
For example, chromatin changes mediated by the remodeler CHD8 
have been reported in astrocytes following LPS administration or stab 
injury, affecting metabolism, communication with microglia and sur-
vival37. In ischemic stroke, astrocyte chromatin remodeling by CHD7 
was associated with reactive astrogliosis38.

Astrocytes also display direct evidence of altered secondary 
inflammatory responses after an initial stimulus linked to epigenetic 
modifications. In mice exposed to prions, astrocytes display higher 
nuclear translocation of nuclear factor-κB (NF-κB) nuclear trans-
location and CXCL1 and CCL2 expression after intrahippocampal 
injection of TNF and IL-1β compared to prion-unexposed controls39. 
Similarly, intracerebroventricular priming with TNF and IL-1β leads 
to increased proinflammatory gene expression upon a second TNF 
and IL-1β challenge, mediated by p300-driven chromatin remod-
eling40. Importantly, these effects are also observed in pure astrocyte 
cultures, indicating that astrocyte-intrinsic mechanisms contribute 
to inflammatory memory40. Human induced pluripotent stem (iPS) 
cell-derived astrocytes activated with poly(I:C) or TNF, IL-1α and C1q 

Inflammatory memory in CNS immune and 
nonimmune cells
Inflammatory memory in the CNS is probably best described in micro-
glia, the main tissue-resident macrophage population (Fig. 1). Early 
work in microglial inflammatory memory, also termed microglial 
priming16, stemmed from observations that mice with chronic ME7 
scrapie prion disease exhibit exaggerated sickness behavior upon expo-
sure to LPS or polyinosinic:polycytidylic acid (poly(I:C))17–19. These 
findings suggest that prior neurodegenerative events prime microglia 
to respond more strongly to subsequent inflammatory stimuli. Con-
versely, mice exposed to systemic LPS or poly(I:C) developed more 
severe chronic neurodegenerative diseases19,20. These observations, 
along with knowledge that microglia are long-lived and seed the CNS 
early during development, spurred hypotheses around the effects 
of early-life inflammatory insults on microglial function later in life. 
Indeed, prenatal exposure to poly(I:C) has been reported to predispose 
mice to an Alzheimer’s-like neurodegenerative disease21. The effects of 
maternal immune activation on microglial priming also continue to be 
explored in schizophrenia, autism spectrum disorder, epilepsy and neu-
rodegeneration22. While multiple outcomes of microglial immune prim-
ing have been described, common themes include increased expression 
of IL-1β, major histocompatibility complex (MHC) class II and antigen 
presentation genes, Fc receptors and phagolysosome genes, as well 
as decreased regulatory CX3CR1–CX3CL1 signaling via epigenetic 

BOX 1

Types of memory
Memory. A record of past experiences that influences future 
responses and can exist at various levels of biological organization —  
that is, in a cell, tissue, organism or population.

Inflammatory memory. A cell-, tissue- or organismal-level memory 
of an inflammatory event, which influences subsequent responses 
to inflammatory stimuli. This includes adaptive immune memory 
and innate immune memory (trained immunity), as well as other 
mechanisms of inflammatory memory operating outside the 
immune system. While many examples of inflammatory memory 
may involve epigenetic changes (see ‘Epigenetic inflammatory 
memory’), we use ‘inflammatory memory’ where the mechanism is 
not clear or not specified.

Adaptive immune memory. The process by which B cells and 
T cells generate a faster and stronger response to antigens to 
which they were previously exposed, through mechanisms that 
involve selection of high-affinity antigen-specific receptors, somatic 
hypermutation of the B cell antigen receptor and differentiation of 
specialized cell subsets.

Innate immune memory (also known as trained immunity). The 
process by which innate immune cells modify their response to an 
inflammatory stimulus after a primary exposure.

Epigenetic inflammatory memory. Type of inflammatory memory 
mediated by epigenetic changes. To avoid making assumptions 
about mechanism, we use this term only in cases where there 
is evidence that epigenetic changes underlie the observed 
phenomenon.

Epigenetic memory. Epigenetically mediated memory of other 
stimuli that are not necessarily inflammatory.

http://www.nature.com/natureimmunology
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also display increased Tnfa, Il1b and Il6 expression upon poly(I:C) 
restimulation41. Poly(I:C)-trained iPS cell-derived astrocytes restimu-
lated with amyloid-β42 (Aβ42) also showed an increased inflammatory 
response, which enhanced in vitro Aβ42 microglial phagocytosis via 
secreted factors41, suggesting that astrocyte memory can impact 
other cell types. The lack of contaminating microglia and immune 
cells in the iPS cell-derived astrocyte cultures supports the exist-
ence of astrocyte-intrinsic mechanisms of epigenetic inflammatory 
memory. In addition to mechanisms that promote inflammatory 
memory, astrocyte-intrinsic regulatory pathways also exist. Specifi-
cally, astrocytic expression of the glucocorticoid receptor NR3C1 dur-
ing early development limits the acquisition of epigenetic programs 
that drive exacerbated inflammatory responses in experimental 
autoimmune encephalitis (EAE) in adulthood42,43. These findings 
suggest that inflammatory memory in astrocytes is tightly regulated 
during development and homeostasis, and may contribute to pathol-
ogy if dysregulated.

Oligodendrocyte-lineage cells also show capacity for inflam-
matory memory, which may affect their potential for myelination 
or their ability to produce cytokines, modulate blood–brain barrier 
permeability and present antigens to T cells in the inflamed CNS44–49. In 
response to inflammatory cytokines, most notably interferon-γ (IFNγ), 
oligodendrocyte and oligodendrocyte progenitor cells (OPCs) acquire 
long-lived epigenetic programs, which may affect their response to 
restimulation50,51 (Fig. 1). In a model of diffuse white matter injury using 
intraperitoneal injections of IL-1β at postnatal days 1–5 in neonatal mice, 
OPCs and immature oligodendrocytes showed exaggerated upregula-
tion and impaired resolution of innate immune pathways at postna-
tal days 5 and 10, respectively, impairing expression of myelination 
genes and leading to sustained hypomyelination52. These effects are 
associated with changes in chromatin accessibility at immune-related 
genes in differentiating O4+ OPCs, although many genes were already 
accessible at baseline (as observed in IFNγ-stimulated OPCs50,52). 
Although these findings are consistent with epigenetic priming, 

BOX 2

Terminology for epigenetic modifications in inflammatory 
memory
Promoter. DNA sequence or region adjacent and typically upstream 
of the transcriptional start site of a gene that contains regulatory 
sequences for transcription factors and other proteins that direct the 
expression of the gene.

Enhancer. DNA sequence or region usually located away from the 
transcriptional start site of a gene (upstream or downstream) that 
increases the expression of a gene by binding transcription factors 
and other co-activator proteins brought in proximity to the gene 
promoter by DNA looping, enhancing RNA polymerase recruitment.

CpG islands. DNA segments containing CpG dinucleotide sequences 
at >10× the typical density. These DNA segments are resistant to 
methylation and are normally nucleosome free, usually marking 
promoters and transcription start sites of constitutively active genes.

Nucleosome. DNA unit wrapped around a histone octamer, which 
forms the basic structural chromatin unit. Multiple nucleosomes form 
a ‘beads on a string’ structure that is further compacted into a 30-nm 
chromatin fiber, which can be further looped and condensed into 
higher-order chromatin structures, ultimately a chromosome.

Nomenclature for histone PTMs. Follows the form (histone 
name) (amino acid residue)−(modification abbreviation)−(valency of 
modification). For example, ‘H3K4me1’ refers to mono-methylation at 
the Lys4 residue of histone H3.

Poised. Ready for transcription but not actively transcribed. Can be 
used to refer to genes or their associated promoters or enhancers. Pol 
II-poised specifically involves preassembled binding of transcription 
pre-initiation complexes that are released upon a signal.

Bivalent. Marked by both activating and suppressive histone 
marks (such as H3K4me and H3K27me). Transcriptionally silent, 
but ‘bookmarked’ for later activation and expression. Differs from 
poised in that these marks collapse to a monovalent ‘on’ or ‘off’ 
state upon activation or differentiation, during which either mark  
is removed.

Transcription factor. Protein that directs gene expression by binding 
to DNA harboring specific motifs. Can partner with co-activating or 
corepressor complexes, which increase or decrease RNA polymerase 
recruitment for induction or suppression of gene expression, 
respectively. Typically, can only bind open regions of chromatin, with 
the exception of pioneer factors.

Pioneer factor. Transcription factor that can bind motifs in closed 
chromatin and open the locus. Certain transcription factors can be 
said to have pioneer activity if they exhibit this property.

Signal-induced transcription factor. Transcription factor that is 
latent until activated by an external stimulus, typically through a 
signal transduction pathway. Activation can occur by dimerization, 
translocation to the nucleus, phosphorylation and/or change in 
binding to co-activators versus corepressors, as opposed to a 
constitutively active transcription factor.

Primary response genes. Genes induced or repressed by a stimulus 
that do not require de novo protein synthesis for their expression. Can 
be divided into immediate early genes, which are rapidly induced on 
stimulation, and late primary genes, which come up later228.

Secondary response genes. Genes induced or repressed by a 
stimulus (usually with delayed kinetics) that require synthesis of 
new protein intermediates, often transcription factors, for their 
modulation142,229.

Tolerizeable genes. Genes that exhibit blunted patterns of induction 
or repression upon repeat stimulation of a cell after a primary 
conditioning stimulus.

Sensitizable genes. Genes that exhibit stronger patterns of induction 
or repression upon repeat stimulation of a cell following a primary 
conditioning stimulus. Originally referred to as ‘non-tolerizeable 
genes’, but renamed to avoid potential confusion with genes that 
have unchanged patterns of induction or repression upon repeat 
stimulation.

http://www.nature.com/natureimmunology
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direct evidence of cell-intrinsic epigenetic inflammatory memory in 
oligodendrocyte-lineage cells remains limited.

Neurons may encode inflammatory memory through both 
activity-dependent and inflammation-driven mechanisms. On one 
hand, changes in neuronal synaptic activity during spatial learning or 
operant conditioning53 are reflected in epigenetic modifications54,55. 
For instance, histone acetylation by CREB-binding protein (CBP) main-
tains synaptic structural changes during long-term potentiation, a 
key mechanism of neuronal circuit remodeling during learning and 
organismal memory. Thus, neuronal circuits that sense and recall 
inflammation, as recently described56–58, likely encode epigenetic 
memories of prior activation during peripheral inflammation. On the 
other hand, neurons directly exposed to inflammatory mediators may 
also undergo epigenetic changes to encode inflammatory memory 
(Fig. 1). While less direct evidence of this exists, neurons clearly respond 
to inflammatory mediators: patch-clamp recording of striatal neurons 
in mice subjected to EAE shows altered excitatory transmission and 

abnormal glutamatergic transmission in presymptomatic and symp-
tomatic mice59, as do neurons in TNF-exposed striatal slice cultures, 
with decreased expression of the neuronal activity marker ARC (also 
known as ARG3.1) and increased expression of GluR1-AMPA glutamate 
receptors59. Neuronal IFNγ signaling also induces phagocytosis of syn-
apses by microglia60, expression of the immunoproteosome subunit 
PSMB8 (ref. 61) and activation of STING and noncanonical ferroptosis62. 
Conversely, IL-12 maintains survival gene expression and decreases 
inflammatory gene expression in neurons exposed to inflammation 
during EAE63. Evidence of epigenetic changes in inflamed neurons also 
has been reported. Retinal ganglion cells in EAE, which affects the optic 
nerve64, acquire chromatin marks associated with inflammation and 
senescence65. In the ‘viral déjà vu’ model of viral encephalitis, where an 
asymptomatic neonatal infection with attenuated lymphocytic chori-
omeningitis virus (LCMV) resulting in latent CNS infection is followed 
by adult infection with LCMV to trigger T cell-mediated encephalitis66, 
neuronal IFNγ signaling induced epigenetic programs detectable by 

Microglia Astrocyte Oligodendrocyte Neuron Endothelia and 
vascular stroma

Neonatal poly(I:C) 
→ misfolded protein 
• Neurodegeneration

LPS
• Chromatin alterations

IFNγ
• Durable epigenetic changes

TNF, IL-1β → TNF, IL-1β
• Increased cytokine 

expression 

ME7 prion → TNF, IL-1β
• Increased NF-κB signaling

Poly(I:C)/TNF, IL-1α, C1q → 
poly(I:C)
• Increased cytokine 

expression

Poly(I:C)/TNF, IL-1α, C1q → 
amyloid
• Increased factors driving 

microglial phagocytosis

Mild ischemia → occlusion
• Neuroprotection

EAE/TNF → stimulation
• Increased excitability

EAE
• Chromatin marks associated 

with inflammation and 
senescence

Viral encephalitis
• Altered chromatin and 

synaptopathy

EAE
• Altered transcriptional 

landscape 
• Possible association with 

epigenetic changes

Rheumatoid arthritis 
Psoriasis
• Chromatin alterations 

suggestive of memory

Baseline priming of immune 
gene loci

Repeated systemic LPS 
• Decreased cytokine 

expression

BCG vaccination 
→ demyelination
• Increased phagocytosis
• Improved remyelination  

Signal transduction of inflammation-associated signals

• Activation of TFs
• TF binding
• Alteration of accessibility or histone PTMs  

• Reinforcing histone PTMs
• Poising of Pol II
• Collapse of bivalent to monovalent marks
• Maintenance of altered chromatin accessibility

Gene expression 

TF

• Altered gene expression dynamics on second stimulation (activating 
or repressive)

• Inflammatory memory established

Fig. 1 | Inflammatory memory in CNS immune and nonimmune cells. 
 Top, upon activation of a signal-induced transcription factor by inflammatory 
signals, changes to the epigenetic landscape, including changes in histone 
PTMs, Pol II poising, chromatin bivalency and accessible chromatin regions, 
result in alterations in secondary responses to the same or similar signals, 
thus establishing inflammatory memory. Bottom, examples of inflammatory 
memory found in microglia, astrocytes, oligodendrocytes, neurons and vascular 
cells. For each case, the described stimulus is listed (as primary → secondary 
stimulus where applicable, or primary stimulus alone where no secondary 
stimulus was directly tested) followed by the outcome (bullets). For instance, in 

microglia, exposure to neonatal poly(I:C), followed by secondary stimulation 
with misfolded protein in adulthood, results in increased neurodegeneration. 
In astrocytes, repeated stimulation with TNF and IL-1β results in increased 
expression of inflammatory cytokines. In oligodendrocytes, stimulation with 
IFNγ results in durable epigenetic changes, suggestive of the capacity for 
inflammatory memory. In neurons, exposure to mild ischemia leads to increased 
survival when exposed to full occlusion. In endothelial and perivascular 
cells, epigenetic alterations in the context of EAE suggest the potential for 
inflammatory memory. TF, transcription factor.
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Table 1 | Overview of DNA and histone epigenetic modifications

Feature DNA mark Function Refs.

CpG CpG methylation (5mC) Associated with silenced genes. Occurs at 70–80% of genome CpGs, generally sparing those in CpG 
islands.

80

CpG hydroxymethylation (5hmC) Found at enhancers and regulatory regions, especially of activated genes. May be a sign of DNA 
demethylation, as it is the first byproduct, but also may activate transcription by shielding sites from 
DNA methylation-binding proteins. Accumulates at high levels in stem cells and neurons, but is also 
found in many other cells.

79,82

Histone Histone mark Function Refs.

H2A H2AK5ac Transcriptional activation (by KAT5 (also known as TIP60), p300 and CBP). 174,175

H2AK119ub and H2AK120ub Aids in the compaction of chromatin structures for gene silencing — that is, to maintain identity of 
embryonic stem cells.

176

H2A.Zac Transcriptional activation (by KAT5), enables H3K4me3 deposition in neuron differentiation. 177,178

H2B H2BK5ac, H2BK12ac, H2BK15ac 
and H2BK20ac

Transcriptional activation (by p300, CBP and ATF2). 174,179

H2B120ub Required for H3K4me2 and H3K4me3 by the COMPASS complex. 128,180

H3 H3K4me1, H3K4me2 and 
H3K4me3

∙Associated with active genes or poised genes (depending on degree of HAT or HDAC recruitment—
active high, poised low).
∙May cooperate with HATs to facilitate H3K9 and H4K16 acetylation during activation.
∙H3K4me1 marks cell-type-specific enhancers.
∙H3K4me2 highest toward 5′ end of transcribing genes.

102,108,111,113

H3K4me3 marks active promoters (or poised if not able to engage in productive transcription).

H3K9 and H3K14ac Transcriptional activation. H3K9 acetylated by p300 in basal state at poised primary response genes 
in bone marrow-derived macrophages.

98,106,181

H3K9me ∙H3K9me2 or H3K9me3 is associated with gene silencing, provides docking for repressive Polycomb 
proteins as well as HP1 (to establish/maintain heterochromatin). Associates with laminin proteins that 
also silence genes.
∙H3K9me2 marks facultative (versus constitutive) heterochromatin; associates with nuclear periphery.
∙H3K9me3 mediates more stable repression of silent genes; marks heterochromatin in 
phase-separated globules throughout nucleus.
∙Euchromatin H3K9me1 or H3K9me2 by G9a may be important in lineage-specific gene repression 
during development.
∙H3K9me2 or H3K9me3 in coding region of actively transcribed genes has also been observed and 
may affect inclusion/exclusion of exons in alternative splicing.

111,137,145,182

H3K27ac Marks active as opposed to poised enhancers; deposited by p300 and CBP. Also associated with 
active promoters.

102,183

H3K27me ∙H3K27me1 correlates with H3K9me3.
∙H3K27me3 generally marks silenced/closed chromatin. Accumulates at sites of less active 
transcription.
∙Clusters of H3K27me3 peaks can mark ‘supersilencers’. When together with H3K4me (activating), 
H3K27me3 marks bivalent chromatin. Seen at effector genes in CD8+ T effector memory cells.

117,184–186

H3K79me Deposited by Dot1 (a non-SET KMT); important in telomere silencing. 187

H3R2me Interferes with H3K4me by COMPASS-like complexes. Marks nuclear receptor-activated genes. 127,187

H3R17me and H3R26me Marks nuclear receptor-activated genes. 187

H3S10P May be linked to H4K16 acetylation. Prevents binding of HP1 (makes heterochromatin). Mediated by 
PIM1 and MSK1 or MSK2.

127,188

H3Q5Ser Stabilizes activating H3K43 methylation marks and interaction with transcription-initiating complexes. 
Potentially read by WDR5 of the MLL (also known as KMT2) H3K4 methylation complex

121,122

H4 H4K5ac, H4K8ac and H4K12ac Signal-dependent acetylation by NF-κB in LPS-stimulated macrophages or fibroblasts. Enables 
binding of BRD4 for p-TEFb recruitment and gene expression. Recognized by TAF1.

106

H4K16ac Signal-dependent acetylation by KAT8 (also known as MOF) for inducible recruitment of p-TEFb 
in response to serum. Sufficient to limit chromatin compaction and reduce interactions between 
nucleosome fibers. Deacetylation of this site also initiates spreading of repressive complexes to form 
heterochromatin.

98,106,107

H4R3me Marks nuclear receptor target genes. 187

H4K12la Upregulated in microglia exposed to antibodies in 5xFAD mice. Found enriched in promoters of genes 
for glycolysis and hypoxia response (Hif1a, Pkm and Ldha).

119

H4K20me1 Cell cycle regulation 189

H4K20me2 DNA damage checkpoint 189

Histone K La (general) Increased in macrophages exposed to LPS or hypoxia, dependent on lactate production by lactate 
dehydrogenase.

118

ac, acetylation; La, lactylation; me, methylation; P, phosphorylation; Ser, serotonylation. Numbers where written indicate mono- (1), di- (2), or tri- (3) valent modifications (for example, me3 
denotes trimethylation). If not written, valency is not specified.
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Table 2 | Overview of epigenetic writers/erasers (see also ref. 96), incorporating new nomenclature190

Category Protein (gene) Activity Function Refs.

DNMTs

DNMT1 (DNMT1) DNA cytosine methylation Propagation of methylated CpGs after DNA replication for 
durable silencing of genes by DNA methylation.
Broadly expressed.

80,191

DNMT3A (DNMT3A), DNMT3B 
(DNMT3B) and DNMT3L 
(DNMT3L)

DNA cytosine methylation Performs de novo methylation of CpGs typically during 
development. DNMT3A more prevalent in differentiated cells.
DNMT3B more abundant in early embryos. DNMT3L acts as 
a cofactor for both enzymes. Contain domains recognizing 
H3K36me3 (DNMT3A and DNMT3B) and H3K4me0 (DNMT3A, 
DNMT3B and DNMT3L).

79

DNA demethylases

TET1 (TET1) and TET3 (TET3) Oxidation of methyl-CpG to 
hydroxymethyl cytosine

Bind DNA at CpG islands via CxxC domains, mediating DNA 
demethylation and activation of specific loci especially during 
differentiation.

192

TET2 (TET2) Oxidation of methyl-CpG to 
hydroxymethyl cytosine

Unable to bind DNA directly, needs to be recruited to loci by 
other proteins for DNA demethylation activity. Also recruits 
HDAC1 and HDAC2, which has been implicated in inhibiting Il6 
transcription during late LPS response in mouse macrophages.

192,193

HATs

KAT3A (CREBBP, also known as 
CBP) and KAT3B (EP300, also 
known as p300)

Histone acetylation (H2A, H2B, 
H3K14, H3K18, H4K4 and H4K8 
preferred)

Correlates with H3K9ac (constitutive acetylation); associates 
with enhancers and promoters. May be involved in basal 
histone acetylation of primed genes.

106,111

KAT2A (KAT2A, also known as 
GCN5) and KAT2B (KAT2Balso 
known as PCAF)

Histone acetylation (H3K14 and 
H4K8)

Increased in transcribed regions and promoters of active 
genes. Performs inducible acetylation of H4K5, H4K8 and 
H4K12 of macrophage primary response genes.

106,111

KAT8 (KAT8, also known as MOF 
or MYST)

Histone acetylation (H4K16) Increased in transcribed regions and promoters of active 
genes. Recruited by 14-3-3 to FOSL1 enhancer.

111,127

KAT5 (KAT5, also know as TIP60) Histone acetylation (H2AK5, 
H3K14, H4K5, H4K8, H4K12 and 
H4K16 preferred)

Increased in transcribed regions and promoters of active 
genes.
Recruited by 14-3-3 to FOSL1 promoter.

111,127,175

HDACs

NcoR-Hdac3-deacetylated p50 
repressosome

Deacetylation; recruited to 
NF-κB motifs, where it represses 
cytokine transcription

Important mechanism in inflammation resolution and 
endotoxin tolerance.
Associates with HDAC3 and HDAC7.

98,194

Sirtuin family (SIRT1–SIRT13 in 
mammals)

NAD-dependent lysine 
deacetylation (histones H1K26, 
H3K9, H3K14, H3K56 and 
H4K16, as well as other TFs or 
enzymes)

Suppression of gene expression and formation of facultative 
and constitutive heterochromatin. Also important in DNA 
double-stranded break repair.

195

SMRT complex Deacetylation Associates with HDAC3 via its SANT domain; recognizes 
unmodified histone tails.

98

CoREST complex Deacetylation Associates with HDAC1 and HDAC2 via its SANT domain. 98

Histone  
methyltransferases

KMT2A (KMT2A, previously 
known as MLL), KMT2B (KMT2B, 
previously known as MLL2), 
KMT2C (KMT2C, previously 
known as MLL3) and KMT2D 
(KMT2D, previously known 
as MLL2); major components 
of COMPASS complex; SET 
domain-containing

Histone lysine methylation 
(H3K4me1 and H3K4me3), 
gene expression activation

Methylates H3K4 in actively transcribed chromatin, facilitating 
subsequent histone acetylation. Results in priming of a subset 
of silent genes.
Requires H2B monoubiquitination.
In differentiation of mouse stem cells to neural progenitor cells, 
KMT2B maintains existing enhancers, and KMT2C or KMT2D 
establishes new enhancers.
Positively regulates some proinflammatory genes in 
macrophages (KMT2A specifically affects expression of type 1 
IFN-response and STAT4-response genes).

111,128,196,197

KMT6 (EZH2; catalytic subunit 
of Polycomb repressor complex 
2 (PRC2)) and Polycomb-group 
proteins (PcG proteins); SET 
domain-containing

Histone lysine methylation 
(H3K27me3), H2A 
ubiquitination

Associated with gene silencing and X-chromosome 
inactivation. PRC1 also generates PcG domains important for 
silencing genes and condensing them into less accessible 
structures.

187,198–200

KMT1A (SUV39H1) and 
KMT1B (SUV39H2); SET 
domain-containing

Histone lysine methylation 
(H3K9me2 and H3K9me3) in 
heterochromatin

Important for heterochromatin formation and silencing. 201

KMT1C (EHMT2) and KMT1D 
(EHMT1, also known as GLP); SET 
domain-containing

Histone lysine methylation 
(H3K9me) in euchromatin,
limited H3K27me

Gene repressing through methyltransferase activity; creates 
facultative heterochromatin; also found
in activator complexes (methyltransferase independent).

201,202

KMT4 (DOT1L); non-SET domain 
containing

Histone lysine methylation 
(H3K79me)

Important for telomeric silencing. 187

CARM1 (CARM1) Histone arginine methylation 
(H3R2me, H3R17me and 
H3R26me)

Enhances transcriptional activation by nuclear receptors. 187

PRMT1 (PRMT1) Histone arginine methylation 
(H4R3me)

Required for transcriptional activation by nuclear receptors. 187
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ATAC-seq and chromatin immunoprecipitation coupled with sequenc-
ing (ChIP–seq), altering long-term responses and functionality67. Neu-
rons originally infected with LCMV in the neonatal stage also exhibited 
stronger IFNγ signaling through STAT1 and downstream synapse loss 
upon secondary infection67, suggestive of neuronal inflammatory 
memory, although the cell-intrinsic nature of this was not directly 
tested in vitro. The capacity of neurons for inflammatory memory is 
also supported by the historical phenomenon of neuronal ‘ischemic 
tolerance,’ in which neuroprotective pathways are upregulated in 
neurons after a sublethal occlusive event68,69, increasing resistance to 
subsequent insults. While ischemia produces both inflammatory and 
hypoxic signals, and prior studies did not isolate the effects of ischemia 
on neurons versus glial cells, it is plausible that neuron epigenomic 
programs downstream of these signals facilitate neuroprotective 
gene expression.

Finally, endothelial cells, pericytes and perivascular fibroblasts, 
important components of the blood–brain barrier substantially 
altered in inflammation, may also establish inflammatory memory 
(Fig. 1). In EAE mice, endothelial cells, especially venous cells, display 
prominent transcriptomic alterations70 that may reflect epigenetic 
changes controlling future responses. Although not studied in the 
CNS, epigenetic changes in vascular endothelial cells contribute to 
altered expression of cell adhesion molecules and other changes in 
hyperglycemia and chronic inflammation in atherosclerosis71. Peri-
cytes, which regulate leukocyte trafficking72 and secrete cytokines 
and chemokines in the perivascular space73, and perivascular fibro-
blasts, which populate CNS borders, expand in response to injury, 

remodel the extracellular matrix and regulate microglial and T cell 
responses74, also participate in CNS inflammation. While the epige-
netic landscape of these cells has not been explored extensively in the 
CNS, chromatin alterations suggestive of inflammatory memory have 
been described in synovial fibroblasts in rheumatoid arthritis75 and 
skin fibroblasts in psoriasis76,77. Profiling of structural cells, including 
fibroblasts and endothelial cells, across various tissues has revealed 
baseline chromatin accessibility at several immune-related genes78 
that may be further remodeled in the context of inflammation. Future 
studies should interrogate the mechanisms of inflammatory memory 
in CNS endothelial cells, pericytes and fibroblasts, and their roles in 
physiology and pathology.

Together, evidence across microglia, astrocytes, oligodendro-
cytes, OPCs, neurons, vascular and perivascular cells supports the 
capacity of CNS cells to encode epigenetic inflammatory memory. 
These memory states can arise during development or adulthood, 
shaping future responses and thereby affecting predisposition to 
neurologic disorders later in life.

Epigenetic mechanisms underlying inflammatory 
memory
Several epigenetic modifications targeting different levels of genomic 
organization from DNA to chromatin regulate inflammatory memory. 
These modifications are mediated by various epigenetic readers, writ-
ers and erasers, which introduce, detect and remove, respectively, 
epigenetic modifications at gene regulatory regions (for example, 
promoters and enhancers) guided by signal-induced transcription 

Category Protein (gene) Activity Function Refs.

Histone 
demethylases

KDM1A (KDM1A, also known as 
LSD1)

H3K4me1, H3K4me2, H3K9me1 
and H3K9me2

A subunit of several repressor complexes, likely establishes 
repressive chromatin. Recruited by SMAD1 and SMAD5 to 
remove H3K4me1 and H3K4me2 marks associated with 
enhancers in mouse embryonic stem cells.

203,204

KDM2A (KDM2A) H3K36 demethylation Maintains hypomethylation of CpG islands, which it recognizes 
with a DNA-binding domain.

205

KDM2B (KDM2B) H3K36 demethylation Recruits Polycomb complex PRC1 to repressed CpG islands in 
mouse embryonic stem cells. Also, together with KDM2A may 
aid in the protection of CpG islands from methylation.

206,207

KDM5 family (KDM5) H3K4me2 and H3K4me3 
demethylation

Transcriptional repression. Regulates STING expression. 208

KDM6A (KDM6A, also known as 
UTX) and KDM6B (KDM6B, also 
known as JMJD3)

H3K27me2 and H3K27me3 
demethylation

Transcriptional activation 209

KDM4 family (KDM4) H3K9 and H3K36 
demethylation

Transcriptional repression mostly 209

Histone serine 
kinases

PIM1 (PIM1) H3S10 phosphorylation Activates gene transcription 107,127

MSK1 (MSK1) and MSK2 (MSK2) H3S10 phosphorylation Activates gene transcription in response to serum (that is, 
FOSL1)

107,127

Chromatin 
remodelers

BRG1 (SMARCA4) and hBRM 
(SMARCA2); BAF and PBAF 
complexes

SWI/SNF family, slide away or 
eject nucleosomes to open 
regions of chromatin

Usually activates gene transcription by exposing binding sites 
for transcriptional activators.

130,131

SNF2H (SMARCA5; CHRAC and 
ACF complexes) and SNF2L 
(SMARCA1; NURF complexes)

ISWI family, nucleosome 
assembly and organization

Participate in random histone deposition and maturation of 
nucleosomes. Restores nucleosome spacing to previously 
opened regions.

130,131

CHD1–CHD9 (CHD1–CHD9); 
CHD3 and CHD4 incorporated 
into NURD complex

CHD family, bind methylated 
histone lysines, also perform 
nucleosome assembly and 
organization

CHD1–CHD2 interact with HAT complexes and are targeted 
to sites of active transcription marked by H3K4me3. Likely 
maintains open chromatin for pluripotency.The NURD complex 
also has HDAC activity and likely represses transcription at 
methylated DNA sites during developmental transitions.Some 
CHD complexes (such as CHD7) also colocalize with BRG1 and 
H3K4me1 to promote chromatin access.

130,131

INO80 (INO80; INO80 complex), 
SRCAP (SRCAP; SRCAP 
complex) and p400 (EP400; 
TRAPP/TIP60 complexes)

INO80 and SWR1 family Perform histone editing or exchange (especially of histone 
variants).
Many involved in DNA repair, cell cycle checkpoint 
maintenance and telomeric stability.TIP60–p400 complexes 
also have HAT activity.

130,131

Table 2 (continued) | Overview of epigenetic writers/erasers (see also ref. 96), incorporating new nomenclature190
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factors activated in response to inflammatory stimuli (Box 2). Here, we 
highlight some key modifications relevant to epigenetic inflammatory 
memory in the CNS, focusing on principles most directly applicable 
to CNS cells.

At the DNA level, the two main DNA epigenetic modifications in 
mammals are cytosine methylation (5mC) and hydroxymethylation 
(5hmC) at CpG dinucleotides79 (Table 1). In vertebrates, most CpGs 
throughout the genome, except those in promoter CpG islands (Box 2), 
are methylated by DNA methyltransferases (DNMTs) (Table 3). DNA 
methylation is generally associated with transcriptional repression 
and is relatively stable80. However, DNA methylation at distal regulatory 
regions outside CpG islands is regulated by transcription factors81, ena-
bling context-dependent gene regulation. Thus, CpG demethylation 
is associated with transcriptional activation. 5hmC, generated from 
5mC during DNA demethylation by TET proteins, marks areas of active 

DNA demethylation82 and displaces DNA methylation readers83, and is 
associated with transcriptional activation (Table 1). In inflammatory 
memory, changes in DNA methylation support the differentiation of 
adaptive and innate immune cells into distinct subtypes, such as effec-
tor CD8+ T cells, in which DNA methylation represses the naive state84, 
and memory-like natural killer (NK) cells10,85. CpG hydroxymethylation 
of key enhancers also participates in the differentiation of B cells and 
various T cell subsets, establishment of cell-specific programs in mye-
loid cells and optimal cytokine production by innate lymphoid cells86,87. 
In the CNS, 5mC and 5hmC marks are best characterized in neurons, 
where they regulate synaptic plasticity and memory consolidation88. 
Neurons also undergo activity-induced DNA demethylation89, as mice 
subjected to monocular vision deprivation have altered 5mC and 5hmC 
in the affected visual cortex90. Whether inflammation also changes 
neuronal 5mC and 5hmC has not been investigated. But in astrocytes, 

Table 3 | Select epigenetic readers, including chromatin remodelers and transcriptional scaffolds

Activity Protein/complex (family) Recognizes Function Refs.

Acetyl lysine 
readers

TBP-associated factor II, 250 
kDa (TAFII250, also known as 
TAF2) (part of TFIID complex)

H3K9ac and K14ac and H4K5, 
H4K8, H4K12 and H4K16 via 
double bromodomain (BD1  
and BD2)

Transcriptional activation and elongation; also has intrinsic HAT 
activity.

181,210

BRD4 H3K14, H4K5 and H4K12 via 
double bromodomain

Binds promoters, nucleates super enhancers. Provides scaffold 
for p-TEFb and NF-κB. Also has intrinsic HAT activity and can evict 
nucleosomes (both directly and in cooperation with SWI/SNF 
complexes).

211,212

GCN5 and PCAF Acetyl lysine (probably H3) Also has intrinsic HAT activity, needed for processive acetylation 
on H3 (especially at H3K18).

213

MOZ and MORF H3K14ac, H3K9, other 
acetylated H3, H4 residues via 
PHD domain

Participates in targeting for MYST acetyltransferase complexes. 
Results in hyperacetylated domains(such as in HOX genes.

214

DPF family (DPF2 and DPF3b, 
also known as Cerd4)

H3K14ac, H3K9, other 
acetylated H3, H4 residues via 
PHD domain

ATP-dependent chromatin remodeling (associated with BAF 
complex). DPF3b is important for neuronal differentiation and 
NF-κB transactivation by TNF.

215–218

HMGN proteins Highly acetylated H3K27 
nucleosomes

Recognizes acetylated histones through a noncanonical 
mechanism. Regulates chromatin compaction by altering the 
binding of linker H1 histone, and decreasing levels of H3K27me3.

129

BRG1 (SWI/SNF family) Acetylated lysines in histone 
tails

Slides and ejects nucleosomes via ATP-dependent chromatin 
remodeling activity.

130,131

Methyl lysine 
readers

KDM1 family (LSD1) (flavin 
dependent)

H3K4me1, H3K4me2, H3K9me1 
and H3K9me2

A subunit of several repressor complexes, likely establish 
repressive chromatin. Also has demethylase activity.

203

KDM4A-C (Tudor domain + 
JmjC domain)

H3K4me3 and H4K20me3 Demethylate H3K9 and H3K36 at sites of H3K4me3 and 
H3K20me3.

219,220

TBP-associated factor (TAF3, 
subunit of TFIID)

H3K4me3 via PHD domain Transcriptional co-activator (associated with TFIID complex) 221

SGF29 H3K4me2 and H3K4me3 Subunit of SAGA complex, a transcriptional activator similar to 
TFIID but associated with transcription of stress response genes. 
Results in H3 acetylation.

222

HP1 H3K9me Makes heterochromatin (silenced) 223

CBX7 (PRC1 complex) H3K27me3 via chromodomain Targets the PRC for transcriptional repression 224

BAF45c (BAF complex, SWI/
SNF family)

H3K4me1 Opens chromatin by evicting nucleosomes through 
ATP-dependent chromatin remodeling activity; targeted to 
enhancers. Only accommodates H3K4me1 not H3K4me3. 
Binding augmented by H3K27ac.

225

CHD1 H3K4me2 and H3K4me3 ATP-dependent chromatin remodeling activity (CHD family). 
Associates with HAT complexes and targeted to sites of active 
transcription marked by H3K4me2 or H3K4me3.

108

BPTF (subunit of NURF) H3K4me3 ATP-dependent chromatin remodeling 108

Ubiquitin reader DNMT1 H3-Ub2 Binding to ubiquitinated H3 increases its catalytic activity for 
DNA methylation

226

Phosphoserine 
reader

14-3-3 Binds H3S10P and other 
phosphoserines. H3K9 and 
H3K14ac increase affinity.

Recruits KAT8 (also known as MOF) or KAT5 (also known as 
TIP60) for transcriptional activation downstream of MAPK 
signaling pathways. Important for induction of HDAC1 and 
several other genes regulated by H3 phospho-acetylation.

127,227
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MAFG, a DNA methylation regulator, marks a pathogenic astrocyte sub-
set in EAE91. Reactive astrocytosis is also associated with increased DNA 
methylation at homeostatic neuronal-support genes92. Oligodendro-
cytes also display aberrant DNA methylation in myelin-related genes in 
neurodegenerative disease93, but increased 5hmC of lipid metabolism 
and solute carrier genes during adult remyelination94. Although these 
findings suggest a role for DNA methylation in CNS inflammatory 
memory, direct causal links remain to be fully established.

At the histone level, posttranslational modifications (PTMs; 
Box 2) form a ‘histone code’ that provides another layer of epigenetic 
regulation of inflammatory memory by altering nucleosome com-
paction and recruitment of transcriptional complexes95–97 (Table 2). 
These histone PTMs are written or erased by proteins in or recruited 
by activating or repressive transcription factor complexes, and read 
by other transcriptional regulators or scaffolds (Table 3) that further 
consolidate histone PTMs and recruit additional transcription factors 
in a feed-forward manner.

Histone lysine acetylation (Table 2), catalyzed by histone acetyl-
transferases (HATs), read by bromodomain-containing proteins and 
removed by histone deacetylases (HDACs) (Table 3) is generally asso-
ciated with transcriptional activation by increasing nucleosomal DNA 
accessibility to transcription factors and elongation complexes98. 
Importantly, while HAT activity almost always activates transcrip-
tion, HDAC activity is often99, but not always, repressive, as it can 
also facilitate transcriptional elongation at intergenic regions100 and 
rapid histone acetylation turnover at highly active genes98. Certain 
acetylated residues also carry meaning: H3K9ac or H3K14ac marks 
promoters of constitutively transcribed genes, binding TAF1 of the 
TFIID complex, which helps initiate transcription by RNA Pol II101; 
H3K27ac by p300 and CBP marks active enhancers and promoters102, 
promoting transcription elongation103–105; and inducible H4K5ac, 
H4K8ac or H4K12ac by NF-κB, or H4K16ac by KAT8 (also known as 
MOF), facilitates signal-dependent transcription of immediate early 
genes106,107 (Box 2). Histone acetylation patterns underlie epigenetic 
inflammatory memory. In LPS-tolerant macrophages, promoter 
H4 acetylation differs between tolerizeable and sensitizable genes 
(Box 2) and correlates with differences in chromatin availability12. In 
astrocytes, H3K27ac by p300 downstream is also critical to establish 
epigenetic inflammatory memory40.

Histone lysine methylation (Table 2), added by histone methy
ltransferases (KMTs), read by Tudor and MBT domain-containing 
proteins and erased by histone demethylases (KDMs)108 (Table 3), has 
site-specific effects on gene expression. H3K9me and H3K27me are 
associated with heterochromatin and transcriptional silencing, which 
maintains cell identity and represses tolerizeable genes in LPS-tolerant 
microglia29. Loss of H3K9me or H3K27me at super-enhancer elements 
also boosts NF-κB signaling in endothelia109, and may affect epigenetic 
inflammatory memory. By contrast, H3K4me by MLL proteins (now 
known as KMT2 family) is activating. H3K4me3 is associated with 
active promoters, priming histone acetylation110,111. Demethylation of 
H3K4me3 by LSD1 was observed in tolerizeable genes in LPS-stimulated 
macrophages12. H3K4me2 without H3K4me3 marks poised promot-
ers (Box 2) that are not actively expressed112. H3K4me1 marks poised 
and active enhancers, the latter of which gain H3K27ac113,114. In mac-
rophages, several unmarked ‘latent’ enhancers gain H3K4me1 and 
H3K27ac upon exposure to inflammatory stimuli, and retain H3K4me1 
after loss of H3K27ac after stimulation115, potentially facilitating inflam-
matory memory-linked transcription upon restimulation. Concurrent 
activating and suppressive histone methylation (such as H3K4me and 
H3K27me) marks bivalent chromatin regions (Box 2) that are tran-
scriptionally silent but ‘bookmarked’ for later expression. Bivalent 
chromatin is associated with pluripotency116 and collapses to a mono-
valent ‘on’ or ‘off’ state upon removal of either mark by their respective 
demethylase during cell differentiation or activation. This mecha-
nism underlies the rapid expression of previously silent genes during 

effector memory T cell differentiation117. Bivalency is also detected at 
a subset of immune-related genes in OPCs50, and may contribute more 
broadly to CNS epigenetic inflammatory memory.

Less canonical histone modifications of relevance to CNS epi-
genetic memory include histone lactylation, observed in cells 
producing high concentrations of lactate such as LPS-stimulated 
macrophages118, plaque-activated microglia119 and astrocytes120, and 
histone serotonylation121,122 (Table 2). In myeloid cells, histone lactyla-
tion increases expression of glycolysis and lactate production-related 
genes, whereas in astrocytes, histone lactylation dampens inflamma-
tory phenotypes and promotes neuronal recovery, as astrocytes are 
important sources of used lactate by neurons, especially in metabolic 
stress conditions. In astrocytes, H4K8La is mediated by BRD4, a histone 
acetylation reader that also has intrinsic HAT activity120. Thus, when 
metabolic lactate pools are high, BRD4 may substitute lactoyl-CoA 
for acetyl-CoA during histone acetylation at already-acetylated sites, 
allowing the memory of a lactate-rich state to be encoded into genes 
open at that time. Readers of lactylation are still being uncovered, but 
include chromatin remodelers DPF2 and BRG1123,124 (Table 3). Histone 
serotonylation by transglutaminase 2 (TG2) may increase transcrip-
tion by stabilizing adjacent H3K4me3, and is read by WDR5 in the MLL 
complex, which promotes additional H3K4me3125 (Table 3). Other 
enzymatic and nonenzymatic histone PTMs96,126 and their interac-
tions127 may also contribute to epigenetic inflammatory memory, 
including H3 phosphorylation, connected to HATs by 14-3-3 molecular 
scaffolds127, histone arginine methylation, connected to DNA meth-
ylation by DNMT3a, and H2B ubiquitination, connected to H3K4me 
by the COMPASS complex128. Noncanonical histone readers such as 
HMGN proteins, which bind highly acetylated H3K27 patches and 
increase chromatin accessibility by decreasing linker histone binding 
and H3K27me3129, may also contribute (Table 3).

At the chromatin level, chromatin remodelers enact larger-scale 
epigenetic modifications to establish inflammatory memory (Tables 2 
and 3). The most typical are the ATP-dependent nucleosome remod-
eling complexes, which add, move, eject or exchange nucleosomes 
to open or close chromatin at specific sites130,131. These complexes 
fall into four families: SWI/SNF proteins (such as BRG1) recognize 
acetylated histones, activate loci by sliding away or ejecting nucle-
osomes and associate with p300 and CBP HATs to maintain H3K27ac at 
active enhancers132; ISWI proteins repress gene expression by restoring 
nucleosome spacing in previously open areas; CHD remodelers bind 
methylated histone lysines, inducing or suppressing gene expres-
sion during cell differentiation133–136; and INO80 and SWR1 proteins 
mediate DNA repair, cell cycle checkpoints and telomeric stability, 
although some participate in HAT complexes. As histone readers, 
chromatin remodelers align the nucleosome landscape with histone 
modifications. When recruited by pioneer factors137,138 (Box 2), which 
locally open bound loci in closed heterochromatin139, chromatin 
remodelers also seed activating histone marks that recruit DNA dem-
ethylases and histone writing complexes (such as p300 and MLL), 
consolidating locus activity and depositing H3K4me1 poising marks140. 
In response to inflammatory stimuli, chromatin remodelers recruited 
by transcription factors alter the nucleosomal landscape. For instance, 
BRG1 opens the IFNβ promoter during viral infection of HeLa cells141, 
facilitating the transcription of late primary and secondary response 
genes (Box 2) in LPS-stimulated macrophages142. Genome-wide anal-
ysis of chromatin remodeling by ATAC-seq in LPS-stimulated bone 
marrow-derived macrophages detected NF-κB-induced remodeling at 
hundreds of latent enhancers and promoters143; although the remod-
elers involved were not characterized, they appear to be constrained 
by lineage-determining transcription factors144. In LPS-tolerant mac-
rophages, what regulates differential Brg1 recruitment to sensitiz-
able versus tolerizeable genes during restimulation is also not clear, 
although it requires new transcription12. In astrocytes, CHD7, together 
with transcription factors SOX2 and ATF4, and CHD8 are important for 
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the adoption of reactive states upon ischemia and peripheral stimula-
tion with LPS, respectively37,38. However, the degree to which CHD7 or 
CHD8 ablation affects the epigenetic state of astrocytes before stimula-
tion (versus gene induction upon inflammatory stimulation) needs to 
be clarified. Furthermore, while ATAC-seq is often used to analyze chro-
matin remodeling, not all differentially accessible regions reflect true 
nucleosome remodeling143. Targeted studies in chromatin remodeling 
driven by signal-induced transcription factors in CNS cells are needed 
to further define this important mechanism of epigenetic memory.

In summary, DNA, histone and chromatin modifications cooperate 
to establish epigenetic inflammatory memory through interdepend-
ent and reinforcing mechanisms. For instance, histone acetylation is 
recognized by bromodomain readers with concurrent HAT activity, as 
well as by SWI/SNF chromatin remodelers that slide nucleosomes out 
of the locus. Moreover, activating H3K4 methylation blocks DNMTs, 
while inhibitory H3K9 methylation seeds DNA methylation, ensuring 
continued gene silencing in case of loss of CpG methylation145,146. As 
such, it can be difficult to tease out the relative importance of indi-
vidual modifications to epigenetic memory. In addition, each mark also 
has different turnover kinetics and intrinsic ability. DNA methylation 
is generally more stable than histone methylation147, which is more 
stable than histone acetylation, itself modulated by the metabolic 
cell state148,149. These stability differences may affect the durability of 
epigenetic changes underlying inflammatory memory.

Translating epigenetic modifications into 
inflammatory memory
To establish inflammatory memory, epigenetic modifications induced 
by an initial stimulus must alter gene expression in response to sub-
sequent stimulation. This likely occurs through three main mecha-
nisms: altered recruitment or poising of RNA Pol II and transcriptional 
activators to accessible loci through changes in DNA methylation and 
histone PTMs (mechanism 1); opening and marking of new loci (such 
as H3K4me1 enhancers) by chromatin remodelers or pioneer factors 
(such as NF-κB or interferon regulatory factors, although their pio-
neer activity is debated137,138) activated during the first stimulation, 
facilitating gene expression upon second stimulation (mechanism 2); 
or sustained expression of induced genes, through bivalent to mono-
valent collapse117,150,151 or expression of a self-inducing transcription 
factor (mechanism 3)152,153. Based on these mechanisms, at least two 
types of epigenetic memory may be delineated: ‘latent memory’, where 
the transcriptome of the cell is not substantially changed by the first 
stimulation, but the induced epigenetic modifications modulate its 
response to second stimulation (mechanisms 1 and 2); and ‘expressed 
memory’, where a stable change induced by the first stimulation is 
necessary for the altered response to second stimulation (mechanisms 
1, 2 and 3; Fig. 2). As many studies do not fully compare the transcrip-
tome of stimulus-experienced to stimulus-naive cells, it is not often 
clear which type of memory is induced, and to what extent these two 
types of epigenetic inflammatory memory operate in parallel in a cell.

Multiple examples of each mechanism of epigenetic inflammatory 
memory are now available in immune and nonimmune cells. Differen-
tial DNA methylation and Pol II recruitment at cytokine loci in the TH1 or 
TH2 subset of helper T cells154–156 and sensitizable or tolerizeable genes 
in LPS-treated macrophages12 illustrate mechanism 1. Pol II recruit-
ment to poised sites also follows transcriptional activators157, so it is 
likely to increase at previously activated loci. Binding of JUN alongside 
homeostatic transcription factors ATF3 and p63 to ‘memory domains’ 
in skin exposed to imiquimod, and deposition of H3K4me1 marks, 
which together facilitate rapid recruitment of FOS to those domains 
upon subsequent inflammation or injury14, illustrate mechanism 2. 
The increased expression of AIM2 in imiquimod-exposed epidermal 
cells, augmenting inflammasome activation upon reinjury13, portrays 
mechanism 3. In the CNS, mechanism 1 likely underlies the faster induc-
tion of inflammatory cytokines in astrocytes preconditioned with TNF 

and IL-1β mediated by p300 (ref. 40), which among its multiple roles 
may facilitate Pol II poising and recruitment at promoters158 to drive 
inflammatory cytokine expression only 1 h after restimulation. DNA 
methylation at neuronal-support gene promoters in reactive astro-
cytes92 and decreased H3K4me3 and H3Kac at tolerized TNF and IL-1β 
promoters in microglia of LPS-treated mice29 also illustrate mechanism 
1. Evidence of mechanism 2 can be seen in the acquisition of microglial 
H3K4me1 at hypoxia-related or phagocytosis genes in 1× LPS-treated or 
4× LPS-treated APP mice, suggesting poising of latent enhancers that 
alter subsequent microglial responses31; deposition of H3K27ac and 
increased accessibility at a subset of genes in oligodendrocytes during 
EAE50; and opening of new loci in OPCs by IFNγ, altering enhancer–pro-
moter contacts50. In addition, astrocyte remodeling of shared loci newly 
opened by p300 and the SWI/SNF remodeler Smarca4 in response to 
systemic LPS, spinal cord injury or EAE36, and modulation of baseline 
chromatin accessibility of multiple inflammatory genes by NR3C1 (ref. 
42) illustrate mechanism 2. Mechanism 3 is most clearly illustrated by 
OPCs that exhibit bivalent H3K4me3/H3K27me3 marks at MHC class 
I and II genes, which contributes to their antigen-presenting abili-
ties50. Many other IFN-response genes in OPCs display a similar poised 
state with high chromatin availability but low expression, which has 
also been observed in mouse fibroblasts, endothelial cells and other 
structural cells across multiple organs at homeostasis78. In ischemic 
astrocytes, induction of Malt1 and C3ar1 by CHD7 and Sox2, which 
secondarily increases expression of Il1b, may be another example of 
mechanism 3, especially if the stable expression of Malt and C3ar1 
allows Il1b to be induced as a primary rather than secondary response 
gene38. The neuronal epigenetic modifications leading to synapse loss 
upon IFNγ signaling in viral encephalitis159 may also be a more extreme 
example of mechanism 3.

Thus, by altering the recruitment and poising of transcriptional 
activators at existing loci, opening and marking new loci and inducing 
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Fig. 2 | Types of epigenetic inflammatory memory. Potential responses to 
an inflammatory stimulus in a hypothetical cell, in which the original state is 
depicted in light purple, and the primary response to an inflammatory stimulus 
is depicted as dark purple. In expressed epigenetic memory, the cell achieves a 
memory state (medium purple) that is transcriptionally distinct from the original 
state. In latent epigenetic memory, the cell achieves a memory state (light purple) 
that is transcriptionally similar to the original state, but epigenetically distinct. 
Upon a secondary stimulus, cells with epigenetic inflammatory memory display 
an altered secondary response (magenta). Cells with no memory display the same 
primary response (dark purple). Cells that do not respond at all stay in a light-
purple state regardless of stimulus. The concept of epigenetic erosion and its 
effect on memory states is depicted with dashed lines and an ellipsis, symbolizing 
the loss of previously established epigenetic modifications (asterisk). Upon a 
secondary stimulus, eroded cells display a faded version of the magenta state 
that would typically be elicited (pink).
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stable expression of new genes, epigenetic modifications elicited 
by an initial inflammatory event alter the kinetics, magnitude and 
breadth of genes induced by a secondary stimulation to establish 
latent or expressed inflammatory memory (Fig. 3). While examples of 
responsible epigenetic modifications have been identified in CNS cells, 
additional studies of the pathways controlling these epigenetic changes 
in different cells and time-resolved characterization of gene expres-
sion and chromatin accessibility before, during and after secondary 

challenge are needed to elucidate key regulators of CNS epigenetic 
inflammatory memory.

Loss and resetting of epigenetic memory
Epigenetic modifications are usually maintained and transmitted during 
DNA replication and cell division. For instance, gene silencing driven 
by chemically induced H3K9me3 heterochromatin domains was main-
tained through multiple cell generations160. Wound-experienced hair 
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Fig. 3 | Mechanisms used in epigenetic inflammatory memory to alter the 
kinetics and breadth of cellular responses to restimulation. Signaling upon a 
primary stimulus (top left) induces changes in the epigenetic landscape (bottom 
left) by three primary mechanisms. In mechanism 1, changes in recruitment or 
poising of transcriptional activators occur at open loci, allowing for faster gene 
expression upon subsequent stimulation. In mechanism 2, nucleosome or larger-
scale chromatin remodeling opens and marks new loci harboring transcription 
factor binding sites for the same or related transcription factors, activating 

latent enhancers, removing the requirement for remodeling with future stimuli 
and allowing for cross-priming by related signals. In mechanism 3, a primary 
stimulus may trigger remodeling of bivalent to monovalent histone PTMs or the 
constitutive expression of new genes which alter the subsequent transcriptional 
response. Then, upon exposure to a secondary stimulus (right), these changes 
foster faster and stronger induction of sensitized genes (or reduced induction of 
tolerized genes), conversion of secondary to primary response genes and other 
alterations in the transcriptional response to a secondary stimulus.
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follicle stem cells also maintain memories of wounding despite prolif-
eration and differentiation into epidermal stem cells 80 days later161. 
The mechanisms by which epigenetic modifications are propagated 
are best described for DNA methylation patterns, which are copied 
from parent to daughter DNA strands by DNMT1 during DNA replica-
tion; histone marks like H3K9me also help reinstate DNA methylation 
if lost. Histone PTMs are also propagated through cell division but via 
less clear mechanisms, which may include read–write feedback loops 
that allow PTM self-propagation in cis from neighboring parent histones 
and recruitment of histone writers to chromosomes during mitosis162,163. 
Other PTM patterns may be replicated in trans simply via activation of the 
same pathways in parent and daughter cells. For example, in postmitotic 
neurons, new H3.3 histones incorporated into active regulatory sites 
during activity-dependent histone turnover are enriched in activating 
acetylation and H3K4me marks already characterizing that region164,165.

However, not all epigenetic modifications are permanent. In germ 
cells, epigenetic marks are actively reset, except DNA methylation at 
specific CpG loci involved in imprinting166. iPS cells similarly are arti-
ficially epigenetically reprogrammed from a terminally differentiated 
state167. In somatic cell replication, while parental histone patterns are 
not actively erased, they may be lost by intrinsic differences in stabil-
ity as discussed148. In nondividing cells, stochastic epigenetic erosion 
may also blunt or erase existing epigenetic modifications over time. 
This was initially described in aging, where inflammatory signals, 
reactive oxygen species and low-level double-stranded DNA breaks 
were posited to erode epigenetic marks168,169. Patients with late-stage 
Alzheimer’s disease also display less identifiable cell-type-specific 
ATAC-seq signatures in CNS neurons and glia170, suggesting accelerated 
epigenetic erosion of cell-type-specific transcriptional programs. Such 
epigenetic erosion may alter inflammatory memory and contribute 
to disease. For instance, loss of microglial memory programs that 
support efficient amyloid clearance may impair phagocytic function, 
increasing tissue stress and non-resolving inflammation. In addition, 
an eroded epigenetic landscape may render cells more susceptible to 
maladaptive reprogramming by subsequent inflammatory stimuli, 
contributing to disease progression.

Outlook and future directions
The impact of epigenetic inflammatory memory may be clear in 
experimental systems. However, in the larger context of experiences 
faced by an organism throughout its lifetime, a number of questions 
arise. One is how inflammatory signals are differentially recorded in 
development, where many homeostatic processes are mediated by 
‘immune’ cytokines and factors171, versus later in life. IL-33 derived from 
astrocytes, for instance, mediates microglial refinement of neuronal 
circuits during development172 but participates in neuropathology in 
adulthood173. The ability of NR3C1 in neonatal mice to restrain astrocyte 
epigenetic inflammatory memory acquisition suggests one possible 
regulatory mechanism42. Other pathways likely suppress or modulate 
epigenetic inflammatory memory in CNS cells during development and 
homeostasis. Perturbations in these regulatory mechanisms, by either 
mutation or exposure to early-life infections or disease, may drive inap-
propriate, pathogenic inflammatory memories in astrocytes and other 
CNS cells. A related question is whether prior CNS epigenetic inflamma-
tory memories affect predisposition to future neurologic disease. For 
instance, if a viral infection early in life establishes epigenetic inflam-
matory memory sensitizing microglia to Trem2 signaling, setting a low 
threshold for synapse pruning, this epigenetic inflammatory memory 
may increase predisposition to schizophrenia where excessive synapse 
pruning has been implicated. Furthermore, how epigenetic memories 
in different cells synergize remains unclear. Theoretically, increased 
memory-driven cytokine production by microglia or CNS-recruited 
peripheral immune cells may reinforce inflammatory memory in astro-
cytes and other glia, consolidating feed-forward loops that predispose 
to pathology or perpetuate chronic inflammation.

Additional open questions and challenges include elucidating 
differences between memory established in response to transient/
resolved versus chronic/unresolved stimuli, defining to what degree 
related inflammatory memories sharing transcriptional modules (that 
is, NF-κB activation) can be cross-primed or conflicting memories 
can be overwritten, delineating how long an epigenetic memory lasts 
in the context of additional signals, and how this is affected by the 
type of CNS epigenetic memory elicited (that is, stable induction of a 
self-sustaining transcription factor may be hard to overwrite) or the fre-
quency or strength of prior signals. Further characterization of specific 
epigenetic inflammatory memories in different cell types, the effects 
of each memory state on subsequent responses and neighboring cells 
and the molecular pathways involved are also needed to design thera-
peutic interventions. Ultimately, the dissection of the cell-intrinsic 
and network-based mechanisms controlling inflammatory memory 
will improve our understanding of CNS physiology and reveal novel 
biological principles across diverse CNS pathologies.
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