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Abstract While adeno-associated virus (AAV)-mediated gene delivery has emerged as a promising

therapeutic modality for neurological disorders, dose-dependent immune responses remain a critical bar-

rier to clinical translation. Here we reveal the cyclic GMP—AMP synthase-stimulator of interferon genes

(cGAS—STING) pathway as a key mediator of innate immune activation following intracranial AAV

administration. Through comparative analyses in genetic and pharmacological intervention models, we

demonstrate that STING signaling mediates key neuroinflammatory sequelae including glia reactivation,

cytotoxic T cell infiltration, and neuronal injury. Mechanistically, microglia serve as the predominant sen-

tinels detecting AAV immunogenicity via cGAS—STING activation. Therapeutic inhibition of this

pathway by either microglia depletion or antagonism of STING by small molecules significantly miti-

gates high-dose AAV9-induced neurotoxicity while enhancing transgene delivery efficacy. Our work

delineates a unified mechanistic framework linking AAV-triggered DNA sensing to neuroinflammatory

pathology, and provides two clinically actionable approaches to decouple therapeutic gene delivery from

detrimental immune activation in nervous system targeted gene therapy.
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1. Introduction

Adeno-associated virus (AAV) has emerged as an optimal vector

for clinical gene delivery, attributable to its minimal pathogenicity

and capacity for sustained expression of therapeutic genes across

diverse cell types1-3. Empirical evidence garnered from clinical

trials suggests a significant positive correlation between the

administered dose of AAV and the resultant treatment efficacy4-6.

However, a critical challenge associated with AAV gene therapies

is the potential for eliciting immune responses and inflammation,

which can compromise the efficacy and durability of the thera-

peutic intervention, and in rare cases, be life-threatening7—9.

Therefore, optimization of adeno-associated virus (AAV) gene

therapy requires a delicate balance between dose and efficacy, as

adequate vector doses are required to elicit a therapeutic response,

whereas excessive doses may produce undesirable toxic effects.

Consequently, continued advancement of AAV-based therapies

requires ongoing research efforts focused on optimizing treatment

regimens and vector design, with the ultimate goal of providing

patients with safer and more effective treatment options.

The central nervous system (CNS) has traditionally been

considered an immune-privileged site, and thus CNS immune

responses to AAV gene therapy are often overlooked10,11. To

ensure adequate expression of therapeutic genes in the CNS, large

doses of AAV therapeutic vectors are often injected1,12. However,

studies in rodents and nonhuman primates (NHPs) have shown

that both local and systemic treatments with AAV vectors can

induce dose-dependent toxicity in the CNS, characterized by

activated immune response, reactive glia and neuronal dysfunc-

tion13-16. AAV consists of a single-stranded DNA (ssDNA)

genome of approximately 4.7 kb enclosed by a capsid of

approximately 26 nm in diameter, and both the AAV capsid and

genome serve as immunogenic components17-19. Our previous

study indicated that intraparenchymal injection of high-titer AAV

vectors induced a significant immune response in the adult mouse

brain, while empty AAV particles did not16,20. This finding sug-

gests that the DNA components of AAV vectors may act as key

antigenic substances triggering immune responses. Notably,

studies have shown that the AAV genome is rich in unmethylated

CpG DNA, which is recognized by the innate immune system

upon interacting with the Toll-like receptor 9 (TLR9) hereby

activating host cells to release inflammatory cytokines and type I

interferons (IFNs)21. Additionally, cytoplasmic DNA sensors,

including the cyclic guanosine monophosphate-adenylate synthase

(cGAS)—stimulator of interferon genes (STING) signaling

pathway, induce the production of antiviral interferons and are

crucial for recognizing and clearing viral infections22,23. Phar-

macological inhibitors of cGAS enhance AAV transduction, while

STING inhibitors mitigate AAV-induced neurotoxicity24,25. These

studies suggest that the cGAS—STING pathway may be involved

in AAV-induced immune responses in the nervous system, but its

molecular mechanism has not yet been fully elucidated.

In this study, we first used bulk-RNA sequencing technology to

investigate the early changes in gene expression profiles of brain

tissue upon infection with different doses of AAV. Bulk RNA

sequencing analysis showed that in the brains administered with

1010 GC AAV9, classical innate immune responses were signifi-

cantly upregulated, including TLRs and NOD-like receptors

(NLRs). In addition, high-dose AAV administration robustly

upregulates gene expression that is involved in the cGAS—STING

pathway. Using Sting knockout transgenic mice, we further

confirmed that the cGAS—STING signaling pathway plays a

crucial role in mediating inflammation, immune responses, and

neuronal injury in the adult mouse brain following high-dose

AAV9 intracranial injection. Further studies have found that

both reactive microglia and astrocytes are involved in the activa-

tion of the cGAS—STING pathway. Microglia depletion signifi-

cantly inhibited cGAS—STING pathway activation, subsequent

inflammation and T cell infiltration. H-151 is a novel STING in-

hibitor that effectively suppressed expression of inflammatory

genes, reactive glial cells, T cell infiltration and neuronal damage,

while also significantly increasing the expression of transgene

products delivered by AAV vectors. Altogether, our findings

suggest that inhibiting the cGAS—STING pathway may improve

the safety and efficacy of AAV gene therapy in the nervous

system.

2. Materials and methods

2.1. Animals

Experiments were conducted on adult (2—4 months of age) wild-

type C57BL/6J mice (Guangdong Yaokang Biotechnology Co.,

Ltd., China). Additionally, 2—3-month-old GFAP::Cre transgenic

mice [B6.Cg -Tg(Gfap-cre) 77.6Mvs/2J, Cre77.6] were purchased

from Jackson Laboratory, as well as Sting KO mice (Shanghai

Nanmo Biotechnology Co., Ltd., China). Both male and female

mice were used in this study. All mice were subjected to a stan-

dard 12-h light and dark cycle and provided with adequate water

and food. Experimental protocols were approved by the Labora-

tory Animal Ethics Committee of Jinan University, China

(approval No. IACUC-20230529-03).

2.2. AAV vector production and titering

This study primarily used AAV2/9-GFAP2.2::GFP and AAV2/9

FLEX::GFP vectors were produced by PackGene Biotech, and

AAV2/11-IBA1::GFP vectors were produced by Braincase

Biotech. The production process involved the following steps:

First, large-scale, ultrapure plasmids were prepared and

co-transfected into HEK293 cells under standard conditions. After

harvesting, AAV particles were concentrated and purified through

iodixanol gradient ultracentrifugation. To further improve purity

and remove potential contaminating proteins or innate immune-

activating factors, the viral preparations were subsequently sub-

jected to buffer exchange and additional purification using cen-

trifugal filter units and low-endotoxin-grade buffers. Second, the

integrity of viral genomes was confirmed by specific amplification

of inverted terminal repeats (ITRs) using FWD ITR and REV ITR

primers, and viral titers were quantified by SYBR Green qPCR.

Finally, the purity of the AAV preparations was evaluated by SDS-

PAGE followed by silver staining and Coomassie staining,

ensuring minimal contamination from host cell proteins or

plasmid DNA. Endotoxin levels were also tested and confirmed to

be below the acceptable threshold for in vivo use. Empty AAV9

viral capsids were prepared similarly, omitting the genomic (cis)

plasmid during transfection. Their titers were determined using an

AAV9-specific ELISA kit (PRAAV9, Progen). AAV titer adjust-

ment was performed using PBS containing 0.001% F-67. The

4390 Yaowei Guo et al.



Figure 1 Bulk RNA-seq results reveal that high-dose AAV activate cGAS—STING pathway. (A) Schematic diagram of AAV injection and

experimental timeline. (B) Low-power fluorescence microscopy images showing the expression of the transgene (GFP) after different doses of

AAV9 were injected into the cortex. Scale bar � 200 μm. (C) The bar graphs present GFP area and intensity statistics for the 108 GC and 1010 GC

groups. Values are shown as mean ± SD; n � 5 per group. (D) Heat map illustrating the innate immune differentially expressed genes, including

Toll-like pathway genes, NOD-like pathway genes, and cGAS—STING pathway genes. (E) Schematic diagram of the cGAS—STING pathway. (F)

Statistics of RT-qPCR showing the relative mRNA levels of Cgas, Sting, and Tbk1. Values are presented as mean ± SD; n � 3 per group. (G)

Confocal images illustrating the cGAS signal in the 108 GC and 1010 GC groups. Scale bar � 20 μm. The bar graphs present cGAS intensity

statistics for the 108 GC and 1010 GC groups. Values are shown as mean ± SD; n � 5 per group. (H) ELISA statistics showing the relative levels

of cGAMP, which were significantly upregulated in the 1010 GC group. Values are presented as mean ± SD; n � 5 per group. (I) Statistics

showing the relative mRNA levels of downstream genes in the cGAS—STING pathway, including Ifn-α and Ifn-ß. Values are presented as

mean ± SD; n � 3 per group. (J) GSEA analysis of IFN pathway and JAK-STAT pathway. (K) Volcano plot comparing the innate immune gene

cGAS—STING is involved in AAV-induced innate immunity 4391



AAV genome copy (GC) ranged from 108 to 1010 GC per injec-

tion. All AAVs were stored at − 80 ◦C and used within 12 months

of production.

2.3. Stereotaxic viral injection

Mice were stereotaxically injected with an AAV virus into their

brains. The procedure included the following steps: First, mice

were anesthetized using 20 mL/kg of 1.25% Avertin (Sigma,

T48402). Next, the fur on the mice’s head was shaved with a razor

blade, and their scalp was cleaned with iodine tincture and

ethanol. The scalp was incised with a scalpel blade, and the skull

was cleaned with hydrogen peroxide before placing the mouse in a

stereotaxic apparatus. Artificial eye ointment was applied to pro-

tect the eyes. A midline scalp incision was made, and a drill hole

(0.5 mm) was created in the skull for virus injection into the

cortex (AP +0.6 mm, ML —2 mm, DV —0.7 mm) and hippo-

campus (AP —2.18 mm, ML +1.5 mm, DV —1.4 mm). Using a

WPI pump and glass microelectrode, 1 μL of AAV was injected

into the brain at a rate of 100 nL/min. After viral injection, the

glass microelectrode was left in the parenchyma for approximately

10 min before being slowly withdrawn. The mouse’s scalp was

sutured using surgical sutures, iodophor was applied evenly for

disinfection, and the mouse was placed on a surgical heating pad

to wait for recovery.

2.4. Immunofluorescence and analysis

Brain section staining involves the following steps: Mice were first

anesthetized with 20 mL/kg 1.25% Avertin (Sigma, T48402), and

then perfused with physiological saline or ice-cold cerebrospinal

fluid. Quickly remove the brain, fix it with 4% PFA and refrigerate

at 4 ◦C overnight.

After fixation, the samples were cut into 40 μm sections using

a vibratome (Leica, VTS1200). The brain slices were washed

three times in phosphate buffer for 10 min each time, during

which blocking solution (5% donkey serum + 0.2% Triton X-100)

was prepared. The brain slices washed with phosphate buffer

solution were added to the blocking solution (5% donkey

serum + 0.2% Triton X-100) for blocking for 1.5 h. To prepare the

primary antibody, dilute it in blocking solution, prepare the pri-

mary antibody on an ice box according to the dilution ratio of the

primary antibody (Supporting Information Table S1: primary

antibody information), and incubate it in a 4 ◦C refrigerator for

24 h. The brain slices incubated with the primary antibody were

washed three times with phosphate buffer for 10 min each time.

During this period, the secondary antibody and DAPI were diluted

with phosphate buffer on an ice box. This was followed by in-

cubation with DAPI and secondary antibodies (1:1000) conjugated

to Alexa Fluor 488, Alexa Fluor 555, or Alexa Fluor 647 for 2 h at

room temperature. The brain slices incubated with secondary

antibodies were washed three times in phosphate buffer for 10 min

each time. Finally, the brain slices were affixed to glass slides and

sealed with nail polish.

The images were acquired using a Zeiss confocal microscope

(LSM880, Zeiss, Germany). For mice in the PBS treatment group,

mouse brain slices were selected according to the injection co-

ordinates, mouse brain atlas, and needle tract, ensuring that the

selected brain slices were close to the injection site (within

300 μm). For quantification, four virus-infected regions in the

cortex were randomly taken for confocal imaging (40 × lens). The

images were analyzed using Zeiss software ZEN and ImageJ

software.

2.5. RT-qPCR

At 4, 10 and 15 days after virus injection, we perfused the mice

with ice artificial cerebrospinal fluid. Then the cortical tissue of

the virus injection area (0.5 mm × 0.5 mm) was rapidly harvested

and put into a 1.5 mL EP tube in bead-beating tubes containing

1 mm zirconia/silica beads (BioSpec). Tissue was homogenized

for 30 s using a Mini-bead beater (BioSpec). RNA was extracted

using the Rneasy Lipid Tissue Mini Kit (Cat. No. 74804). High

capacity reverse transcription kit (transcriptor first strand cDNA

synthesis kit) was used for cDNA synthesis. qRT-PCR was per-

formed with SYBR green fluorescent dye of quantinova sybr green

pcr kit (Cat. No. 208054). Reactions were run on a CFX96 Real-

Time System (Bio-Rad Laboratories). Relative expression was

calculated as 2− ΔΔCT. Primer information is in Supporting Infor-

mation Table S2.

2.6. Bulk RNA-seq

About Bulk RNA-seq: 10 days after virus injection, ice artificial

cerebrospinal fluid was reinfused and the virus-infected center was

harvested for sequencing. RNA differential expression analysis

was performed by DESeq2 software between two different groups

(and by edgeR between two samples). The genes/transcripts with

the parameter of false discovery rate (FDR) below 0.05 and ab-

solute fold change≥2 were considered differentially expressed

genes/transcripts.

GO enrichment analysis provides all GO terms significantly

enriched in DEGs compared to the genome background, and filters

the DEGs that correspond to biological functions. Firstly, all

DEGs were mapped to GO terms in the Gene Ontology database,

and gene numbers were calculated for every term. Significantly

enriched GO terms in DEGs compared to the genome background

were defined by a hypergeometric test. Pathway-based analysis

helps to further understand genes’ biological functions. KEGG is

the major public pathway-related database. Pathway enrichment

analysis identified significantly enriched metabolic pathways or

signal transduction pathways in DEGs compared to the whole

genome background. Gene Set Enrichment Analysis (GSEA) is a

gene set-based enrichment analysis method. Genes are ranked

according to their relevance to sample phenotypes. Calculate the

cumulative score of the gene set members. If the gene is in the set,

the score is increased, otherwise the score is decreased. The final

score is the enrichment score.

expression between low-dose (108 GC) and high-dose (1010 GC) AAV groups. (L, M) Statistics showing the relative mRNA levels of innate

immune genes. n � 3 per group. A Student’s t-test was used to evaluate the statistical significance between two groups, while one-way ANOVA

with Tukey’s post hoc test were used for comparisons among more than two groups. Significance was reported as follows: *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001. ns, not significant.
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Figure 2 AAV DNA genome is necessary for cGAS—STING pathway activation. (A) Virus injection and experimental timeline. Equal volumes

(1 μL) of different solutions were injected into the mouse cortex. The doses were 1010 capsids for empty AAV9 and 1010 GC for AAV9. (B) Bar

cGAS—STING is involved in AAV-induced innate immunity 4393



2.7. Western blot analysis

20 days after virus injection, ice artificial cerebrospinal fluid was

reinfused and the virus-infected center was harvested for WB. The

homogenized tissues were lysed for resolving by SDS-PAGE and

transferred onto PVDF membranes (Millipore). The membrane

was blocked with 5% BSA for 2 h and incubated with primary

antibodies at 4 ◦C overnight. The membrane was washed three

times in 1X TBST buffer (50 mmol/L Tris, 150 mmol/L NaCl,

0.05% Tween 20, pH 7.4) and incubated with HRP-conjugated

secondary antibodies for 1.5 h at room temperature, after which

the signal was detected by using an enhanced chemiluminescence.

2.8. ELISA for cGAMP detection

10 days after virus injection, ice artificial cerebrospinal fluid was

reinfused and tissue from the viral infection center was collected

for homogenization and cGAMP ELISA testing. ELISA was

performed according to the manufacturer’s protocol using the 2′-

3′-cGAMP ELISA Kit (Cayman Chemical).

2.9. Cell culture and experimental design

In this experiment, two cell lines were employed: BV2 cells (pur-

chased from Mingzhou Biotechnology Co., Ltd.) and primary

mouse astrocytes. Empty AAV (1010 capsids) and high-dose AAV11

(1010 GC) were added to the BV2 cells, which were incubated for

12 h to ensure adequate viral infection. Following this incubation,

the culture medium was aspirated, and the cells were washed 2—3

times to remove residual AAV from the culture dishes. Fresh culture

medium was then replenished, and the cells were further incubated

for 24 h. Under high-dose AAV11 infection of BV2, an additional

ENPP1 (50 μmol/L) treatment group was added, according to a

previous study26. After incubation, the supernatant was collected

via centrifugation for cGAMP ELISA analysis or was transferred to

dishes containing astrocytes for a 48 h co-culture period, followed

by immunohistochemical (IHC) analysis.

Primary astrocyte isolation and culture: the cortices from

postnatal Day 2—3 mice were dissected and enzymatically

digested with 0.15% trypsin-EDTA (a 1:1 mixture of 0.05%

trypsin-EDTA and 0.25% trypsin-EDTA) for 15 min. The result-

ing cell suspension was then plated in non-coated culture flasks for

expansion, using a medium composed of DMEM/F12 (supple-

mented with 4.5 g/L glucose and 2 mmol/L L-glutamine), 10%

fetal bovine serum (FBS, sourced from Australia), and 1% peni-

cillin/streptomycin, and incubated in a 5% CO2 atmosphere at

37 ◦C (all reagents from Thermo Fisher Scientific, Grand Island,

NY, USA). After 7—9 days, when the cells reached approximately

90% confluence, non-astrocytic cells (including microglia, neu-

rons, oligodendrocytes, and their progenitors) were removed by

gentle agitation, and the remaining astrocytes were reseeded in

astrocyte maintenance medium containing DMEM/F12 (supple-

mented with 3.5 mmol/L glucose, 2 mmol/L L-glutamine), 2%

B27, 10% FBS, and 1% penicillin/streptomycin.

2.10. Microglia depletion by PLX5622

To pharmacologically eliminate brain microglia, the mice were

fed with PLX5622-formulated AIN-76A diet (1.2 g PLX5622 per

kilogram of diet) at libitum. In contrast, the control mice were fed

the normal AIN-76A diet (control diet, CD) ad libitum. Then

perform immunohistochemistry and RT-qPCR.

2.11. The treatments of H-151

Immediately after virus injection, the mice were intraperitoneally

injected with STING inhibitor H-151 (1, 3 and 10 mg/kg, S6652,

Selleck) once every two days. The H-151 administration cycle is

10 days, and then RT-qPCR is performed. The H-151 adminis-

tration cycle is 30 days, and then perform immunohistochemistry.

2.12. Data and code availability

The bulk RNA-seq datasets supporting the results of this article

have been deposited in Gene Expression Omnibus (GSE311583)

database and are publicly available from the date of publication of

this article. All of the plasmids used in this study are available

from the lead contact upon request.

2.13. Statistical analysis

The quantification data were expressed as mean ± standard devia-

tion (SD). Statistical analysis was performed by the unpaired Stu-

dent’s t-test and one-way ANOVA analysis with Tukey’s post hoc

test. Differences were considered statistically significant at

P < 0.05. Significant differences are indicated by *P < 0.05,

**P< 0.01, ***P< 0.001, and ****P< 0.0001. ns, not significant.

graphs showing DEGs in PBS and empty groups. (C) Statistics showing the pkfm levels of innate immune genes in PBS and empty groups. (D)

Bar graphs showing DEGs in empty and 1010 GC groups. There were more than 1000 DEGs between the empty group and 1010 GC group. (E)

GO-enriched bar graphs indicating that the 1010 GC group induced a strong innate immune response in the mouse brain. (F) KEGG-enriched bar

graphs demonstrating that the 1010 GC group elicited innate immune responses, including type I interferon upstream cGAS—STING pathway

(cytosolic DNA-sensing pathway) and NF-kappa B signaling pathway/JAK—STAT signaling pathway. (G) The heat map showing DEGs in the

cGAS—STING pathway. (H) RT-qPCR statistics showing relative mRNA levels of Cgas, Sting, and Tbk1 genes, which were dramatically

upregulated in the 1010 GC group. Values are shown as mean ± SD; n � 3 per group. (I) Confocal images showing the cGAS signal in empty and

1010 GC groups. Scale bar � 20 μm. The bar graph (right) is the density of cGAS + cell in the empty and 1010 GC groups. Values are shown as

mean ± SD; n � 5 per group. (J, K) Western blot results and statistics of cGAS and STING protein expression in the AAV injected brain regions.

The molecular weights of cGAS, STING, and vinculin are 62, 35, and 117 kDa, respectively. n � 7 mice per group. (L) RT-qPCR statistics

showing relative mRNA levels of type1 interferon genes Ifn-α and Ifn-ß. At 1010 GC group both were dramatically upregulated. Values are shown

as mean ± SD; n � 3 per group. (M, N) GSEA analysis of IFN pathway, JAK—STAT pathway and TNF-α pathway. (O) RT-qPCR quantified bar

graphs showing relative mRNA levels of innate immune genes. n � 3 per group. A Student’s t-test was used to evaluate the statistical significance

between two groups. Significance reported as: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, not significant.
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Figure 3 Sting knockout transgenic mice reveal the role of the cGAS—STING pathway in high-dose AAV induced innate immunity. (A) The

experimental design for Sting knockout transgenic mice. (B) Genotyping results confirming the successful knockout of the Sting gene in

transgenic mice. (C) RT-qPCR analysis of innate immune gene expression, including Il-6, Il-1ß, Tnf-α, and Ifn-ß, in high-dose AAV9 treated

(Sting+/+, Sting+/− , and Sting− /− ) mice. Notably, the expression of these genes was significantly diminished in both homozygous and hetero-

zygous Sting knockout mice following injection with 1010 GC AAV9. The relative mRNA changes were normalized to the PBS group. n � 3 per

group. (D) Low magnification fluorescence microscope images display the expression of transgene (AAV9-GFP) in Sting+/+, Sting+/− , and

Sting− /− mice. Scale bar � 200 μm. (E) Confocal images reveal the p-STING signal in Sting+/+, Sting+/− , and Sting− /− mice. Scale

bar � 20 μm. (F) Quantifications of p-STING + cell numbers are shown in Sting+/+, Sting+/− , and Sting− /− mice. n � 5 per group. (G—J) Low-

cGAS—STING is involved in AAV-induced innate immunity 4395



3. Results

3.1. AAV intraparenchymal injection activates the

cGAS—STING pathway in a dose-dependent manner

To investigate the innate immune response to intraparenchymal

injection of AAV in adult mouse brain, we selected two doses of

AAV9 which are comparable to clinical trials12,27,28. Then, 108 GC

(1 μL × 1011 GC/mL; Low) and 1010 GC (1 μL × 1013 GC/mL;

High) of AAV vectors were directly injected into the mouse cortex,

and the same volume of PBS was used as a vehicle control.

Following stereotaxic injection, mouse cortices were harvested at 10

days post injection (dpi) for bulk RNA-Seq and RT-qPCR analysis,

20 dpi for immunohistochemistry (IHC) studies (Fig. 1A). First, to

assess the AAV9 transduced region, we utilized the human glial

fibrillary acidic protein promoter (GFAP2.2), which is commonly

employed to drive transgene expression in astrocytes, to express the

green fluorescent protein (GFP) in these cells. Our results showed

that both the GFP fluorescence intensity and the transduction area

were significantly greater in the high-dose group compared to the

low-dose group (Fig. 1B and C). Second, bulk RNA sequencing

(RNA-seq) was employed to assess the impact of different AAV9

doses on gene expression in the injected cortical region. As ex-

pected, genes related to the Toll-like receptor and NOD-like re-

ceptor pathways, including Tlr9, Tlr2, Nod2, and Nlrp3, were

sharply upregulated in the high-dose group (Fig. 1D). In addition,

genes enrolled in the cGAS—STING pathway such as Cgas, Sting

and Ifnb1, were also dramatically enhanced in the high-dose group

(Fig. 1D). The basic process of the cGAS—STING signaling

pathway starts with abnormal DNA sensing and binding in the

cytosol by cGAS, followed by synthesizing the cyclic GMP—AMP

(cGAMP), which then binds and activates STING on the endo-

plasmic reticulum. Subsequently, TBK1 and IRF3 are activated to

induce the expression of IFNs and interferon-stimulated genes

(Fig. 1E)22,29. Gene Ontology (GO) enrichment analysis found that

many differentially expressed genes (DEGs) were enriched in bio-

logical processes related to DNA damage (Supporting Information

Fig. S1A), which may activate the DNA sensor cGAS. RT-qPCR

further confirmed that the core genes of the cGAS—STING

pathway (Cgas, Sting, and Tbk1) were significantly upregulated in

the high-dose group (Fig. 1F). Furthermore, immunofluorescence

staining for cGAS revealed a substantial increase in cGAS signals in

the high-dose group compared to the low-dose group (Fig. 1G).

Activated cGAS catalyzes the formation of the second messenger

cGAMP, so we performed an ELISA test and found that the cGAMP

level in the tissue homogenate injected with high-dose of AAV9 was

significantly increased (Fig. 1H). Together, these data suggest that

while high-dose AAV9 can achieve efficient transgene expression in

the brain, it also activates the cGAS—STING pathway, potentially

triggering an inflammatory response.

cGAS—STING signaling pathway activation results in the

release of inflammatory cytokines and IFNs30,31. Using RT-qPCR,

we observed that Ifn-α and Ifn-ß, were dramatically upregulated

by hundreds to thousands of times in the high-dose group

compared with the PBS and low-dose groups (Fig. 1I). Moreover,

Gene Set Enrichment Analysis (GSEA) analysis indicated the

activation of the type I interferon pathway and its downstream

JAK—STAT pathway (Fig. 1J). Further investigation using vol-

cano plots and RT-qPCR revealed that high-dose AAV9 signifi-

cantly upregulated the expression of interferon-stimulated genes

(ISGs), including Isg15 and Isg20 (Fig. 1K). Notably, this upre-

gulation was accompanied by the concurrent activation of

numerous downstream innate immune factors within the

cGAS—STING pathway. For example, our RT-qPCR data showed

a significant increase in the expression of interleukin family

members, including Il-1α, Il-1ß, and Il-6, as well as tumor ne-

crosis factor Tnf-α (Fig. 1L). Additionally, we observed increased

expression of chemokines, such as Cxcl1 and Cxcl10, and met-

alloproteinases (MPP), including Mmp3 and Mmp13 (Fig. 1M).

These findings collectively suggest that high-dose AAV9 triggers a

robust innate immune response characterized by the activation of

the cGAS—STING pathway.

3.2. DNA genome in AAV capsid is necessary for cGAS—STING

pathway activation

cGAS is a cytoplasmic DNA sensor, we assessed whether the

DNA within the AAV is required for activation of the

cGAS—STING pathway29,32. To this end, empty AAV9 viral

capsids (1010 capsids) without genomic DNA were used. The

high-dose of empty AAV9 and genome-containing AAV9 vectors

were injected into the mouse cortex, respectively. The total

mRNAs of the injected area were extracted at 10 dpi for bulk

RNA-seq and RT-qPCR analysis, samples were collected at 20 dpi

for IHC and Western Blot (WB) study (Fig. 2A). We first

compared the DEGs between the PBS group and the empty AAV9

group, and found 271 DEGs (Fig. 2B and Supporting Information

Fig. S2A). Notably, no DEGs were involved in the cGAS—STING

pathway (Fig. 2C), but were related to the extracellular matrix

biological process (Fig. S2B). However, genome-containing

AAV9 injection elicited substantial transcriptome alterations,

encompassing over thousands of DEGs when compared to empty

AAV9 group (Fig. 2D). GO enrichment analysis revealed that

these DEGs were enriched in biological processes related to

innate immunity (Fig. 2E). Further KEGG analysis indicated that

these DEGs were enriched in the inflammatory responses and

cytosolic DNA-sensing pathways, which may be related to the

activation of the cGAS—STING pathway (Fig. 2F). Accordingly,

the heatmap generated from the DEGs further demonstrated that

genes within the cGAS—STING pathway including Cgas, Sting,

Ifnb1, Nfkb1, and Stat1 were upregulated in genome-containing

AAV9 compared to empty AAV9 treated mice (Fig. 2G). RT-

qPCR further confirmed the significant upregulation of core

genes involved in the cGAS—STING pathway (Cgas, Sting, and

magnification Zeiss fluorescence microscope images display the GFAP (G), Iba1 (H), CD8 (I), and NeuN (J) signals in Sting+/+, Sting+/− , and

Sting− /− mice after injection of 1010 GC AAV9. Scale bar � 100 μm. (K, L) High-magnification images show a typical astrocyte (K) and

microglia (L) in different groups. The red circle in panel L indicates the cell body of the microglia. (M, N) Quantifications of GFAP positive cell

area proportion and average cell size that are shown in PBS, Sting+/+, Sting+/− , and Sting− /− mice. (O, P) Quantifications of the percentage of

Iba1+ area and average cell soma size in different groups. (Q) Quantifications of CD8+ cell numbers are shown in PBS, Sting+/+, Sting+/− , and

Sting− /− mice. (R) Quantifications of NeuN+ cell numbers are shown in PBS, Sting+/+, Sting+/− , and Sting− /− mice. Values are shown as

mean ± SD; n � 5 per group. One-way ANOVA analysis with Tukey’s post hoc test. Significance reported as: *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001. ns, not significant.
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Figure 4 Activation of cGAS—STING pathway in microglia and astrocytes independent of GFP expression. (A) Experimental timeline for

virus injection and RT-qPCR analysis. (B) RT-qPCR statistics showing relative mRNA levels of Cgas, Sting, and Tbk1 genes at 4, 10, and 15 dpi.

n � 3 per group. (C) Confocal images of cGAS (red, pseudocolor) co-stained with GFAP (green, pseudocolor), NeuN (green, pseudocolor), and

Iba1 (green, pseudocolor) at 20 dpi following injection of 1010 GC AAV9. Arrowheads indicate the typical cells expressing cGAS. Scale
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Tbk1) when mice were injected with normal AAV9 (Fig. 2H).

Furthermore, immunofluorescence staining confirmed that there

was no cGAS signal in the empty AAV9 group, while abundant

cGAS expression was observed in the cortex injected with the

normal AAV9 at 20 dpi (Fig. 2I). Our Western blot analysis

further revealed that the expression levels of both cGAS and

STING were significantly elevated in mice treated with normal

AAV9 compared to those treated with empty AAV9 (Fig. 2J and

K).

The cGAS—STING signaling pathway is a critical mediator of

antiviral responses, facilitating the induction of type I interferons

and interferon-stimulated genes33,34. Consistently, our RT-qPCR

analysis revealed a significant upregulation of both Ifn-α and

Ifn-ß in the normal AAV9 group (Fig. 2L). Furthermore, GSEA

analysis confirmed the activation of the type I interferon pathway

and tumor necrosis factor (TNF) pathway in tissues injected with

normal AAV9 (Fig. 2M and N). Again, RT-qPCR validation also

demonstrated the significant upregulation of downstream innate

immune genes, including interleukin family factors (Il-6, Il-1α,

and Il-1ß), Tnf-α and the chemokine Cxcl10 (Fig. 2O). Taken

together, the DNA genome within the AAV9 capsid is necessary

for inducing the activation of the cGAS—STING pathway.

3.3. cGAS—STING pathway contributes significantly to AAV-

induced innate immunity

To evaluate the contribution of the cGAS—STING pathway in the

innate responses induced by AAV9 intraparenchymal injection,

the Sting knockout mice were employed in this study. We prepared

littermate mice with 3 genotypes including Sting+/+ (wild type,

WT), Sting+/− (heterozygous), and Sting− /− (homozygous). Then

1010 GC of AAV9 was injected into the cortex, and RT-qPCR

analysis was performed at 10 dpi, while IHC studies were con-

ducted at 30 dpi (Fig. 3A and B). The results revealed that

downstream genes of cGAS—STING pathway, including Ifn-α,

Ifn-ß, Il-6 and Il-1ß, were significantly reduced both in hetero-

zygous and homozygous, suggesting that Sting deficiency allevi-

ated AAV9 induced innate immunity (Fig. 3C). IHC results

demonstrated that the transgene GFP in AAV9 vectors was highly

expressed in the cortices of mice from all three genotypes

(Fig. 3D). We also examined the phosphorylated STING (p-

STING, activated form) in different genotyping mice after injec-

tion of AAV9 and found that the p-STING was significantly

reduced in heterozygous mice and completely lost in the homo-

zygous mice (Fig. 3E and F). Of note, despite p-STING reaching

undetectable levels in homozygous mice, the effectors of the

innate response (IFN-α, IFN-ß, IL-6 and IL-1ß) induced by AAV9

were not significantly different between heterozygous and ho-

mozygous mice (Fig. 3C), suggesting that Sting haploinsufficiency

is sufficient to inhibit cGAS—STING pathway activation.

Immune activation in the CNS involves astrocytes and

microglia35,36, so we wondered whether Sting deficiency would

affect the activation of astrocytes and microglia. Reactive astro-

cyte and microglia were revealed by GFAP and Iba1 immuno-

staining, respectively. Administration of 1010 GC of AAV9

induced a significant upregulation of GFAP and Iba1 expression in

WT mice (Fig. 3G and H). However, this upregulation was sub-

stantially attenuated in both heterozygous and homozygous mice,

with the degree of reduction being notably more pronounced in

heterozygous mice (Fig. 3G and H; Quantified in Fig. 3M and O),

suggesting a genotype-dependent modulation of the glial reac-

tivation. Furthermore, astrocyte hypertrophy and microglia

swelling were detected after intracerebral injection of high doses

of AAV9 in WT mice, while these phenomena were significantly

reduced in Sting+/− and Sting− /− mice (Fig. 3K and L; Quantified

in Fig. 3N and P). Activation of the cGAS—STING signaling

pathway can attract and activate a variety of immune cells,

including T cells, especially CD8+ T cells, which are the main

killer cells of neurons37,38. Thus, we examined cytotoxic T cell

(CD8+) infiltration in brain parenchyma after high-dose AAV9

injection, and found that the infiltrated CD8+ T cells were

significantly reduced in both heterozygous and homozygous mice

(Fig. 3I, quantified in Fig. 3Q). Consequently, infiltration of CD8+

T cells into brain parenchyma resulted in neuronal damage in WT

mice, however, this side effect was significantly alleviated in both

heterozygous and homozygous mice. To our surprise, quantitative

analysis revealed a significant reduction in the extent of neuronal

loss in heterozygous mice compared to their homozygous litter-

mates (Fig. 3J, quantified in Fig. 3R). Collectively, these data

suggest that targeting cGAS—STING pathway inhibits high-dose

AAV9 induced glia reactivation, CD8+ T cell infiltration and

neuronal damage.

3.4. cGAS—STING pathway activation in microglia and

astrocyte

To investigate spatiotemporal activation patterns of the

cGAS—STING pathway in the brain, we first assessed transcrip-

tional changes using RT-qPCR following high-dose AAV9

administration (Fig. 4A). Time-course analysis revealed a

bar � 20 μm. (D) The pie chart showing 77% of cGAS+ cells containing Iba1, 10% of cGAS+ cells containing GFAP and 8% of cGAS+ cells

containing NeuN in the total cGAS+ cell population. (E) Confocal images of STING (red) co-stained with GFAP, NeuN, and Iba1 at 20 dpi

following injection of 1010 GC AAV9. Arrowheads indicate the typical cells expressing p-STING. Scale bar � 20 μm. (F) Pie chart illustrating

the distribution of STING+ cells: 22% of STING+ cells are Iba1+, 56% are GFAP+, and 15% are NeuN+. (G) Schematic diagram of the virus

injection protocol and experimental timeline. (H) Confocal images showing cGAS (red, (green, pseudocolor) co-stained with Iba1 (green,

pseudocolor) and STING (red, pseudocolor) co-stained with GFAP (green, pseudocolor) at 30 dpi in AAV11-injected mice. Arrowheads indicate a

typical microglia (top) and astrocytes (bottom) expressing cGAS and p-STING, respectively. Scale bar � 20 μm. (I, J) Cell density quantification

of cGAS+ and STING+ cells in PBS treated and AAV11 treated mice, regardless of cell type. n � 5 per group. (K) Quantification showing the cell

type specific proportions of cGAS+ and p-STING + cells. n � 5 per group. (L) Diagram illustrating the Cre-Flex system, where GFP expression is

regulated by Cre recombinase. (M) Low magnification images displaying GFP (green) signals. GFP expression was detected in the mGfap-Cre

transgenic mouse brain, while no GFP signal was observed in wild-type mice. Scale bar � 200 μm. (N) Confocal images revealing cGAS and

STING signals in mGfap-Cre transgenic and wild-type mice. (O) Quantification of cGAS+ and STING+ cell populations in mGfap-Cre transgenic

and wild-type mice. Data are presented as mean ± SD (n � 5 per group). A Student’s t-test was used to evaluate the statistical significance

between two groups, while one-way ANOVA with Tukey’s post hoc test were used for comparisons among more than two groups. Significance is

indicated as: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, not significant.
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significant upregulation of Cgas, Sting, and Tbk1 transcripts at 4

dpi, with a more robust increase by 10 dpi. These elevated

expression levels persisted through the 15-days observation period

(Fig. 4B). Moreover, to identify specific cellular contributors to

pathway activation, we conducted co-immunofluorescence stain-

ing with cell-type markers at 20 dpi. Although GFP expression

was primarily localized to astrocytes (Supporting Information

Fig. S3A—S3C), cGAS immunoreactivity predominantly

occurred in microglia (77%), with limited detection in astrocytes

(10%) and neurons (8%) (Fig. 4C and D). Conversely, p-STING

signals concentrated in astrocytes (56%), with lower levels in

microglia (22%) and neurons (15%) (Fig. 4E and F). These

findings establish microglia and astrocytes as the principal re-

sponders to AAV9-induced cGAS—STING activation in the adult

mouse brain.

As resident myeloid immune cells of the CNS, microglia

represent potential targets for neurological gene therapies39,40.

However, whether microglial-tropic AAV serotypes also activate

the cGAS—STING signaling pathway remains unknown. Building

on our findings with AAV9, we next examined AAV11, a recently

developed serotype with strong microglial tropism41, to further

investigate how vector-specific cellular targeting influences

cGAS—STING mediated innate immune responses in the mouse

brain. To this end, 1010 GC of AAV11-IBA1::GFP vectors were

directly injected into the mouse cortex and samples were collected

at 30 dpi (Fig. 4G). We found that the transgene (GFP) in AAV11

was expressed in microglia with a specificity of 97%

(Fig. S3D—S3H). Compared to PBS, cGAS signal was dramati-

cally upregulated in microglia following intraparenchymal injec-

tion of AAV11 (Fig. 4H top and Fig. 4I). Interestingly, although

GFP was not expressed in astrocytes, p-STING immune signals

were also detected in astrocytes (Fig. 4H bottom), and the number

of p-STING+ cells was tremendously increased (Fig. 4J). Quan-

titative analysis revealed that approximately 80% of cGAS+ cells

were identified as microglia (Iba1+), whereas nearly 60% p-

STING+ cells were found to be astrocytes (GFAP+, Fig. 4K).

Together, these data suggest that AAV11, which specifically tar-

gets microglia, can also activate the cGAS—STING pathway in

astrocytes and microglia.

To determine whether cGAS—STING pathway activation

requires transgene expression following high-dose AAV9 admin-

istration, we implemented a Cre-dependent system (AAV9-Flex-

CAG::GFP) in astrocyte-specific mGfap-Cre transgenic mice

(Cre77.6 line) versus wild-type controls (Fig. 4L). This strategy

enables GFP expression exclusively in Cre-expressing astrocytes.

As expected, robust GFP fluorescence appeared in mGfap-Cre

mice but remained undetectable in wild-type animals (Fig. 4M),

confirming strict Cre-dependent transgene regulation. Strikingly,

cGAS and STING showed comparable upregulation in AAV9-

exposed brain regions irrespective of GFP expression status

(Fig. 4N). Quantitative analysis revealed equivalent cGAS and p-

STING levels between GFP-expressing and non-expressing con-

ditions (Fig. 4O). These findings indicated that cGAS—STING

pathway activation occurs independently of transgene expression

in AAV9-mediated CNS delivery.

3.5. Interaction between microglia and astrocytes during

cGAS—STING pathway activation

Since both cGAS and p-STING signals were detected in microglia

and astrocytes, we aimed to determine which cell type was the first

to respond following high-dose AAV administration. Mouse

cortices were injected with high-dose AAV9 (1010 GC), and mice

were sacrificed at 2, 6, 10, and 20 dpi for immunostaining analysis

(Supporting Information Fig. S4A). Our results showed that

reactive microglia, characterized by an increased cell body size,

were detectable as early as 6 dpi (Fig. S4B and S4C), whereas

hypertrophic astrocytes were first observed at 10 dpi (Fig. S4D

and S4E). Alongside these morphological changes, the density

of cGAS+ cells gradually increased in regions transduced by high-

dose AAV9 (Fig. S4F and S4G). Notably, at 6 dpi, all cGAS

signals were localized to microglia (Iba1+), while only a small

number of astrocytes (GFAP+) exhibited detectable cGAS

immunoreactivity at 10 dpi (Fig. 5A). Moreover, microglia

remained the predominant cell type, constituting over 75% of all

cGAS+ cells at 20 dpi (Fig. 5B), with astrocytes accounting for

less than 15% (Fig. 5C). These findings suggest that microglia are

the first and most dominant cell type to activate the

cGAS—STING signaling pathway following high-dose AAV9

injection.

cGAS is an enzyme that catalyzes the synthesis of cGAMP, a

second messenger molecule. After high-dose AAV infection,

cGAS was predominantly found in microglia. Our next goal was

to investigate whether cGAMP synthesized in microglia can be

released and transferred to astrocytes, thereby activating the

STING protein. To test this, we cultured BV2 cells, a mouse-

derived microglial cell line, and primary mouse astrocytes in vitro

(Fig. 5D). Nearly 100% of the cultured BV2 cells and primary

astrocytes were labeled with Iba1 and GFAP, respectively

(Fig. 5E). Twelve hours after infection with AAV11-IBA1::GFP,

43.3% of BV2 cells expressed GFP (Fig. 5F and G). Compared to

the empty AAV treatment group, we observed a higher intensity of

Figure 5 Microglia release cGAMP and transferred to astrocyte. (A) Confocal images show cGAS co-stained with Iba1 (microglia) and GFAP

(astrocytes) at different time points after high-dose AAV11 injection. Arrows indicate cells expressing both signals, while the arrowheads indicate

cells only expressing cGAS. Pseudocolors were used. Scale bar � 20 μm. (B, C) Bar graphs show the proportion of microglia (B) and astrocytes

(C) in cGAS + cells. n � 5 per group. (D) Schematic illustrating BV2 cell and astrocyte culture experiments and study design. (E) Immuno-

staining images show that cultured BV2 cells and astrocytes are co-stained with microglia and astrocyte markers Iba1 and GFAP, respectively.

Scale bar � 20 μm. (F) Representative images of BV2 cell cultures transduced with AAV11 (GFP+). Scale bar � 20 μm. (G) The pie chart shows

that 43.3% of BV2 cells express GFP. (H) Representative confocal images of co-immunostained cGAS (red, pseudocolor) and Iba1 (green,

pseudocolor) cells in cultured BV2 cells treated with empty AAV capsids (top) or high-dose AAV-GFP (bottom). Scale bar � 20 μm. (I) cGAS

fluorescent intensity was significantly increased in high-dose AAV treated BV2 cells. n � 5 per group. (J) The concentration of cGAMP in BV2

cell conditioned medium that treated under different conditions. n � 5 per group. (K) Immunostaining of GFAP (green, pseudocolor) and p-

STING (red, pseudocolor) in primary astrocytes cultured with different conditioned media. Scale bar � 20 μm. (L) Fluorescent intensity of p-

STING in cultured astrocyte. n � 5 per group. Data are shown as mean ± SD. A Student’s t-test was used to evaluate the statistical significance

between two groups, while one-way ANOVA with Tukey’s post hoc test were used for comparisons among more than two groups. Significance is

indicated as: **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, not significant.
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Figure 6 Microglia depletion alleviates AAV9-induced innate immune responses. (A) Schematic representation of the experimental design for

microglia depletion. (B, C) Low magnification confocal images displaying Iba1 (a pan-microglia marker) and CD68 (an activated microglia

marker) in the cortex of AAV9 injected mice treated with either vehicle or PLX5622. Scale bar � 200 μm. (D, E) Quantifications of Iba1+ and

CD68+ cell numbers in vehicle and PLX5622 groups. Values are shown as mean ± SD; n � 5 per group. (F, G) RT-qPCR analysis revealing the

relative mRNA levels of innate immune genes Cgas, Sting, Tbk1, Il-6, Tnf-α, and Cxcl10 in the PBS, vehicle, and PLX5622 treatment groups.

Results indicate that PLX5622 effectively attenuates innate immune responses. Data are presented as mean ± SD; n � 3 per group. (H) Low

magnification confocal images of GFAP and CD8 in the cortex of AAV9 injected mice treated with vehicle and PLX5622, respectively. PLX5622

treatment significantly reduces astrocyte activation and CD8+ T cell infiltration. Scale bar � 200 μm. (I, J) Quantification of GFAP intensity and
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cGAS fluorescent signal in the high-dose AAV group (Fig. 5H and

I). ELISA assays further confirmed that the cGAMP concentration

in the culture medium of high-dose AAV-treated BV2 cells was

significantly increased, while it was markedly reduced after the

addition of cGAMP hydrolase ENPP1 (50 μmol/L, Fig. 5J). These

results provide strong evidence that high-dose AAV treatment

induces cGAMP production in BV2 cells and release to the culture

medium.

Subsequently, we transferred the conditioned medium from

high-dose AAV treated or empty AAV treated (control) BV2 cells

into wells containing astrocytes. After 24 h of co-culturing, the

conditioned medium from the high-dose AAV group significantly

enhanced p-STING signaling in astrocytes (Fig. 5K and L).

However, the addition of ENPP1 to the conditioned medium

significantly reduced cGAMP, which in turn resulted in a marked

decrease in p-STING signaling in the astrocytes (Fig. 5K and L).

Taken together, these data demonstrate that cGAMP, produced in

microglia upon high-dose AAV infection, is transferred to astro-

cytes, where it activates STING signaling.

3.6. Microglia depletion effectively inhibits activation of

cGAS—STING pathway

Since cGAS signaling is primarily detected in microglia, we

investigated whether microglia depletion in the mouse brain

would impact the immune response triggered by high-dose AAV9.

Mice were fed with PLX5622 diet (1.2 g PLX5622 per kilogram

of diet), a widely used small molecule for microglial depletion42,

for 20 days. Subsequently, high-dose AAV9 was injected into the

mouse cortex, and the mice continued to receive PLX5622 diet for

an additional 10 days, then immunostaining and RT-qPCR ana-

lyses were performed (Fig. 6A). We first assessed the effect of

PLX5622 on the number of microglia in the cortex following PBS

or high-dose AAV9 injection. Microglial depletion was confirmed

by Iba1 staining of mouse brain sections, which revealed a sig-

nificant reduction in microglial numbers in both groups treated

with PLX5622. Notably, while high-dose AAV9 injection resulted

in a marked increase in Iba1+ cells in the cortex, PLX5622

significantly inhibited this increase (Fig. 6B, quantified in

Fig. 6D). CD68, a well-established macrophage marker primar-

ily located in microglia within the brain parenchyma, is often used

as an indicator of microglial activation and immune response to

tissue damage. Consistent with the Iba1 staining, the increase in

CD68+ microglia induced by high-dose AAV9 was significantly

attenuated by PLX5622 treatment (Fig. 6C and E). Furthermore,

microglia depletion with PLX5622 substantially abolished the

upregulation of key cGAS—STING pathway genes (Cgas, Sting,

and Tbk1, Fig. 6F) as well as their downstream effectors (Il-6,

Tnfα, and Cxcl10, Fig. 6G) induced by high-dose AAV9. Addi-

tionally, PLX5622 treatment significantly reduced astrocyte acti-

vation, evidenced by decreased GFAP expression (Fig. 6H top,

quantified in Fig. 6I) and CD8+ T cell infiltration following high-

dose AAV9 injection (Fig. 6H bottom, quantified in Fig. 6J).

Collectively, these findings demonstrate a critical role for micro-

glia in regulating the cGAS—STING signaling cascade and sub-

sequent immune responses in the context of high-dose AAV9

administration.

3.7. Pharmacological inhibition of the cGAS—STING pathway

attenuates high-dose AAV9-induced immune responses in adult

mouse brain

To explore the potential of modulating the cGAS—STING

pathway to mitigate the immune response triggered by high-

dose AAV9, we utilized a brain permeable STING inhibitor H-

15143,44. Following high-dose AAV9 injection, we administered

STING inhibitor H151 to pharmacologically inhibit STING acti-

vation as previously reported in other neurological disorders45,46.

We treated mice with H-151 intraperitoneally (i.p.) every other

day at varying doses (1, 3, and 10 mg/kg) to evaluate dose-

dependent effects on subsequent biological responses (Fig. 7A).

RT-qPCR analysis revealed that treatment with H-151 at 10 mg/kg

significantly reduced the expression of innate immune inflamma-

tory cytokines, including Il-6, Il-1α, and Tnf-α, as well as type I

interferon Ifn-ß, a key downstream target of the cGAS—STING

pathway (Fig. 7B). These findings demonstrate that pharmaco-

logical inhibition of STING using the small-molecule compound

H-151 effectively attenuates high-dose AAV9 induced activation

of the cGAS—STING signaling pathway and expression of

downstream effector genes.

Our previous study showed that 30 days after high-dose AAV9

injection, massive glial reactivation and immune cell infiltration

occurred at the injection site, accompanied by severe neuronal

loss16. Therefore, we injected 10 mg/kg H-151 intraperitoneally

every other day until the 30th day after 1010 GC of AAV9 injec-

tion, and the control group mice received the same volume of

vehicle (Fig. 7C). Immunofluorescence staining of the neuronal

marker NeuN revealed substantial neuronal loss in the vehicle

group (injected with high-dose AAV9) compared to the PBS

group. However, H-151 treatment at 10 mg/kg significantly

reduced neuronal loss after injection of high-dose AAV9 (Fig. 7D

and E). Inhibition of the cGAS—STING pathway by H-151 also

effectively alleviated microglia and astrocyte activation, as well as

CD8+ T cell infiltration (Fig. 7F—I). Furthermore, H-151 treat-

ment markedly enhanced both the expression levels and spatial

distribution range of the AAV9 reporter GFP (Fig. 7J and K). To

evaluate the effects of H-151 in other brain regions, we injected

high-dose AAV9 into the hippocampus and treated with H-151 in

the same manner as in the cortex. Similar to the cortex, H-151

treatment reduced neuronal loss, alleviated glial reactivation and

immune cell infiltration in the hippocampus (Supporting Infor-

mation Fig. S5). Together, these observations indicate that H-151

treatment significantly reduces neuronal loss, alleviates glial

reactivation and immune cell infiltration induced by high-dose

AAV9 injection, without affecting transgene expression.

3.8. H-151 effectively alleviated inflammation and neuronal loss

in the retina

The eye, like the brain, is an immune-privileged organ, making it

an ideal target for AAV-mediated gene therapy. However, studies

have demonstrated that AAV can induce inflammation and im-

mune cell infiltration in the retina in a dose-dependent

manner21,47. To investigate whether the cGAS—STING signaling

pathway is involved in high-dose AAV9-induced retinal

CD8+ cell numbers in the vehicle and PLX5622-treated groups. Data are presented as mean ± SD; n � 5 per group. A Student’s t-test was used to

evaluate the statistical significance between two groups, while one-way ANOVA with Tukey’s post hoc test were used for comparisons among

more than two groups. Significance reported as: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, not significant.
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Figure 7 H-151 inhibits the STING pathway and reduces immunity and neuronal Loss. (A) Experimental design for virus injection and H-151

drug administration. Three distinct doses of H-151 were selected to evaluate its efficacy. (B) RT-qPCR statistics show relative mRNA levels of

innate immune genes (Il-6, Il-1α, Tnf-α, Ifn-ß) in PBS, AAV + vehicle and AAV + H-151 groups. The results indicate that 10 mg/kg H-151

effectively reduces inflammatory factors. Data are presented as mean ± SD; n � 3 per group. (C) Experimental design for virus injection

and administration of 10 mg/kg H-151. (D) Representative confocal images showing NeuN (red) labeling in mice treated with PBS (left),

AAV + vehicle (middle), and AAV + H-151 (right, 10 mg/kg). Scale bar � 200 μm. (E) Quantification of neuron counts, revealing a significant

rescue of neuronal density following administration of the STING inhibitor H-151. (F) Low magnification images of GFAP immunostaining in the

cortex of mice treated with PBS, AAV + vehicle, and AAV + H-151 (10 mg/kg). Scale bar � 200 μm. (G) Low magnification images of Iba1

immunostaining in the cortex of mice treated with PBS, AAV + vehicle, and AAV + H-151 (10 mg/kg). Scale bar � 200 μm. (H) Low

magnification images showing infiltrated CD8+ T cells in the mouse cortex from three different groups. Scale bar � 200 μm. (I) Quantification

results indicating that H-151 treatment significantly reduces microglial and astrocytic reactivation, as well as CD8+ T cell infiltration. Data are

presented as mean ± SD; n � 5 per group. (J) Low magnification images showing GFP expression in the adult mouse cortex following treatment

with AAV + vehicle or AAV + H-151. (K) Quantification of GFP intensity and coverage area in the AAV + vehicle and AAV + H-151 groups.
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inflammation and immune responses, we injected 1010 GC of

AAV9 into the subretinal space of the adult mouse eyes, with PBS

serving as the sham control. Additionally, some mice receiving

1010 GC of AAV9 were treated with the STING inhibitor H-151

(10 mg/kg, i.p.), while others were given an equal volume of

vehicle as a control. Retinas from the mice were then collected for

RT-qPCR and immunohistochemistry analysis (Fig. 8A). RT-

qPCR results (10 dpi) showed that 1010 GC of AAV9 adminis-

tration in the retina activated the cGAS—STING signaling

pathway (Cgas, Sting and Tbk1, Fig. 8B), resulting in a significant

upregulation of downstream antiviral and inflammatory-associated

gene expression (Il-6, Il-1α and Ifn-ß, Fig. 8C). Immunofluores-

cence staining at 30 dpi revealed a significant increase in p-

STING+ cells following subretinal injection of high-dose AAV9,

with predominant expression in retinal GFAP+ cells, primarily

astrocytes and reactive Müller cells (Fig. 8D). Notably, pharma-

cological inhibition of STING with H-151 substantially attenuated

these antiviral and inflammatory responses, with mRNA levels of

target genes reduced by 45%—55% compared to vehicle treated

controls (Fig. 8C). These findings suggest that the cGAS—STING

signaling pathway plays a significant role in high-dose AAV9

induced inflammation in the mouse retina.

To evaluate whether H-151 could inhibit high-dose AAV

induced glial reactivation, T cell infiltration and neuronal loss by

inhibiting the cGAS—STING pathway, we collected samples (30

dpi) for further histomorphological studies (Fig. 8A). High-dose

AAV9 caused retinal thinning, which was revealed by nuclear

staining (DAPI), while H-151 treatment could not rescue the

retinal thinning caused by high-dose AAV9 subretinal injection

(Fig. 8E and F). Interestingly, staining with the retinal glial marker

GFAP and Iba1 showed that although H-151 could not restore

overall retinal thickness, it effectively inhibited glial reactivation

and CD8+ T cell infiltration (Fig. 8G—K). Subsequently, we

performed immunostaining for NeuN, a typical neuronal marker

expressed in the retina primarily on retinal ganglion cells (RGCs),

which are the only cells in the visual pathway that can send

electrical output signals to the brain. We found that after subretinal

injection of high-dose AAV9, RGCs in mice receiving vehicle

administration significantly degenerated. However, RGCs were

significantly protected from high-dose AAV9 induced neuronal

toxicity by H-151 (Fig. 8L and M). Overall, our study shows that

inhibition of the cGAS—STING pathway has the potential to

improve the safety of AAV9-mediated ocular gene therapy.

4. Discussion

In this study, we designed experiments using low and high-doses

of AAV to investigate the effects of cGAS—STING-mediated

innate immune responses on the nervous system. By bulk-RNA

sequencing, RT-qPCR, and histochemical analysis, we demon-

strated that high-doses of AAV induce activation of the

cGAS—STING pathway. RNA Sequencing and histochemical re-

sults provided convincing evidence that AAV nucleic acid is

indeed necessary to initiate activation of the cGAS—STING

pathway. Immunostaining results indicated that microglia and

astrocytes were the main effector cells of high-dose AAV activated

cGAS—STING pathway. Using STING knockout transgenic mice,

we confirmed that high-dose AAV activated cGAS—STING

pathway plays a crucial role in immune responses and neuronal

loss. Depletion of microglia by PLX5622 effectively inhibited the

expression of inflammation-related genes and T cell infiltration. In

addition, the STING inhibitor H-151 was used to block the

cGAS—STING signaling pathway, effectively reducing glial

reactivation, immune cell infiltration and neuronal damage caused

by high-dose AAV, while also increasing the expression area and

intensity of the transgene. Together, this study reveals

cGAS—STING activation as the cause of dose-dependent neuro-

inflammation in AAV9 based nervous system gene therapy and

suggests that STING inhibition may provide a clinically feasible

approach to optimize the safety-effectiveness balance in gene

delivery.

Adeno-associated virus (AAV) vectors have emerged as one of

the most promising tools for gene therapy due to their ability to

deliver therapeutic genes efficiently with relatively low immuno-

genicity2,48. However, despite their advantages, the use of AAV

vectors is not without challenges, particularly regarding the po-

tential for adverse immune responses1,49. These immune re-

sponses not only limit the efficacy of AAV gene therapy but may

also lead to severe side effects, such as hepatobiliary diseases, and

in some cases, even result in patient mortality7,9,50. Over the years,

significant progress has been made in understanding the side ef-

fects of AAV gene therapy, which include innate immune acti-

vation, T cell infiltration, and glial reactivation15,16,19,20. Recent

studies have provided valuable insights into the molecular

mechanisms underlying these responses, highlighting the role of

pattern recognition receptors such as TLRs and RIG-I in initiating

immune activation upon AAV exposure18,21,49,51. Of note, in 2019,

Laurel and colleagues reported elevated cGAS and STING

expression in response to retinal gene transfer using AAV vec-

tors, with drug interventions enhancing transduction efficiency24.

This implies that the cGAS—STING pathway plays a role in AAV-

induced immune responses. More recently, a study suggested the

involvement of the cGAS—STING pathway in the p53-dependent

DNA damage response triggered by AAV genomes in a human

iPSC-derived CNS model25. Together with our current findings in

the adult mouse nervous system, these studies indicate that

cGAS—STING is a critical innate immune regulator, contributing

significantly to AAV-induced inflammation and neurotoxicity.

This highlights its potential as a therapeutic target for mitigating

AAV-related neurotoxicity.

cGAS is a crucial DNA sensor that activates immune responses

upon detecting both pathogen and self-DNA. A recent study using

human iPSC-derived brain organoids demonstrated that AAV ge-

nomes trigger a p53-dependent DNA damage response, potentially

activating cGAS25. However, this study did not examine the gene

expression changes within the cGAS—STING pathway, and the

absence of microglia, the brain’s major resident immune cells,

limits its ability to model the immune response accurately31,52.

Although STING inhibitors reduced AAV-induced inflammation

and neurotoxicity, the underlying molecular mechanisms remain

unclear, highlighting the need for further research in more phys-

iologically relevant models. In this study, we aimed to elucidate

Both GFP intensity and coverage area were significantly increased upon treatment with the STING inhibitor H-151. Values are shown as

mean ± SD; n � 5 per group. A Student’s t-test was used to evaluate the statistical significance between two groups, while one-way ANOVA with

Tukey’s post hoc test were used for comparisons among more than two groups. Significance reported as: *P < 0.05, **P < 0.01, ***P < 0.001,

****P < 0.0001. ns, not significant.
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Figure 8 H-151 reduces inflammation and neuronal loss in the retina after subretinal AAV9 injection. (A) Experimental design: The virus was

injected subretinally, while H-151 was administered intraperitoneally. (B) RT-qPCR analysis of relative mRNA expression levels of

cGAS—STING pathway genes (Cgas, Sting, and Tbk1) in PBS and 1010 GC groups. n � 3 per group. (C) RT-qPCR analysis of innate immune

gene expression, including Il-6, Il-1α, and Ifn-ß, in PBS, vehicle, and H-151 treated groups. n � 3 per group. (D) Confocal images showing p-

STING (red, pseudocolor) co-localized with GFAP (green, pseudocolor) at 30 dpi and quantification of p-STING + cell numbers in PBS and

1010 GC groups. Arrowheads indicate GFAP + cells expressed p-STING. Scale bar � 20 μm. (E, G, J, L) Low magnification fluorescence images

from a Zeiss microscope displaying DAPI (blue, E), GFAP (G, top), Iba1 (G, bottom), CD8 (J), and NeuN (L) signals in PBS, AAV + vehicle, and

AAV + H-151 treated groups. Scale bar � 50 μm. (F, H, I, K, M) Quantification of DAPI positive layer thickness (F), the percentage of GFAP

covered area (H), the percentage of Iba1 covered area (I), CD8+ cell counts (K), and NeuN+ cell counts (M). Data are presented as mean ± SD

(n � 5 per group). A Student’s t-test was used to evaluate the statistical significance between two groups, while one-way ANOVA with Tukey’s

post hoc test were used for comparisons among more than two groups. Significance levels are indicated as: *P < 0.05, **P < 0.01, ***P < 0.001,

****P < 0.0001. ns, not significant.
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the mechanism underlying the activation of the cGAS—STING

pathway in the adult mouse brain upon AAV transduction. Our

findings reveal that microglia are the primary cell type responsible

for cGAS activation, while astrocytes predominantly activate

STING (p-STING). These observations are consistent with the

established roles of these cell types as key immune mediators in

the central nervous system31,35,40,53. Our results underscore the

critical involvement of microglia in initiating the cGAS—STING

signaling cascade, as demonstrated by the predominant detection

(77%) of cGAS protein in Iba1+ cells. This may be attributed to

the fact that, following AAV transduction, the AAV genome does

not efficiently enter the microglial cell nucleus54. By selectively

depleting microglia in the adult mouse brain using the small

molecule PLX5622, we observed a marked reduction in

cGAS—STING pathway activation following high-dose AAV

administration, providing strong evidence for the critical role of

microglia in this process. Interestingly, we observed that over half

of the p-STING (56%) was localized to astrocytes, suggesting that

the cGAS—STING pathway may not operate exclusively within a

single cell type (e.g., microglia or astrocytes), but rather involves

intercellular communication. Specifically, cGAMP, as an impor-

tant second messenger, is mainly synthesized by cGAS in

microglia and is transferred to astrocytes, where it activates

STING. This intercellular transfer of cGAMP has been reported in

other cell types by previous studies55-57. Once inside astrocytes,

cGAMP activates STING in the endoplasmic reticulum, leading to

the induction of type I interferons and interferon-stimulated genes,

thereby amplifying the immune response. While this hypothesis

offers a comprehensive framework for understanding the crosstalk

between microglia and astrocytes in the activation of the

cGAS—STING pathway, further experimental investigations are

needed to fully validate these findings.

Our study reveals that intracerebral injection of high-dose AAV

activates the cGAS—STING signaling pathway, which is accom-

panied by significant neuronal loss at the injection site. The

activation of the cGAS—STING pathway triggers inflammation,

recruits immune cells, and promotes the migration and activation

of adaptive immune cells, which may contribute to neuronal

death16. In addition, a recent study has further indicated that

following STING activation, a non-canonical pathway can induce

neuronal autophagy, leading to the degradation of GPX4 and the

activation of ferroptosis58. To further investigate the role of

STING in this process, we injected high-dose AAV9 into the

brains of STING knockout transgenic mice. Surprisingly, com-

plete deletion of STING did not substantially reduce the neuronal

loss induced by high-dose AAV9. In contrast, we observed the

most significant reduction in neuronal death in STING heterozy-

gous knockout mice. This finding may be attributed to the

multifaceted physiological functions of STING. Recent studies

have shown that STING, as a proton channel, plays a role in

lysosome biogenesis and autophagy regulation59,60. In addition to

its well-known functions in mediating cGAS responses or stimu-

lating autophagy, nuclear STING is also involved in the tran-

scriptional regulation of specific genes61. Furthermore, our bulk

RNA sequencing data further suggest that the inflammation

induced by high-dose AAV is not solely mediated by the

cGAS—STING pathway. Other pathways, such as Toll-like re-

ceptors and NOD-like receptors, are also significantly upregu-

lated. Notably, our bulk RNA sequencing analysis also revealed a

significant upregulation of key genes in the AIM2/caspase-1/

GSDMD inflammasome pathway following high-dose AAV9 in-

jection into the adult mouse brain. This pathway is a critical

component of the innate immune response, acting as a cyto-

plasmic sensor for intracellular DNA62,63. The activation of this

inflammasome, alongside the cGAS—STING pathway, suggests

that high-dose AAV9 may trigger multiple innate immune re-

sponses related to nucleic acid sensing in neurons. These findings

highlight the potential for AAV9-mediated neurotoxicity through

the activation of distinct but interconnected DNA sensing path-

ways, underscoring the need to further investigate the role of

inflammasome-driven pyroptosis in AAV-induced brain inflam-

mation. Therefore, complete knockout of the Sting gene, which

blocks the cGAS—STING pathway, does not fully eliminate the

innate immune response driven by above alternative path-

ways15,17,49. Moreover, complete deletion of STING may increase

the sensitivity of other innate immune signaling pathways, leading

to compensatory increases in inflammation and immune re-

sponses. Thus, our results highlight that the Sting heterozygous

knockout mice, which retain one copy of the Sting gene, provide

the most effective neuronal protection, suggesting a complex

interplay between STING and other immune signaling pathways.

In the future, the development of a novel STING modulator could

offer a more potent neuroprotective effect compared to a complete

STING blocker.

In our retinal model, H-151 reduced inflammation and

neuronal loss caused by high-dose AAV9 injection, yet it did not

prevent retinal thinning. This discrepancy could be attributed to

several factors. While H-151 effectively modulates the

cGAS—STING pathway to reduce immune-mediated inflamma-

tion, AAV9-mediated retinal damage involves complex mecha-

nisms beyond immune activation. Specifically, AAV9 gene

therapy can induce structural changes in the retina, including

mechanical stress, vascular alterations, and non-immune toxicity,

which may contribute to retinal thinning64-66. For example, the

mechanically stress-sensitive ion channel Piezo1 is expressed in

various retinal cell types, and a recent study demonstrated that its

overactivation can lead to cell damage in retina67. The inability of

H-151 to prevent retinal thinning suggests that while inflammation

plays a critical role in neuronal loss, it may not be the primary

driver of tissue structural damage in this context. This highlights

the need to consider other factors, such as the direct effects of

AAV9 on retinal vasculature or the mechanical strain imposed by

viral vector delivery, which may not be addressed by STING in-

hibition alone. Future research should explore these additional

mechanisms and investigate combination therapies that target both

immune and non-immune pathways to better preserve retinal

integrity in gene therapy applications.

While this study provides valuable insights into the activation

of the cGAS—STING signaling pathway by AAV vectors, several

aspects require further investigation. First, although we have

demonstrated that the presence of DNA within the AAV capsid is

essential for activating the cGAS—STING pathway, we have not

directly shown that AAV genomic DNA itself serves as the direct

substrate for cGAS activation. Additionally, the current model

relies on single-stranded DNA AAV vectors, whereas cGAS rec-

ognizes double-stranded DNA. It remains unclear whether the

single-stranded DNA released from AAV particles needs to un-

dergo reverse transcription to form double-stranded DNA for

subsequent cGAS activation. This raises the possibility that

alternative mechanisms, such as the formation of episomal DNA,

could also contribute to cGAS activation48,49. Furthermore, while

TLR9 has been well-established to recognize unmethylated CpG

motifs commonly found in pathogenic viral and bacterial

DNA21,68, it remains uncertain whether cGAS exhibits a similar
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sequence preference for specific DNA motifs within the AAV

genome. Recent studies on human brain organoids have suggested

that AAV transduction can trigger early DNA damage responses,

potentially involving host genomic DNA damage in cGAS acti-

vation25. However, whether this is a direct or indirect consequence

of AAV transduction requires clarification. Therefore, future

research should aim to further elucidate the molecular mecha-

nisms underlying high-dose AAV-induced activation of the

cGAS—STING pathway, with a particular focus on the interaction

between AAV vector DNA and the host immune sensing ma-

chinery. In addition, this study provides preliminary insights, but

the dosing regimen of H-151 (10 mg/kg every other day) requires

further optimization. Future work should include pharmacokinetic

analyses, including bioavailability, brain penetration, and target

engagement, as well as dose-response and time-course studies to

better inform clinical translation. Overall, such studies could

provide crucial insights for improving AAV-based gene therapy

vectors and enhancing the safety and efficacy of gene therapy

strategies.

5. Conclusions

In conclusion, our findings highlight the critical role of the

cGAS—STING pathway in mediating the innate immune response

to high-dose AAV, and that its inhibition using the STING in-

hibitor H-151 effectively mitigates associated inflammation and

innate immune activation. Specifically, H-151 treatment not only

reduced the expression of proinflammatory cytokines and type I

interferon, but also promoted the expression of the transgene.

These results suggest that targeting the cGAS—STING pathway

may be a viable strategy for reducing AAV immunogenicity and

enhancing its therapeutic potential. Moreover, our study provides

new insights into the mechanisms underlying the immune

response to AAV and underscores the potential of STING inhibi-

tion as a therapeutic approach for mitigating adverse immune

reactions. Overall, our findings have important implications for

the development of AAV-based therapies and suggest that further

investigation into the role of the cGAS—STING pathway in AAV-

mediated immunity is warranted.
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