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Innate immune signaling and functions  
in astrocytes
 

Amy X. Guo1, Theodore M. Fisher    1, Natacha Comandante-Lou    2,3, 
Philip L. De Jager    2,3 & Shane A. Liddelow    1,4,5,6 

Astrocytes, long considered supportive cells of the central nervous system 
(CNS), have critical roles in innate immunity. This Review explores immune 
signaling pathways in astrocytes, including pattern recognition through 
Toll-like receptors, nucleic acid sensors and inflammasomes. These 
pathways enable the detection of danger signals and initiate protective 
responses and endogenous innate immune functions. Downstream 
signaling pathways, including the interferon, NF-κB and STAT3 pathways, 
mediate astrocyte reactivity and drive cytokine secretion, antiviral 
responses, phagocytosis and many other immune functions. While these 
responses are crucial for CNS health, their dysregulation can contribute 
to chronic inflammation and neurodegeneration in conditions such as 
Alzheimer’s disease, Parkinson’s disease, multiple sclerosis and amyotrophic 
lateral sclerosis. Additionally, astrocytes exhibit regional heterogeneity 
in their immune behaviors, which may influence disease trajectories. 
We highlight unresolved questions regarding the immune functions of 
astrocytes, their interplay with professional immune cells and their dual 
protective and pathological roles.

Astrocytes are long-lived glial cells of the central nervous system (CNS) 
that arise from neuroepithelial cells through radial glia during glio-
genesis and perform essential homeostatic, metabolic and structural 
functions. In the mature CNS, astrocytes are largely quiescent and 
exhibit limited proliferation, but they can proliferate in response to 
acute injuries such as stroke. Astrocytes are now recognized as essential 
regulators of neuronal and circuit physiology, including metabolic 
support, structural maintenance, blood flow regulation and neuro-
transmitter recycling (reviewed elsewhere1). They have also emerged as 
active participants in the initiation, propagation and potential resolu-
tion of neuroinflammation across CNS disorders2. Initially viewed as 
passive responders to microglia-released signals during neuroinflam-
mation, astrocytes are now understood to influence CNS immunity 
through their own innate immune functions3,4. By sensing pathogen- 
and damage-associated signals, astrocytes contribute to protecting 

neurons, repairing CNS tissue and resolving inflammation, thereby 
helping to preserve CNS homeostasis. Importantly, these activities do 
not occur in isolation, as the innate immune functions of astrocytes are 
tightly coordinated with, and often complementary to, those of other 
CNS-resident immune cells, particularly microglia5,6.

In many neuroinflammatory settings, astrocyte responses inter-
sect with and modulate microglial and broader CNS immune pathways, 
thereby shaping the course and outcome of inflammatory signaling 
in the brain. In this Review, we examine the breadth of innate immune 
processes in which astrocytes participate, from danger sensing and 
pathway activation to downstream effector responses and, ultimately, 
inflammation resolution. We also discuss how these effector programs 
influence the trajectory of CNS inflammatory diseases. We argue that 
astrocytes should be considered integral components of the CNS 
innate immune system, as they express canonical pattern-recognition 
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frontline sensing is carried out by glial cells. Like peripheral innate 
immune cells, astrocytes express a repertoire of PRRs that can detect 
pathogen- and damage-associated signals and, in defined contexts, 
initiate cell-intrinsic immune programs22–26. These include Toll-like 
receptors (TLRs), cytosolic retinoic acid-inducible gene I (RIG-I)-like 
receptors (RLRs), cGAS–STING DNA sensors, NOD-like receptors (NLRs) 
and scavenger receptors26. PRR engagement triggers canonical inflam-
matory signaling cascades, leading to downstream cell-autonomous 
inflammasome activation, interferon production and phagocytic 
programs. A recurring challenge is distinguishing astrocyte-intrinsic 
immune functions from responses driven by microglia and infiltrat-
ing myeloid cells, as well as from secondary responses to cytokines.

TLRs can recognize a broad range of PAMPs. Ten TLRs have been 
identified in the human immune system: TLR1, TLR2 and TLR4–TLR6 
are found on the cell surface22,27,28, while TLR3 and TLR7–TLR10 are 
localized to endosomal compartments to recognize PAMPs from viral 
or bacterial nucleic acids29. Several TLRs, including TLR2, TLR3, TLR4, 
TLR7 and TLR9, have been implicated in CNS responses to infection, 
injury and neurodegeneration27,30. However, consensus remains limited 
regarding which TLRs are robustly expressed and functionally active in 
astrocytes. This uncertainty is especially relevant for TLR4, for which 
positive findings in astrocyte cultures may, in some cases, reflect con-
taminating myeloid cells rather than astrocyte-intrinsic expression31.

TLR1 and TLR2 recognize bacterial lipoproteins and glycolipids 
and subsequently activate the MyD88-dependent signaling cascade 
once these bacterial components are identified29,32. Expression of 
TLR1 (Tlr1 or TLR1) and TLR2 (Tlr2 or TLR2) mRNA has been reported in 
mouse and human astrocytes following exposure to the bacterial and 
viral mimetics lipopolysaccharide (LPS) and polyinosinic:polycytidylic 
acid (poly(I:C))33,34. In serum-cultured mouse astrocytes, human immu-
nodeficiency virus type 1 (HIV-1) Tat protein, gp120 glycoprotein and 
morphine have been reported to increase the abundance of TLR2+ cells 
and the expression of the TLR2 transcript35. Functionally, stimulation 
of TLR2 by lipoteichoic acid, a component of gram-positive bacterial 
cell walls, in rat primary astrocytes markedly promotes astrocyte 
proinflammatory response pathways, including the nuclear factor-κB 
(NF-κB) pathway36 (Fig. 1).

Among TLR family members, TLR3 is one of the best-characterized 
astrocyte-intrinsic PRRs. This endosomal receptor detects 
double-stranded RNA (dsRNA)29,32 and activates antiviral and inflam-
matory programs through an adaptor pathway linked to interferon 
regulatory factor 3 (IRF3)–IRF7 or NF-κB. In turn, this stimulates 
the production of interferons and proinflammatory cytokines such 
as interleukin-6 (IL-6) and tumor necrosis factor (TNF)29,32 (Fig. 1). 
TLR3/Tlr3 RNA is detectable at low baseline levels in human and mouse 
astrocytes, and its expression increases after stimulation with the 
viral dsRNA mimetic poly(I:C)23,37. scRNA-seq studies in mice have 
described a subtype of reactive astrocytes in vivo that express Tlr3 
and Ticam1 (which encodes TRIF)15. Functionally, astrocyte TLR3 
contributes to herpes simplex virus (HSV)-mediated induction of 
interferon-β (IFNβ) signaling and resistance against HSV-2 infection25. 
Consistent with this, Tlr3−/− mice show heightened susceptibility to 
HSV-2 infection, exhibiting greater CNS viral burden and increased 
hindlimb paralysis25. TLR3 signaling in astrocytes has also been linked 
to neuroprotection38,39. In vivo, ischemic preconditioning reduced 
brain damage from permanent middle cerebral artery occlusion in 
mice and increased Tlr3 expression in cortical astrocytes39. In vitro, 
combined ischemic preconditioning and 12-h oxygen–glucose depri-
vation increased Tlr3 expression, while oxygen–glucose deprivation 
alone increased phosphorylated NF-κB levels39. Pretreatment with the 
TLR3 agonist poly(I:C) increased phosphorylated IRF3 levels and pro-
tected astrocytes from ischemic injury, whereas blocking TLR3 abol-
ished these protective effects and the associated IFNβ upregulation39. 
TLR3 is essential for detecting viral RNA during brain infections, and 
mouse astrocytes show localization of TLR3 to lysosomal-associated 

receptors (PRRs), engage shared inflammatory signaling cascades and 
implement effector functions that both complement and modulate 
those of professional immune cells.

Astrocyte heterogeneity and reactivity
The emergence of single-cell RNA sequencing (scRNA-seq) and 
single-nucleus RNA sequencing (snRNA-seq), together with spatial 
transcriptomics and multiplexed in situ hybridization, has greatly 
refined the understanding of astrocyte heterogeneity across major 
brain regions, including the cortex, hippocampus and striatum7,8,  
as well as finer subregional variation (for example, across cortical  
layers)9. Emerging evidence suggests a developmentally encoded 
regional distinction between telencephalic and diencephalic 
astrocytes10,11, which, together with growing evidence for heterogeneous  
reactive states within individual brain regions (reviewed in refs. 2,12), 
raises the possibility that astrocytes in different anatomical regions 
may respond differently to the same inflammatory or injury stimulus.

The spectrum of changes in gene expression, morphology and 
function that arise in response to external perturbations—including 
infection, injury, inflammation and neurodegeneration—is referred to 
as astrocyte reactivity13. scRNA-seq and snRNA-seq studies have identi-
fied numerous transcriptomically defined reactive astrocyte substates 
or populations in mouse models of infection and disease7,14,15, as well as 
in human postmortem brain samples14,16,17. In this framework, ‘reactive’ 
refers to a response state, not a pathological identity. In this Review, 
we use the term reactive astrocytes to denote astrocytes responsive to 
external cues, including inflammatory mediators, infection, trauma or 
pathogenic protein species18, and disease-associated or pathogenic 
astrocytes to refer to those carrying cell-autonomous perturbations, 
such as mutations in astrocyte-expressed genes. What drives astrocyte 
heterogeneity, how region-specific responses are specified and which 
signals induce distinct reactive programs remain open questions. 
Although transcriptomic studies have identified numerous reactive 
astrocyte substates, many are still defined primarily at the gene expres-
sion level and lack functional validation. As a result, it remains unclear 
to what extent the observed diversity reflects biologically distinct 
response states as opposed to technical or analytical artifacts of the 
experimental approaches.

Most scRNA-seq and snRNA-seq studies of the brain thus far have 
undersampled astrocytes relative to neurons and oligodendrocytes, 
particularly in the context of infection and inflammation, limiting 
the ability to resolve region-specific astrocyte responses12. Likewise, 
many culture systems used for functional studies were originally 
developed for cortical tissue and have not been widely validated for 
astrocytes from noncortical regions. Progress in modeling these dif-
ferences in vitro has also been constrained by the tendency of induced 
pluripotent stem (iPS) cell-derived astrocytes to adopt forebrain- or 
cortical-like transcriptional identities unless they are explicitly region-
ally patterned19,20. Further methodological advances, together with 
integrative analysis of existing astrocyte scRNA-seq and snRNA-seq 
datasets across species, brain regions, ages and disease contexts, 
should help address some of these limitations21. Orthogonal functional 
validation will be essential for determining which reactive states are 
mechanistically meaningful in physiology and disease13. Although 
functional validation has lagged behind transcriptomic state discovery, 
many innate immune activities of astrocytes have been demonstrated 
in vivo across diverse disease models, providing a foundation for the 
emerging view of astrocytes as active participants in CNS immunity.

Pattern recognition in astrocytes
Pattern recognition is a core feature of innate immunity, enabling 
cells to detect pathogen-associated molecular patterns (PAMPs) 
and damage-associated molecular patterns (DAMPs) and to initiate 
context-appropriate defense responses22. In the CNS, where neurons  
are particularly vulnerable to inflammatory injury, much of this 
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membrane protein 1 (LAMP1)-labeled endosomes after poly(I:C) 
stimulation40, indicating that LAMP1-marked endosomes are key sites 
for TLR3 ligand recognition. Together, these findings support TLR3 as 
a context-dependent astrocyte sensor with antiviral and potentially 
tissue-protective functions.

In contrast, evidence for astrocyte-intrinsic TLR4 signaling 
remains controversial. TLR4 is a widely expressed PRR that recognizes 
components of bacteria, viruses and fungi, including extracellular  
matrix molecules, intracellular factors and heat shock proteins 

(HSPs)29,32. After activation, TLR4 can signal both from the plasma 
membrane through a MyD88-dependent pathway, resulting in early 
NF-κB activation, and from endosomes through a TRIF-dependent 
pathway, which stimulates IRF3 to drive proinflammatory cytokine and 
interferon production. However, relatively few studies have demon-
strated convincing astrocyte-specific TLR4 or Tlr4 expression in vivo or 
in rigorously purified culture systems31,41. Indeed, fluorescently tagged 
LPS has been observed to bind predominantly to microglia rather than 
to other CNS glial populations41, consistent with the lack of TLR4 in 
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Fig. 1 | Astrocyte innate immune signaling pathways that integrate external 
sensing and downstream responses. Astrocytes have central roles in CNS 
immunity, functioning like other innate immune cells by sensing extracellular 
threats and coordinating immune responses through interconnected (and 
common) signaling pathways. Left: PRRs, including TLRs and nucleic acid 
sensors such as cGAS–STING, RIG-I and MDA5, detect PAMPs and DAMPs—
such as viral dsRNA or ssRNA—triggering the activation of IRF3, IRF7, NF-κB 
and inflammasomes such as NLRP3. These cascades lead to the production 
of type I interferons (IFN-Is) and proinflammatory cytokines (IL-6 and TNF), 
as well as to inflammasome-mediated secretion of IL-18 and IL-1β, with a bias 
toward IL-18 in astrocytes. Except for type II interferon (IFN-II), these molecules 

may be produced and released by astrocytes to elicit an autocrine innate 
immune response. Right: cytokines such as TNF, IL-6 and interferons bind to 
specific receptors (IFNARs, IFNGRs, TNFRs and ILRs) on astrocytes, activating 
downstream JAK–STAT pathways for ISG transcription and NF-κB signaling 
for inflammatory gene induction. Unique astrocyte networks, connected by 
connexin 30 (Cx30)–Cx43 gap junctions, seem to contribute to cross-cell 
signaling through the movement of microRNA (miRNA) and the redistribution 
of peptides. These pathways underline the role of astrocytes in inflammation 
modulation, tissue repair through border or scar formation, and communication 
with neighboring CNS immune cells, emphasizing their importance in CNS 
homeostasis and pathology.
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astrocytes. This distinction is important because even small numbers of 
contaminating microglia or macrophages can generate robust cytokine 
responses to TLR4 ligation, thereby inducing secondary changes in 
astrocytes. Consistent with this concern, scRNA-seq datasets show 
little to no expression of Tlr4 or the principal downstream adaptor 
pathway molecules in astrocytes in vivo, even after peripheral immune 
challenge14,15. In immunostaining experiments in mice, colocalization 
of TLR4 protein with the astrocyte/tanycyte marker vimentin was 
most abundant in CNS regions with ‘leaky’ brain barriers, such as the 
circumventricular organs (including the subfornical organ) and the 
dorsal third ventricle42, suggesting that astrocyte TLR4 signaling may 
be regionally specialized. The functional importance of these region-
ally restricted astrocytes in bacterial sensing remains unclear.

Cytosolic nucleic acid sensing represents a crucial aspect of astro-
cyte immunity. DNA sensing through the cGAS–STING pathway can be 
triggered by cytosolic DNA, including mitochondrial DNA released dur-
ing stress, and has been linked to age-associated neuroinflammation 
and neurodegeneration43,44. Similarly, intracellular RNA sensors such 
as RIG-I and melanoma differentiation-associated protein 5 (MDA5) 
detect viral RNA and signal through the mitochondrial antiviral sign-
aling protein (MAVS) to induce interferons, providing a cell-intrinsic 
antiviral defense that limits viral spread but also modulates glia– 
neuron interactions45. In astrocytes, cGAS–STING activation has been 
implicated in neurodegenerative settings, including in mouse models 
of Parkinson’s disease46, in which pathway activation promotes reac-
tivity and neurotoxic programs. Short hairpin RNA-mediated cGAS 
knockdown in astrocytes was reported to attenuate reactivity- and 
senescence-associated changes and to reduce subsequent neurode-
generation46. Mechanistically, cGAS–STING was reported to induce the 
expression of Lcn2 (an established marker of reactive, neuroinflamma-
tory astrocytes2) through the transcription factor YY1 (ref. 46), reveal-
ing a cGAS–STING–YY1–LCN2 axis that promotes harmful astrocyte 
reactivity. In neuromyelitis optica spectrum disorder, mitochondrial 
accumulation of the RNA-binding protein TDP43 (which aggregates in 
many neurodegenerative diseases) has likewise been proposed to drive 
mitochondrial DNA-dependent cGAS–STING activation in astrocytes, 
accompanied by the induction of proinflammatory genes47. This sug-
gests that intracellular nucleic acid sensing equips astrocytes to detect 
infection and cellular stress, but chronic engagement of these pathways 
may also amplify pathological inflammation.

Inflammasome signaling is another candidate component of 
astrocyte pattern recognition, although its extent and consequences 
in astrocytes have been debated48. Inflammasomes constitute one 
of the largest PRR families, with 23 NLRs in humans and 34 in mice49. 
These NLRs activate many immune pathways, including the NF-κB 
signaling pathway, and can induce cell death49. As a family of signaling 
molecules, NLRs have both positive and negative regulatory func-
tions in the context of inflammation49. Whether astrocytes engage 
this full program remains uncertain. Nonetheless, increasing evidence 
indicates that astrocytes can express and activate selected inflam-
masome components in defined settings50–53. Activation of inflam-
masomes in astrocytes has been described in amyotrophic lateral 
sclerosis (both in postmortem tissue from human patients and in the 
SOD1G93A mouse model53), during demyelination induced by cuprizone 
and lysophosphatidylcholine in mice51, and in astrocytes stimulated 
with amyloid β in culture50. The inflammasome assembly following 
PAMP or DAMP sensing is relatively conserved in rodents and humans, 
with cognate sensors such as NLRP3 or AIM2 present across many cell 
types50,51,53,54. These proteins undergo conformational changes and 
associate with adaptor proteins such as ASC. In many cell types, the 
oligomerization of these components leads to the recruitment and 
activation of caspase-1 through autoproteolytic cleavage, which in 
turn cleaves pro-IL-1β and pro-IL-18, as well as the pore-forming mol-
ecule gasdermin D (GSDMD) to induce a lytic form of cell death called 
pyroptosis49. Astrocyte-specific inflammasome-knockout models, 

such as Aldh1l1-CreERT2; Casp1fl/fl or Gfap-Cre; Asc-citrineLSL mice, 
which allow visualization of inflammasome activation specifically in 
astrocytes54,55, show that astrocyte-specific inflammasome induction 
is associated more with IL-18 production than with robust IL-1β release 
and cell death (Fig. 1). These findings point to a cell type-specific mode 
of inflammasome signaling in astrocytes, potentially linked to the 
modulation of neuronal plasticity and network excitability55. Functional 
dissection of astrocyte PRRs, including TLRs, cGAS–STING, RLRs and 
NLRP3, may offer therapeutic opportunities to dampen maladaptive 
inflammation. Just as importantly, such experiments will clarify which 
astrocyte-intrinsic sensing pathways are true disease drivers and which 
are protective, compensatory or redundant in vivo.

Innate immune signaling in astrocytes
Astrocyte innate immune responses involve complex downstream 
signaling pathways triggered by PRRs and cytokines. Among these, the 
interferon, NF-κB and STAT3 pathways recur across diverse inflamma-
tory contexts and regulate antiviral defense, cytokine and chemokine 
production, and the transcriptional programs associated with astro-
cyte reactivity. In astrocytes, interferon signaling shapes cell-intrinsic 
antiviral states and modulates interactions with neighboring microglia, 
neurons and endothelial cells, although the relative contribution of 
astrocytes to interferon production in the CNS remains incompletely 
defined. Type I interferon signaling is observed across CNS disease, 
injury and infection56–58. Astrocytes can produce type I interferons in 
response to PRR activation, especially through TLRs or nucleic acid 
sensors such as cGAS and MDA5, or proinflammatory cytokine recep-
tors such as TNF receptor 1 (TNFR1) and TNFR2 (refs. 30,59).

Despite robust interferon-responsive transcriptional programs 
in astrocytes, the identity of the predominant cellular source(s) of 
type I interferons in the CNS—as well as which type I interferon sub-
types (encompassing 13 IFNα, IFNβ, IFNε, IFNκ and IFNω peptides) 
are produced—remains largely unresolved60. Astrocytes can produce 
IFNβ during neurotropic viral infection (for example, HSV-2 and rabies 
virus (RABV)), which in turn confers strong antiviral effects through 
interferon signaling both in astrocytes themselves and in neighboring 
cells25,60. Regardless of uncertainty about the main source of type I inter-
ferons, astrocytes constitutively express IFNα/β receptors (IFNARs; 
composed of the IFNAR1 and IFNAR2 subunits) that enable them to 
sense type I interferons57. Type I interferon ligation activates canonical 
JAK–STAT signaling, leading to the induction of interferon-stimulated 
genes (ISGs), while additional kinase pathways may further modulate 
astrocyte responses61–63. In parallel to JAK–STAT signaling, other signal-
ing pathways—including MAPK, PI3K, mTOR and STAT1 homodimers—
can also be activated by interferon signaling61. The astrocyte-specific 
antiviral functions of many ISGs remain incompletely defined, but 
available evidence suggests that interferon signaling in astrocytes can 
influence blood–brain barrier permeability, local antiviral defense and 
microglial organization64,65.

Although type II interferon signaling is distinct from type I inter-
feron signaling, they converge on overlapping transcriptional pro-
grams. In contrast to the expansive type I interferon family, there is only 
one type II interferon: IFNγ. IFNγ has no marked structural homology 
with type I interferons but has historically been grouped into the inter-
feron family owing to its antiviral function63. In the CNS, it is sensed by 
the IFNγ receptor (IFNGR; composed of the IFNGR1 and IFNGR2 subu-
nits), which associates with JAK1 and JAK2. After activation, these JAK 
kinases trigger the formation of STAT1 homodimers, their translocation 
to the nucleus and binding to IFNγ-activated sites63. IFNGR is expressed 
by astrocytes and has protective effects in mice with experimental auto-
immune encephalomyelitis (EAE)66. IFNγ stimulation in cultured human 
astrocytes induces robust upregulation of major histocompatibility 
complex class I (MHC-I), MHC-II and programmed death ligand 1 (PD-L1), 
indicating the potential of astrocytes to engage in antigen presentation 
and immune checkpoint regulation in response to inflammatory cues67.
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Although type I and type II interferons induce overlapping gene 
sets, they also drive distinct transcriptional outputs63,68. In astrocytes, 
however, the extent to which these two pathways generate distinct func-
tional states remains poorly defined. Astrocytes can contribute directly 
to antiviral host defense both as responders to type I interferons and, 
in some contexts, as local sources of IFNβ59,60. Astrocyte-specific dele-
tion of IFNAR worsens infection in several models of neurotropic viral 
disease, including mouse hepatitis virus, vesicular stomatitis virus 
and West Nile virus64,65,69. These findings indicate that type I interferon 
signaling in astrocytes is not merely a transcriptional signature but a 
functionally important component of CNS antiviral defense.

NF-κB is a major inflammatory integration node in astrocytes, 
activated downstream of PRRs, as well as cytokine receptors such as 
TNFR1 and IL-1R1 (ref. 70). Although the basic architecture of canonical  
NF-κB signaling is well established70–73, its astrocyte-specific func-
tions in the CNS remain less well defined than those in immune cells of 
other tissues74. The NF-κB family consists of five members: RelA (p65), 
RelB, c-Rel, NF-κB1 (p50 and its precursor p105) and NF-κB2 (p52 and 
its precursor, p100). Most studies of NF-κB activation in astrocytes 
have focused on the canonical pathway. In this pathway, activation 
of PRRs or proinflammatory cytokine receptors such as TNFR1 and 
IL-1R1 leads to IκB phosphorylation by IκB kinases75, followed by IκB 
ubiquitination and proteasomal degradation, release of NF-κB dimers 
from the cytosol75, their translocation to the nucleus and upregulation 
of hundreds of downstream genes—many with proinflammatory func-
tions74 (Fig. 1). In astrocytes, NF-κB activation is associated with the 
induction of inflammatory mediators, chemokines and broader reac-
tive programs, positioning it as a likely amplifier of neuroinflammatory 
signaling rather than a pathway restricted to any single disease context. 
Astrocyte NF-κB activity has been reported in multiple sclerosis73, 
Alzheimer’s disease76,77, Parkinson’s disease78, amyotrophic lateral 
sclerosis79, spinal cord injury80 and optic nerve damage81. However, in 
many settings, the upstream triggers and downstream cell-extrinsic 
consequences remain incompletely dissected.

Among signaling pathways linked to astrocyte reactivity, STAT3 
is one of the most recurrent and may function as a broad integration 
node rather than as a marker of a single reactive state18,82–87. Cytokines 
of the IL-6 family and related ligands signal through gp130-containing 
receptor complexes to activate JAK kinases and STAT3, with STAT3 
then driving context-dependent transcriptional programs82,88. The 
consequences of STAT3 activation in astrocytes are highly dependent 
on context. In some settings, STAT3 signaling limits tissue damage  
or supports repair, whereas in others, it promotes maladaptive inflam-
mation or neurodegeneration. This provides further evidence that 
STAT3 signaling is probably a common ‘alerting’ signal initiated early 
in the response to external stimuli, with the induction of specific 
reactive astrocyte substates occurring secondarily. This, astrocyte 
STAT3 signaling is protective in mouse models of amyotrophic lateral 
sclerosis, spinal cord injury and EAE84,86,89,90, but detrimental in mod-
els of Parkinson’s disease, prion infection, Alzheimer’s disease and 
Huntington’s disease82,83. These opposing effects suggest that STAT3 
does not encode a fixed pathological program. Rather, its output 
is probably shaped by upstream ligand context, disease stage, ana-
tomical location and the preexisting state of the astrocyte population. 
Consistent with a protective role in inflammatory demyelination, 
conditional knockout of Il6st in astrocytes (using Gfap-Cre) impairs 
gp130-dependent signaling and contributes to increased demyelina-
tion and worsened clinical scores in mice with myelin oligodendrocyte 
glycoprotein (MOG)-induced EAE89,90. On the contrary, inhibition of 
STAT3 signaling reduces pathological protein aggregation in mouse 
models of amyloid proteinopathy—including APP/PS1 mice, which 
express a chimeric mouse–human amyloid precursor protein (Mo/
HuAPP695swe) and mutant human presenilin 1 (PS1-ΔE9), and 3xTg 
mice, which harbor three mutant genes (APPSwe, PSEN1M146V and tau 
MAPTP301L)—as well as in lenti-Htt82Q mice, a model of Huntington’s 

disease82,87. APP/PS1 mice with an astrocyte-specific (Cx43-Cre) deletion 
of Stat3 exhibit decreased amyloid plaque burden, improved spatial 
learning and attenuated memory decline87. Similarly, upregulation of 
SOCS3 (a STAT3 inhibitor) or conditional deletion of Stat3 in astrocytes 
improves spatial learning and decreases amyloid deposition in APP/PS1 
mice87. However, lentivirus-mediated induction of SOCS3 in astrocytes 
cannot rescue memory deficits or alter tau pathology in the 3xTg 
model91, indicating that the effect of STAT3 activation in astrocytes is 
dependent on the model or pathology. These discrepancies probably 
reflect differences in disease drivers, stages and regional pathology, 
and reinforce the idea that STAT3 is a context-dependent regulator 
rather than a universally deleterious factor.

These innate immune pathways do not function as independ-
ent modules but represent overlapping signaling networks that can 
be triggered by the same receptors and reinforce one another62,71,72 
(Fig. 1). In astrocytes, TLR activation initiates both interferon and 
NF-κB programs30, whereas inflammatory cytokines induce NF-κB and 
secondarily amplify STAT3 and interferon signaling through autocrine 
and paracrine loops62. Inflammasome activation may further feedback 
through IL-1 family cytokines to reinforce inflammatory signaling in 
astrocytes72. This network architecture helps explain why reactive 
astrocyte states are heterogeneous and why perturbing a single sign-
aling pathway can have divergent effects depending on the timing, 
region and disease context. It also underscores the challenge of thera-
peutically targeting astrocyte immune responses without disrupting 
protective CNS homeostatic functions.

Innate immune functions in astrocytes
Astrocytes do not merely detect inflammatory cues; they also execute 
innate immune functions that influence tissue defense, debris clear-
ance, leukocyte recruitment and communication with neighboring 
CNS cells. These activities are important for maintaining homeostasis 
but can also contribute to pathology when sustained or dysregulated. 
Because astrocytes tile the brain and spinal cord and contact synapses, 
blood vessels and other glia, they are well positioned to couple local 
sensing to distributed immune responses.

Clearance of cellular debris is a critical function of immune cells. 
Although astrocyte phagocytosis was first described in the context 
of developmental synaptic pruning, it is now clear that astrocytes 
also contribute to debris clearance in both the healthy and diseased 
adult CNS92,93. In healthy, homeostatic conditions, astrocytes engulf 
synapses through phagocytic receptors such as MEGF10 and MERTK94, 
which recognize cellular material destined for removal. This pathway 
is conserved from Drosophila95 and Caenorhabditis elegans96 through 
mammals94. MEGF10-mediated phagocytosis promotes the rapid 
clearance of dead neurons following acute nerve crush or stroke96,97, 
thereby limiting secondary inflammation. Astrocytes can additionally 
internalize extracellular lipids and myelin debris98, a function that may 
be particularly important in demyelinating disorders such as multiple 
sclerosis. By containing myelin-rich debris, astrocytes may help restrict 
the expansion of local proinflammatory lesions. Although astrocytes 
are numerically abundant, they appear less efficient than microglia 
at degrading engulfed material99,100. This may underlie a division of 
labor in which astrocytes rapidly sequester dispersed apoptotic frag-
ments, whereas microglia preferentially engulf larger cellular rem-
nants, including dying cell somata101 (Fig. 2).

Astrocytes are also reported to secrete immunomodulatory 
cytokines after PRR engagement or during the transition to reactive 
states, although this area of research has been complicated by major 
technical challenges. A central difficulty has been distinguishing 
astrocyte-derived cytokines from signals produced by contaminating 
microglia, macrophages or other non-astrocyte populations in pri-
mary culture systems. Early in vitro studies suggested that astrocytes 
could release cytokines including IFNβ, IL-6, IL-1α, IL-1β and TNF30,102. 
However, as discussed elsewhere2,18, traditional isolation methods are 
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imperfect and prone to contamination by non-astrocyte immune cells 
that can release large amounts of such cytokines24,103. Improvements 
in methods for primary astrocyte isolation, which yield high-purity 
cultures103, together with the use of iPS cell-derived astrocytes, which 
have the unique advantage of eliminating microglia contamination104, 
are beginning to clarify which cytokine programs are truly intrinsic 
to astrocytes. In high-purity cultures, astrocytes can autonomously 
secrete and sense IL-6 and type I interferons68,86, while iPS cell-derived 
astrocytes treated with TNF, IL-1α and C1q exhibit substantial upregu-
lation of ISGs105. In vivo, assigning cytokine production to astrocytes 
remains even more challenging because microglia and infiltrating 
myeloid cells are often quantitatively dominant sources of inflam-
matory mediators106. Transcript-based approaches, including in situ 
hybridization and RNA-seq, are beginning to improve cellular resolu-
tion15. Even so, low transcript abundance and transient expression 
kinetics make cytokine mRNAs difficult to capture in scRNA-seq and 
snRNA-seq datasets, whereas bulk RNA-seq lacks the cellular specificity 
needed for definitive attribution.

Chemokine production may represent a more robust and sus-
tained astrocyte immune output than cytokine secretion (Fig. 2). Astro-
cytes have been reported to express chemokines, including C–C motif 
chemokine ligand 2 (CCL2), CCL5, C–X–C motif chemokine ligand 5 
(CXCL5) and especially CXCL10, often with more persistent expression 
than that seen for many cytokines. Among the most strongly induced 
astrocyte transcripts after inflammatory stimulation is Cxcl10 (ref. 3), 
and elevated CXCL10 and Cxcl10 expression has also been reported in 
injury models73 and in human postmortem samples from donors with 
Alzheimer’s disease107 and multiple sclerosis108. Because CXCL10 is a 
potent chemoattractant, astrocyte-derived CXCL10 may help recruit 
T cells during remyelination109. Likewise, astrocyte-specific deletion of 
Ccl2 in Gfap-Cre mice reduces clinical severity as well as macrophage 
and/or T cell infiltration in EAE, in support of a role for astrocyte-derived 
chemokines in shaping the intensity of CNS inflammation110.

Another class of proteins upregulated by reactive astrocytes is 
the complement family, which lies downstream of NF-κB signaling76.  
Complement component C3 is widely recognized as a marker of 
neurotoxic reactive astrocytes3. Astrocyte-derived complement can 
influence both neuronal biology and myeloid biology: in vitro, C3 has 

been reported to reduce dendritic complexity and synapse number76, 
whereas in vivo studies implicate astrocytic complement in regulating 
microglial lysosomal activity and synaptic remodeling111. In prion dis-
ease models, suppression of microglia-derived cytokines that induce 
C3-positive astrocytes alters prion burden and shifts microglial homeo-
static features112, suggesting that astrocyte complement programs 
are embedded within broader glia–glia signaling networks. However, 
whether C3-positive astrocytes represent a discrete immune effector 
population and exactly how astrocyte-derived complement contri
butes to protection versus pathology remain unresolved.

Many astrocyte innate immune functions are executed in coordi
nation with other CNS cells rather than in isolation (for a detailed 
discussion on astrocyte–microglia crosstalk, see refs. 5,6). Together 
with microglia, endothelial cells and other CNS-resident populations, 
astrocytes help contain pathogens and maintain tissue homeostasis. 
For example, astrocyte-derived IL-33 can instruct microglia to engulf 
synapses113, and in a cuprizone demyelination model, selective ablation 
of proliferating astrocytes in Gfap-TK mice treated with the viral DNA 
synthesis inhibitor ganciclovir impaired the recruitment of activated 
microglia and prevented the efficient clearance of damaged myelin114. 
Reciprocally, microglia use Wnt signaling to direct astrocyte processes 
to retract from synapses during synapse removal115. How astrocytes 
and microglia instruct each other and orchestrate this response is an 
active area of investigation6.

Regulation of astrocyte reactivity
Because many innate immune signaling pathways can amplify one 
another and become self-sustaining62,71,72, astrocyte reactivity must 
be actively constrained and resolved to prevent chronic tissue dam-
age. Emerging evidence suggests that this regulation involves both 
canonical intracellular signals—such as the STAT3 negative regulator 
SOCS3, the multifunctional chaperone protein clusterin (CLU) and the 
histone deacetylase HDAC3—and extrinsic cues from neurons, micro-
glia and growth factors (for example, fibroblast growth factor (FGF) 
and milk fat globule-EGF factor 8 (MFGE8)). It remains unclear which 
regulators of innate immune activation described in the peripheral 
immune system are induced in astrocytes, and these pathways are 
still largely understudied in the CNS. A central unresolved question 
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(phagocytosis)

Digest me
(breakdown)

Move me
(redistribution)

Help me
(cell–cell communication)

MERTK and MEGF10 are
phagocytic receptors required
for the uptake of extracellular debris. 

Lysosome/autophagy and antioxidant 
pathways allow for the safe breakdown 
of internalized debris and immune 
response elements.

Cx30/Cx43 gap junction-coupled
astrocyte networks redistribute 
molecules to decrease local 
concentration.

Communication between microglia 
and astrocytes facilitates the e�ective
removal of cell bodies (microglia) and 
debris (astrocytes). 

• Metabolites
• Glucose
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• miRNA

Astrocyte 1 Astrocyte 2
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terminal 
processes
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Fig. 2 | Innate immune functions of astrocytes. Astrocytes exhibit diverse 
immune-related roles that are essential for maintaining CNS homeostasis. ‘Eat 
me’ signals: astrocytes use phagocytic receptors, including MERTK and MEGF10, 
to engulf extracellular debris such as neuronal apoptotic bodies and damaged 
synapses. ‘Digest me’ signals: internalized debris is broken down safely through 
lysosome-mediated autophagic pathways and antioxidant responses, ensuring 
proper immune signaling and minimizing inflammatory damage. ‘Move me’ 
signals: gap junctions, formed by Cx30 and Cx43, probably allow astrocyte 

networks to redistribute metabolites, peptides, miRNA140 and other materials to 
reduce localized pathogenic concentrations and support adjacent CNS regions. 
‘Help me’ signals: astrocytes communicate with microglia through intercellular 
signals (for example, IL-33 and Wnt) and establish interactions with blood 
vessels, maintaining neural circuit function and CNS tissue health. Astrocyte–
microglia crosstalk further drives phagocytosis by microglia. Together, these 
complementary processes underpin the innate immune contributions of 
astrocytes to neuroprotection and tissue repair.
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is whether reactive astrocytes can revert to a physiological nonreac-
tive state once the initiating stimulus is removed. Several transcrip-
tomic studies suggest that at least some inflammatory astrocyte states 
are transient. Bulk RNA-seq of sorted astrocytes from Aldh1l1-EGFP 
reporter mice, in which the canonical astrocyte marker Aldh1l1 drives 
EGFP expression in all astrocytes, has shown that the differentially 
expressed genes trend downward by day 3 across all astrocyte clusters 
during acute inflammation15. Likewise, the TRAP (translating ribosome 
affinity purification) method using hemagglutinin (HA)-tag pulldown 
in astrocytes from Aldh1l1-CreERT2; Rpl22-HA mice, in which ribosomes 
expressed in astrocytes are tagged with HA, detected no differentially 
expressed transcripts between saline- and LPS-treated mice by day 14 
(ref. 116). However, population-level transcriptomic measurements 
cannot distinguish true within-cell recovery from changes in astrocyte 
populations. Although these observations indicate that inflamma-
tion in astrocytes can potentially revert to homeostasis, they cannot 
distinguish between a shift in population composition and an intra-
cellular return to homeostasis. More direct evidence for reversion 
comes from lineage tracing in Lcn2-CreERT2; Ai9-TdT mice, in which 
astrocytes, after induction by peripheral LPS administration, express 
Lcn2 that can be permanently labeled with tdTomato. These reactive 
Lcn2-tdT+ astrocytes can revert to a nonreactive state, as evidenced 
by the absence of Lcn2 expression after 1 month117. Similarly, in human 
iPS cell-derived cortical organoids, reactive astrocytes induced by 
TNF, IL-1α and C1q treatment rapidly revert to homeostasis, both 
transcriptomically and epigenomically, following acute (7 days) or 
chronic (30 days) cytokine exposure118. These observations suggest 
that long-lasting, cell-autonomous reactive states may be uncommon 
in vivo and that many reactive astrocytes retain the capacity to revert 
to transcriptionally and epigenomically homeostatic states (reviewed 
in ref. 119). However, important questions remain regarding the factors 
that drive variability in astrocyte-state population changes and whether 
astrocytes recover to a homeostatic state through cell-autonomous 
mechanisms or through non-cell-autonomous inputs from other cells 
in the CNS. Growth factor signaling may be a mechanism that pro-
motes exit from inflammatory reactive astrocyte states. In cultured 
astrocytes, acute exposure to FGF, acting through astrocyte recep-
tor tyrosine kinases, reverses aspects of the reactive gene signature 
induced by TNF, IL-1α and C1q3. Consistent with this, conditional dele-
tion of the major astrocyte FGF receptors (Fgfr1, Fgfr2 and Fgfr3) using 
nestin-CreER results in persistent expression of markers such as Gfap 
and Vim—widely reported as upregulated in reactive astrocytes—in the 
mouse cortex120, suggesting that tonic FGF signaling helps restrain or 
resolve astrocyte reactivity.

Signals from neighboring cells can also influence whether reactiv-
ity persists. Conditioned medium from activated microglia reduces 
astrocyte expression of MFGE8, a secreted glycoprotein involved in 
opsonization and debris clearance121. Because MFGE8 suppresses 
C3 expression, the loss of this pathway may favor the persistence of 
complement-associated inflammatory reactive astrocyte substates. 
Astrocytes may also engage autocrine self-limiting programs. Secre-
tion of the small chaperone protein HSPB1, which protects neurons 
by decreasing tau aggregates, can also attenuate the transcription 
of inflammatory genes in an autocrine manner122. These data suggest 
that astrocyte reactivity is transient, but full transcriptomic analyses 
combined with functional characterization are still needed to assess 
the recovery of reactive astrocytes. CLU, a chaperone and major risk 
allele for Alzheimer’s disease, is highly expressed in astrocytes and has 
emerged as a candidate negative regulator of astrocyte reactivity, as 
it can attenuate inflammatory cytokine production in these cells123. In 
human iPS cell-derived astrocytes, CLU deletion enhances NF-κB signal-
ing and inflammatory cytokine release, while transgenic mice express-
ing a CLU Alzheimer’s disease risk allele show decreased CLU protein 
levels and increased cortical inflammation123. These findings suggest 
that CLU normally helps buffer astrocyte inflammatory responses and 

that impaired CLU function may predispose astrocytes to nonreac-
tive states. In mice, deletion of β1 integrin (Itgb1−/−), a receptor that 
mediates cell–matrix adhesion, induced morphological changes in 
astrocytes, increased GFAP and vimentin levels, and activated micro-
glia124. Although GFAP is an imperfect marker of reactive astrocytes 
(see comments in ref. 13), the observed changes in morphology and 
GFAP expression suggest that disrupting astrocyte interactions with 
their local matrix environment can destabilize homeostatic identity 
and promote inflammatory reactivity.

Several studies have used screening approaches to evaluate hun-
dreds to thousands of reactive astrocyte target genes in order to iden-
tify inflammatory regulators13,62. These high-throughput methods use 
cell cultures and small molecules to investigate the induction of reac-
tive astrocytes and the inhibition of their reactivity. In iPS cell-derived 
astrocytes, CRISPR (clustered regularly interspaced short palindromic 
repeats) interference has been used to interrogate libraries of genes 
consisting of transcription factors, kinases and phosphatases, and their 
effects on the expression of VCAM1 (a cell adhesion sialoglycoprotein 
often used as a proxy for astrocyte reactivity) and phagocytosis62. A 
screen of 3,200 small molecules in primary mouse cortical astrocytes 
identified the HDAC3 inhibitor RGFP966 as a suppressor of inflam-
matory reactive astrocytes, at least in part through the inhibition  
of NF-κB-dependent transcription125. These high-throughput 
approaches provide a useful framework for defining the molecular 
logic of astrocyte reactivity state transitions, although the resulting 
candidate regulators will require careful in vivo validation.

Astrocyte dysfunction in disease
In pathological contexts, astrocytes engage reactivity programs that 
are initially adaptive, helping preserve or restore neuronal function, 
contain damage and restore tissue homeostasis126. Dysfunction arises 
when these programs become chronic, dysregulated or poorly resolved, 
leading to a loss of homeostatic support along with a gain of maladaptive 
inflammatory, cytotoxic or immune-recruiting functions. Sustained 
engagement of PRRs, inflammasomes127,128 and core inflammatory 
cascades3,76 can drive astrocytes toward maladaptive, toxic states. 
scRNA-seq, snRNA-seq and spatial transcriptomic studies in numerous 
mouse models of disease129 indicate that astrocyte innate immune states 
rarely act in isolation, but instead participate in multicellular communi-
ties that include disease‑associated microglia, oligodendrocytes and 
vascular cells130. Across these niches, shared interferon, complement 
and oxidative stress signatures suggest that astrocyte dysfunction is 
embedded within broader tissue-level innate immune networks.

Across neurodegenerative diseases, astrocytes consistently engage 
conserved innate immune programs, such as the interferon, NF-κB, 
complement and oxidative stress signaling pathways. Alzheimer’s  
disease provides one of the clearest examples of this progressive repro-
gramming. scRNA-seq transcriptomic profiles of astrocytes from 
postmortem brains of patients with Alzheimer’s disease suggest that 
astrocyte innate immune programs evolve across pathological stages, 
such as interleukin signaling (IL1R1 and IL6R) during the intermediate 
phase of the disease, followed by interferon modules (IFITM2, IFITM3 
and STAT3) during the late stages16. Astrocytes expressing ISGs tend to 
cluster with microglia and other cells expressing the same signatures, 
highlighting the existence of topologically delimited cellular communi-
ties responding to a focal stimulus131. In the late stages of Alzheimer’s 
disease, prolonged activation of these pathways is accompanied by 
upregulation of complement signaling (C3) and antioxidant defenses 
(SOD1, SOD2 and metallothioneins)3,16,17, consistent with combined 
inflammatory and stress response activation. A metallothionein-high 
astrocyte state, for example, has been prioritized in human Alzheimer’s 
disease tissue and appears within the same cellular neighborhoods as 
GPNMBhi microglia and other reactive glial states17,130. However, the 
functional consequences of many of these transcriptomically defined 
communities remain unresolved.
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Multiple sclerosis illustrates particularly well the dual nature 
of astrocyte immune dysfunction. Astrocytes are among the first 
responders to myelin injury89. Through transforming growth factor-β 
(TGFβ)- and STAT3-dependent border or scar formation at lesion 
margins, astrocytes can restrict inflammatory spread and support 
tissue repair132. At the same time, exposure to myelin debris can acti-
vate NF-κB signaling and, in turn, the secretion of chemokines such 
as CCL3, CCL5, CCL20 and CXCL10, which recruit lymphocytes and 
macrophages to the lesion site98,133. In other neurodegenerative set-
tings, astrocyte dysfunction is more strongly associated with inflam-
matory amplification and the loss of trophic support. In Parkinson’s 
disease, MHC-II+ astrocytes are frequently found in close apposition 
to CD4+ T cells in postmortem tissue67, suggesting that astrocytes can 
act as antigen-presenting cells that modulate T cell responses within 
the inflammatory microenvironment of susceptible brain regions, 
including the substantia nigra and striatum. In amyotrophic lateral 
sclerosis, astrocytes acquire a proinflammatory phenotype marked 
by the expression of cyclooxygenase 2 (COX2)134 and inducible nitric 
oxide synthase (iNOS)135 and the release of the inflammatory cytokines 
IL-6 and TNF. These shifts reflect a transition from trophic support 
toward cytotoxic and inflammatory functions, amplifying neuroin-
flammation and worsening motor neuron injury136. These changes are 
consistent with a shift away from homeostatic and trophic functions 
toward programs that reinforce neuroinflammation and exacerbate 
motor neuron injury.

Astrocytes are also emerging as active innate immune regulators 
that are co-opted to shape the local tumor microenvironment. Similar 
to the response to infection and in the context of neurodegenerative 
disease, STAT3 activation marks reactive astrocytes that contribute 
to the progression of brain metastases by creating a barrier that sup-
presses antitumor immune responses and supports tumor growth137. 
Through transcriptional programs dependent on JAK–STAT signaling, 
these astrocytes can produce mediators that dampen both innate 
and adaptive immune defenses, thereby reducing responsiveness to 
immunotherapy. In models of melanoma, lung cancer and breast can-
cer metastasis, astrocyte-derived LCN2 promotes a proinflammatory 
CNS environment and recruits myeloid cells into the metastatic niche, 
facilitating tumor establishment and expansion138. The induction of 
astrocyte innate immune functions in cancer involves the ability to 
modulate both the innate and adaptive branches of the immune system, 
as well as to elicit antitumor responses139.

Concluding remarks
Astrocytes have critical roles in establishing innate immunity in the 
CNS. They detect PAMP- and DAMP-associated signals, engage shared 
inflammatory signaling pathways and execute effector programs such 
as cytokine secretion, phagocytosis and antigen presentation. These 
functions are essential for supporting CNS homeostasis, promot-
ing tissue repair and resolving inflammation. The consequences of 
immune signaling dysregulation in astrocytes for chronic inflamma-
tion, neurodegeneration and other pathological contexts will continue 
to emerge as new approaches and higher-resolution technologies are 
deployed. Astrocytes exhibit considerable functional heterogene-
ity across developmental stages and brain regions, suggesting intri-
cate, context-dependent roles in shaping CNS immunity. Together, 
these features position astrocytes not merely as passive respond-
ers to cues from microglia or peripheral immune cells but as active, 
context-dependent innate immune effectors within CNS tissue. Future 
expansion of this field promises transformative insights, particularly 
into the mechanisms driving the resolution of astrocyte reactivity and 
the communication between astrocytes and professional immune 
cells. Advances in spatial transcriptomics and bioinformatics will aid 
in decoding astrocyte heterogeneity, while astrocyte-targeting thera-
peutics present exciting opportunities to reduce neuroinflammation 
and promote repair.
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