
Received: 5 February 2025 Revised: 10 April 2025 Accepted: 28 April 2025

DOI: 10.1002/alz.70305

R E S E A RCH ART I C L E

STING deletion protects against amyloid β–induced
Alzheimer’s disease pathogenesis

JessicaM. Thanos1,2,3 Olivia C. Campbell1 MaureenN. Cowan1

Katherine R. Bruch4 Katelyn A.Moore1 Hannah E. Ennerfelt5 Nick R. Natale1,2

AmanMangalmurti1,2 Nagaraj Kerur6,7,8 John R. Lukens1,2,3

1Department of Neuroscience, Center for Brain Immunology and Glia (BIG), University of Virginia, Charlottesville, Virginia, USA

2Neuroscience Graduate Program, University of Virginia, Charlottesville, Virginia, USA

3Brain Immunology and Glia Graduate Training Program, University of Virginia, Charlottesville, Virginia, USA

4Department of Neurology, Massachusetts General Hospital, Boston, Massachusetts, USA

5Department of Neurology andNeurological Sciences, Stanford University, Palo Alto, California, USA

6Department of Ophthalmology and Visual Sciences, the Ohio State UniversityWexnerMedical Center, Columbus, Ohio, USA

7Ohio State Havener Eye Institute, the Ohio State UniversityWexnerMedical Center, Columbus, Ohio, USA

8Department ofMicrobial Infection and Immunity, the Ohio State UniversityWexnerMedical Center, Columbus, Ohio, USA

Correspondence

John R. Lukens, Department of Neuroscience,

Centre for Brain Immunology and Glia,

University of Virginia, 409 Lane Road,MR4-

6154, Charlottesville, VA 22908, USA.

Email: Jrl7n@virginia.edu

Funding information

National Institutes of Health, Grant/Award

Numbers: R01AG071996, R01AG087406,

RF1AG078684; National Institute of

Neurological Disorders and Stroke,

Grant/Award Number: T32NS115657;

Harrison Family Foundation; Owens Family

Foundation, Grant/Award Number: Grant;

Cure Alzheimer’s Fund, Grant/Award Number:

Grant; Alzheimer’s Association, Grant/Award

Number: ADSF-21-816651; National Institute

on Aging, Grant/AwardNumber:

RF1AG078684

Abstract

INTRODUCTION: While immune dysfunction has been increasingly linked to

Alzheimer’s disease (AD) progression, many major innate immune signaling molecules

have yet to be explored in AD pathogenesis using genetic targeting approaches.

METHODS: To investigate a role for the key innate immune adaptor molecule, stimu-

lator of interferon genes (STING), in AD, we deleted Sting1 in the 5xFADmouse model

of AD-related amyloidosis and evaluated the effects on pathology, neuroinflammation,

gene expression, and cognition.

RESULTS: Genetic ablation of STING in 5xFAD mice led to improved control of amy-

loid beta (Aβ) plaques, alterations in microglial activation status, decreased levels

of neuritic dystrophy, and protection against cognitive decline. Moreover, rescue of

neurological disease in STING-deficient 5xFAD mice was characterized by reduced

expression of type I interferon signaling genes in both microglia and excitatory

neurons.

DISCUSSION: These findings reveal critical roles for STING in Aβ-driven neurological
disease and suggest that STING-targeting therapeutics may offer promising strategies

to treat AD.
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Highlights

∙ Stimulator of interferon genes (STING) deficiency in the 5xFAD mouse model of

Alzheimer’s disease-related amyloidosis results in decreased amyloid beta (Aβ)
deposition and alteredmicroglial activation status.

∙ Protection against amyloidosis in STING-deficient 5xFAD mice is associated with

decreased expression of genes involved in type I IFN signaling, improved neuronal

health, and reduced levels of oxidative stress.

∙ Loss of STING in 5xFADmice leads to improved spatial learning andmemory.

1 BACKGROUND

Alzheimer’s disease (AD) is a debilitating neurodegenerative disease

that is characterized by pathological deposition of amyloid beta (Aβ)
aggregates and tau tangles, neuronal loss, and cognitive decline. In

recent years, there has been growing appreciation for the role that

the innate immune system plays in AD pathogenesis.1–5 Most notably,

human genetics studies have revealed thatmany of the top genetic risk

factors linked to late-onsetADare immune genes and/or are expressed

predominantly by microglia in the brain,6–8 which are the primary

immune cell population that surveys the brain for pathogens and other

harmful agents. Emerging from recentwork is the generalized idea that

some level of controlled innate immune activation is needed, espe-

cially early in AD progression, to mobilize microglial responses to aid

in the containment and disposal of neurotoxic Aβ aggregates.1–5 How-
ever, the innate immune response in AD also needs to be held in check

as chronic and/or dysregulation of innate immune signaling pathways

can lead to aberrant neuroinflammation, microglial dysfunction, and

neurodegenerative disease progression.1–5

While innate immune signaling has been increasingly linked to AD

pathogenesis, the roles of many discrete innate immune signaling

pathways in driving AD progression have not been investigated using

genetic targeting approaches to date. One such molecule is stimulator

of interferon genes (STING), which is a major innate immune adap-

tor molecule that is best known for orchestrating immune signaling

in response to both pathogen- and host-derived DNA that finds its

way into the cytosol following infection, mitochondrial compromise,

and genomic stress.9–11 STING activation in response to genotoxic

stress or pathogen-derived cytosolic DNA requires cyclic GMP–AMP

synthase (cGAS), a cytosolic DNA sensor that generates the STING-

activating second messenger cyclic GMP–AMP (cGAMP).12–15 Once

activated, STING potently induces the production of type I interfer-

ons (IFNs) and nuclear factor kappa-light-chain-enhancer of activated

B cells (NF-κB)-mediated cytokines such as interleukin-6 (IL-6) and

tumornecrosis factor-α (TNF-α). Engagementof cGAS-STINGsignaling

following detection of cytosolic DNA has been shown to be critically

involved in the generation of protective immune responses against

multiple pathogens and forms of cancer.9–11 However, aberrant acti-

vation of cGAS-STING in response to genotoxic stress has also been

shown to be a key contributor to detrimental inflammation and tissue

damage in aging, as well as various autoinflammatory and autoimmune

disorders.9–11

Recent studies have also begun to define instrumental roles for

cGAS and STING in multiple neurodegenerative diseases, including

amyotrophic lateral sclerosis,16 primary tauopathies,17 Parkinson’s

disease,18 and aging-associated dementia.19 Here, it has largely been

shown that knocking down cGAS and/or STING leads to an attenua-

tion of neuroinflammatory responses and protection against neuronal

cell loss.20 There have also been recent attempts to explore howSTING

impacts amyloidosis using thepharmacological agentH-151.21,22 How-

ever, additional studies involving genetic deletion of STING are still

needed as H-151 has been reported to have off-target effects and

can inhibit multiple innate immune pathways in addition to abrogating

STING.23,24

To this end, in the present study, we explored how genetic abla-

tion of STING impacts Aβ amyloidosis progression in the 5xFAD

mouse model of AD. Here, we found that deletion of STING in 5xFAD

mice leads to improved control of Aβ load, alterations in microglial

activation status, and protection against neuritic dystrophy and cog-

nitive decline. Moreover, the rescue of amyloidosis-related disease

parameters in STING-deficient mice was accompanied by a shift from

AD-associated transcriptional programming toward a more homeo-

static profile in STING-deficient cell populations, as evidenced by the

decreased expressionof antiviral and type I IFN response genes, aswell

as the increased expression of genes associatedwith synaptic signaling

and cognitive resilience in microglia and excitatory neurons. Overall,

our results suggest that STING drives Aβ accumulation, microglial acti-

vation, and neuronal dystrophy in Aβ-associated neurological disease,

highlighting its potential as a therapeutic target in the treatment of

AD.
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2 METHODS

2.1 Mice

All mouse experiments were performed in accordance with the rel-

evant guidelines and regulations of the University of Virginia and

approved by the University of Virginia Animal Care and Use Com-

mittee. 5xFAD (Strain #034848-JAX)25 and Sting1−/− mice (Strain

#025805-JAX)26 were obtained from the Jackson Laboratory and

crossed to generate Sting1+/+ (denoted as WT), Sting1−/− (denoted

as StKO), 5xFAD Sting1+/+ (denoted as 5xFAD), and 5xFAD Sting1−/−

(denoted as 5xStKO) female mice to be used in subsequent experi-

ments. Mice were housed with food and water available ad libitum,

under specific pathogen-free conditions with controlled temperature

(21 ± 1.5◦C) and humidity (50 ± 10%), and subjected to the standard

12-h light/dark cycle.

2.2 Morris water maze behavior testing

All mice were 4 months old at the time of behavior testing. All behav-

ior experiments were performed between 12 and 6 p.m. in a blinded

fashion. Mice were transported from their home vivarium room to

the behavior core and habituated for at least 30 min in the respec-

tive testing rooms before each test. Mice were then transported back

to their home vivarium room once testing was completed. All tests

were tracked and scored using Ethovision XT video tracking software

(Noldus). Spatial learning andmemorywere evaluated using theMorris

watermaze (MWM) test as previously described.27 Briefly,mice under-

went training for 4 days with four trials per day, and then mice were

tested once on Day 5 as part of the probe phase. Mice were trained

in an opaque pool of diluted white paint, with four distinct visual cues

along thewalls and a hidden platform placed 1 cmbelow thewater sur-

face. Starting points for each trial were alternated relative to visual

cues. Trials ended when mice successfully located the hidden plat-

form or after 60 s of testing. Mice that failed were retrained by being

placed on top of the platform for 5 s after a given trial. The latency to

escape, the number of times on the platform, and the time spent on the

platformwere among themanymeasures of this test.

2.3 Brain sample preparation

Mice were euthanized by CO2 asphyxiation followed by cervical dis-

location and then mice were transcardially perfused with 20 mL of

1× Dulbecco’s phosphate-buffered saline without calcium and mag-

nesium (1× DPBS; Gibco #14190144). Brains were dissected out and

bisected, with the right hemisphere snap-frozen and stored for long-

term use at −80◦C, while the left hemisphere was drop-fixed in 4%

paraformaldehyde (PFA; Electron Microscopy Sciences #15714-S) in

1× Dulbecco’s phosphate buffered saline (DPBS) overnight at 4◦C.

Fixed brains were rinsed in 1× DPBS and dehydrated in 30% sucrose

in 1× DPBS for 48 h at 4◦C. Dehydrated brains were mounted in

RESEARCH INCONTEXT

1. Systematic review: The authors reviewed previous peer-

reviewed publications using traditional sources (e.g.,

PubMed). While there have been recent studies explor-

ing the effects of the pharmacological agent H-151 in

the 5xFAD mouse model of Alzheimer’s disease (AD)-

associated amyloidosis, rigorous studies involving genetic

deletion of STING are still needed in the field. Most

notably, like most pharmacological inhibitors, H-151 has

been reported to inhibit multiple diverse molecular path-

ways in addition to abrogating stimulator of interferon

genes (STING).

2. Interpretation: Our results demonstrate that genetic

ablation of STING in 5xFAD mice leads to improved

control of amyloid beta (Aβ) pathology, altered microglial

activation, and protection against cognitive decline

and neuronal dystrophy. Unbiased single-nuclei RNA-

sequencing (snRNA-seq) studies further revealed that

neurological disease protection in STING-deficient

5xFAD mice is characterized by increased expression of

neuronal health genes in excitatory neurons as well as

decreased expression of antiviral and type I interferon

(IFN) response genes in both neurons andmicroglia.

3. Future directions: Our studies provide a foundation

for further investigation into how STING signaling con-

tributes to Aβ amyloidosis. Additional studies are needed

to interrogate in which specific cell types STING func-

tions to impact Aβ-mediated neurodegenerative disease

progression. Future research endeavors are also needed

to uncover the key upstream DNA damage sensors

and molecular events that activate STING during AD.

While DNA damage sensing by cyclic GMP–AMP syn-

thase (cGAS) is the most extensively studied upstream

activator of STING, other genomic sensors and cellular

danger signals have also been reported to trigger STING

activation independently of cGAS. For instance, emerg-

ing evidence indicates that defects in vesicle traffick-

ing and endolysosomal dysfunction can trigger STING-

dependent neurodegenerative disease independently of

genomic sensing by cGAS.

Tissue-Tek OCT compound (Sakura #4583) and sectioned at 50 µm

sagittally using a cryostat (Leica #CM1950). Sections were stored in

0.05%sodiumazide (RiccaChemical #71448-16) in 1×DPBSat 4◦C for

immunofluorescence (IF) microscopy experiments. Flash-frozen brains

were thawed and mechanically homogenized in 500 µL Tissue Pro-

teinExtractionReagent (T-PER;ThermoFisher#78510) supplemented

with PhosSTOP phosphatase inhibitor cocktail (Roche #C764L25) and

cOmplete protease inhibitor cocktail (Roche #11-697-498-001).
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2.4 Immunofluorescence

Floating brain sections were transferred from 0.05% NaN3 in 1× PBS

and blocked and permeabilized in 2% donkey serum, 1% bovine serum

albumin (BSA), 0.1% Triton-X, and 0.05% Tween-20 in 1× PBS (IF

buffer) for 2 h at room temperature while rocking. Sections were then

incubated in primary antibodies in IF buffer overnight at 4◦C, while

rocking. Stained sections were washed in 0.05% Tween-20 in 1× PBS

(wash buffer) 3 times, for 10 min each and at room temperature (RT),

while rocking. Sections were subsequently incubated in secondary

antibodies in IF buffer for 2 h at RT while rocking. All secondary

antibodies were raised in donkey and conjugated to Alexa Fluor fluo-

rophores (1:1,000; e.g., Invitrogen #A-31571). Sections were washed

3 times for 10 min each at RT with rocking and then sections were

counterstained with Thioflavine S (ThioS) or DAPI. For ThioS staining,

sections were incubated in 0.2 mg/mL ThioS in 50% EtOH while rock-

ing for 8 min at RT, washed three times in only 50% EtOH for 2 min

each, transferred to deionized (DI) water, and then to 1× DPBS. For

DAPI staining, sections were incubated in 20 µg/mL DAPI in 1× DPBS

while rocking for 10 min at RT and transferred to 1× DPBS. Coun-

terstained sections were then mounted using ProLong Gold antifade

reagent (Invitrogen #P36930) onto charged glass microscope slides

(Fisherbrand #12-550-15) and under cover glass (Fisherbrand #12-

544C). Mounted slides were cured for at least 24 h and stored at 4◦C

until imaging on the SP8 confocal microscope (Leica Microsystems)

and the Leica Application Suite (LAS) X microscope software (Leica

Microsystems, v3.5.5.19976).

All confocal images were acquired in eight-bit format, at

1024 × 1024 pixel resolution, and with 1.0× digital zoom unless

specified otherwise. For cortical measures, three to four fields of

view were selected within layers with the densest plaque burden.

Aβ total coverage images were acquired by tile scanning entire brain

sections at 10× magnification, with 1.0× digital zoom and 0.5 µm

z-slices. Images of cortical Aβ plaque and fibril burden, microglio-

sis, dystrophic neurites (DNs) were acquired at 63× magnification,

with 0.75× digital zoom and system-optimized z-slices. AXL occu-

pancy images were acquired at 40× magnification with 0.75× digital

zoom and system-optimized z-slices. Terminal deoxynucleotidyl

transferase dUTP end labeling (TUNEL) images were acquired at

40× magnification with 1.0× digital zoom and system-optimized

z-slices.

2.5 Image analysis

All image analyses were performed using FIJI or Imaris software

(v9.5.1; unless specified otherwise; Oxford Instruments). Total Aβ cov-
erage was assessed by creating max projections, drawing regions of

interest (ROIs) in theDAPI channel, automatically thresholding images,

and measuring percent area of D54D2 in FIJI. Plaque burden was

assessed bymeasuring count, intensity, volume, overlap, and proximity

using the “surfaces” function in Imaris.

Total microglial coverage was assessed according to total Aβ cov-

erage analysis methods above, by using the same ROI and measuring

percent area of IBA1 in FIJI. Microglial count and volume were quan-

tified using the “spots” and “surfaces” features in Imaris software,

respectively. Microglial recruitment to plaques was assessed by fil-

tering detected spots within 15 and 30 µm of Aβ plaque surfaces.

Microglial activation state was assessed using the “surfaces” feature

in Imaris software by rendering IBA1+ and CD68+ volumes and cal-

culating the percentage volume of IBA1+ CD68+ per total IBA1+
volume. Sholl analysis was performed on cells farther than 30 µm

away from plaque surfaces for consistency and accuracy of the seg-

mentation. ROIs were created for 15 cells per animal from across

three sections and six to nine images. Branches were detected using

a machine learning algorithm in Imaris (v10.0.0) and verified manually

using the IBA1 channel. AXL occupancy was assessed in FIJI by man-

ually counting IBA1+ cells and IBA1+ AXL+ double-positive cells and

calculating the percentage of IBA1+ AXL+ cells per total IBA1+ cells.

STAT1 occupancy was assessed in FIJI in the samemanner.

Amyloid precursor protein positive (APP+) DNs andThioS+plaques

were rendered using the “spots” and “surfaces” features in Imaris soft-

ware, respectively. DNswithin 15 and30µmof plaqueswere identified

and counted to determine DNs per plaque. Cell death was assessed

in the CA1 hippocampal region by determining the area of TUNEL+
puncta within neuronal nuclei (NeuN) regions in FIJI.

2.6 Protein extraction

Homogenates were centrifuged at 16,000 rpm for 10 min at 4◦C to

yield a supernatant and pellet containing soluble and insoluble pro-

teins, respectively. To isolate proteins from pellets, 25 µL of pellets

were incubated in 5 M guanidine-hydrochloride solution (Gu-HCl;

Thermo Fisher #24115) in 50 mM Tris base (pH = 8.0) for 3 h at

room temperature,with vigorous agitation on a laboratory rocker.Mix-

tures were diluted 1:8 in 1X PBS with PhosSTOP and cOmplete and

centrifuged at 16,000 g for 20 min at 4◦C, and supernatants were col-

lected to recover insoluble proteins. Total soluble and insoluble protein

were quantified using theProtein660 reagent (ThermoFisher #22660)

according to manufacturer instructions and stored at −80◦C for later

use.

2.7 Aβ levels

Soluble and insoluble protein lysates were diluted in 1X PBS at 1:10

and 1:1,000, respectively. Aβ42 levels were measured by sandwich

enzyme-linked immunosorbent assay (ELISA; Invitrogen #KMB3441)

according tomanufacturer instructions. Briefly, samples and standards

were added to strips and incubated with detector antibody solution.

Strips were washed, and IgG HRP solution was added to strips. Wash

steps were repeated, and stabilized chromogen solution was added to

strips. Stop solution was added and plates were read at 450 nm using
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a plate reader. Aβ42 concentrations were determined using a standard

curve and normalized to total protein levels.

2.8 Lipid peroxidation

Lipid peroxidation was measured using the malondialdehyde (MDA;

Abcam #118970) assay according to manufacturer instructions.

Whole-brain soluble protein lysates were diluted 1:10 in 1× PBS prior

to the assay. Briefly, samples and standards were incubated with thio-

barbituric acid (TBA) for 60 min at 95◦C and cooled in an ice bath for

10 min. MDA concentrations were determined using a standard curve

and normalized to total protein levels.

2.9 snRNA-seq and analysis

Brains were collected from mice via rapid decapitation to minimize

transcriptional changes. Cortical samples were microdissected, flash-

frozen, and stored at −80◦C. Pooled cortical samples were submitted

to GENEWIZ (Azenta Life Sciences) for processing and RNA sequenc-

ing. Nuclei were isolated to generate single-nuclei 3′ RNA libraries

using the Chromium Single Cell 3′ Reagent Kit (10X Genomics).

Librarieswere sequencedon theHiSeq4000 (Illumina), and rawFASTQ

files were processed with the Cell Ranger (v7.0.1, 10X Genomics)

pipeline using themm10mouse reference genome.

The Cell Ranger output folders were used to construct AnnData

objects which were analyzed in Python (v3.9.18) using the Scanpy

(v1.9.8) framework.28 Low-quality nuclei were excluded if they: (a)

expressed < 1k or > 95th percentile for total transcript count, (b)

expressed < 500 or > 97th percentile for uniquely expressed genes,

(c) contained > 5% mitochondrial reads, or (d) had > 99th percentile

for ribosomal genes. Doublets were scored with Scrublet (v0.2.3)29

and further confirmedwith SOLO,30 and doublet nuclei were removed.

Scanpy’s library size normalization was performed on the concate-

nated dataset,28 followed by log-transformation and scaling after

selecting for and annotating the top 3k highly variable genes. scVI-

tools (v1.1.2)31 was used to integrate the samples using the raw counts

layer and construct a latent representation used for clustering. Nuclei

were grouped into clusters using the Leiden algorithm using default

settings, andUMAPwas applied for dimensionality reduction and visu-

alization.Marker geneswere identified using Scanpy’s implementation

of the Wilcoxon rank-sum test,28 and clusters were annotated based

on the resulting scores of well-established cell type-specific markers

(e.g., Rbfox3, Slc17a6, Gad1, Sox10). Differential expression (DE) anal-

ysis was performed using diffxpy (v0.7.4) for annotated cell types and

Leiden clusters with sufficient nuclei (> 40 per group) and balanced

group sizes, wherein groups with fewer than 10% of the total cells

tested were excluded. Wald testing was used to identify differentially

expressed genes (DEGs), and the results output was filtered to exclude

genes with log2 fold change magnitudes > 100 and zero or negligi-

ble gene expression between testing groups, indicative of transcript

sampling artifacts.

All data visualizations were performed in R. UMAP visualizations

and feature plots, as well as heat maps, were generated using the Seu-

rat package to visualize clusters, marker gene expression, and the top

conservedgenesexpressedbyeach cell type. Tominimize ambientRNA

artifacts, genes canonically restricted toneurons (e.g., Snap25, Slc17a7)

were excluded from microglial DEGs based on prior reports of com-

mon snRNA-seq contamination.32,33 Volcano plots were generated

using the EnhancedVolcano package to visualize key DE results. Path-

way analyses were performed in g:Profiler using DEGs with adjusted

p-values of less than 0.05 and log2 fold changes of ± 0.5. Relevant

pathwayswithin the top 10 highlighted by g:Profiler were selected and

plotted in Prism.

2.10 Statistical analyses

Mean values, standard error mean (SEM) values, Student’s t test

(unpaired), and one-way analysis of variance (ANOVA)were calculated

using Prism software (GraphPad). Nested data were analyzed by lin-

ear mixed-effects models using the “lme4” package in R (R Core Team).

p-values less than 0.05were considered significant.

3 RESULTS

3.1 Loss of STING leads to improved control of
Aβ load

Studies conducted on human postmortem samples have shown

that AD brains routinely display increased levels of DNA damage

and hyperactive STING signaling when compared to age-matched

controls.17,21,34–36 However, in vivo studies have not yet been con-

ducted to interrogate how genetic ablation of STING affects AD-

related pathogenesis. Therefore, to explore a role for STING in Aβ-
mediated disease in vivo, we crossed germline STING-deficient mice

with 5xFAD mice, the latter of which is a widely used model of

AD-associated amyloidosis. We first evaluated the impact of STING

deletion on total Aβ burden in 5xFAD mice by performing IF stain-

ing using the D54D2 antibody on sagittal brain sections isolated from

5-month-old 5xFAD Sting1−/− mice (abbreviated as 5xStKO) and their

5xFAD Sting1+/+ littermate controls (abbreviated as 5xFAD). In these

studies, we observed decreased percent area covered by Aβ stain-

ing in the cortex, hippocampus, and subiculum regions of 5xStKO mice

when compared to 5xFAD controls (Figure 1A–D). Consistent with the

improved control of total Aβ load seenwith STINGdeficiency in 5xFAD

mice, we also observed reductions in total Aβ plaque counts in the cor-
tices of 5xStKO mice by Thioflavine S (ThioS) staining relative to 5xFAD

littermate controls at both 5 (Figure 1E,F) and 9 months of age (Figure

S1A,B). To further confirm these results by a molecular approach, we

next measured the levels of Aβ1-42, which is a neurotoxic Aβ species
shown to drive neuronal dysfunction and death in AD, in half-brain

lysates byELISA.Here,wedetected lower levels of both soluble (T-PER

fraction; Figure 1G) and insoluble (Gu-HCL fraction; Figure 1H)Aβ1-42
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(A) (B) (C) (D)

(F) (G) (H)(E)

F IGURE 1 Amyloid beta load is reducedwith STING deletion in 5xFADmice. 5xFAD Sting1−/− (abbreviated as 5xStKO) mice and littermate
5xFAD Sting1+/+ (abbreviated as 5xFAD) controls were harvested at 5months of age to evaluate Aβ load by IF imaging. (A–D) Analysis of total Aβ
burden in the cortex, hippocampus, and subiculum (n= 9mice/group, six to nine images/mouse, two independent experiments). (A) Representative
confocal images of brain sections stained for nuclei (DAPI, blue) and total Aβ (D54D2, red; scale bar= 40 µm) in the cortex (abbreviated as ’C’),
subiculum (abbreviated as ’S’), and hippocampus (abbreviated as ’H’). Quantification of percent area covered by D54D2 staining in the cortex (B),
hippocampus (C), and subiculum (D). (E,F) Analysis of cortical Aβ plaque burden (n= 9, 9–12 images/mouse, three independent experiments). (E)
Representative confocal images of brain sections stained for Aβ plaques (ThioS, cyan; scale bar= 30 µm). (F) Quantification of plaques per FOV.
(G,H) Analysis of Aβ42 protein concentrations fromwhole-brain lysates (n= 13–15mice/group, three independent experiments). (G) ELISA
quantification of Aβ42 per total protein from the soluble fraction extracted with T-PER and (H) the insoluble fraction extracted with Gu-HCL.
Statistical significance between experimental groups was calculated by linear mixed-effects models (B–D,F) and unpaired Student’s t test (G,H).
Data points represent individual mice and error bars represent mean± SEM. *p< 0.05, **p< 0.01, ***p< 0.001. Aβ, amyloid beta; DAPI,
4’,6-diamidino-2-phenylindole; ELISA, enzyme-linked immunosorbent assay; FOV, field of view; IF, immunofluorescence; SEM, standard error of
themean; STING, stimulator of interferon genes.

in the brains of 5-month-old 5xStKO micewhen compared to 5xFAD lit-

termate controls. In total, these data suggest that genetic ablation of

STING leads to improved control of Aβ load in 5xFADmice.

3.2 Microgliosis is blunted with STING deletion in
Aβ amyloidosis

Dysregulated microglial responses have been shown to contribute

to AD pathogenesis and a host of other brain disorders.1–5 In AD,

microglia are recruited toward plaque-rich regions where they pro-

liferate and adopt an activated state. To assess whether STING

influences microgliosis in AD, we performed IF staining to evaluate

IBA1+ macrophage/microglia coverage, activation state, and mor-

phology in regions enriched with Aβ plaques. In these studies, we

found that the absence of STING in 5-month-old 5xFAD mice leads

to decreased area covered by IBA1+ macrophages in the cortex, hip-

pocampus, and subiculum when compared to age-matched 5xFAD

controls (Figure 2A–D). Consistent with the decrease in percent area

coverage of IBA1+ staining seen throughout the brains of 5xStKO mice,

we also detected fewer numbers of IBA1+macrophages in the cortices

of STING-deficient 5xFAD mice relative to littermate 5xFAD controls

at both 5 months of age (Figure 2E,F) and 9 months of age (Figure

S2A–C). Moreover, we also observed lower numbers of IBA1+ cells

within 15 and 30 µm of Aβ plaques in 5xStKO mice relative to 5xFAD

controls, both at 5 months of age (Figure 2E,G) and into advanced

stages of amyloidosis (9 months of age; Figure S2D–E). Taken together,

these findings indicate that genetic ablation of STING in the 5xFAD

mouse model of amyloidosis leads to reduced total numbers of IBA1+
macrophages throughout the brain. Importantly, these differences in

microgliosis appear to be specifically in response to amyloidosis, and

not the result of a baseline effect of STING deletion on microglial biol-

ogy, as IBA1+ macrophage numbers, volume, and staining intensity

were all found to be similar between STING-deficient (abbreviated as

StKO) and wild-type (WT) mice that lack the 5xFAD transgenes and do

not develop amyloidosis (Figure S3A–D).

Given the effects seen with STING deletion on microglial num-

bers in amyloidosis, we were next interested in determining whether

the absence of STING also impacted microglial activation status in

5xFAD mice. To this end, we first evaluated the expression levels of
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F IGURE 2 Genetic ablation of STING dampensmicrogliosis in 5xFADmice. (A–L) 5xStKO mice and 5xFAD littermate controls were harvested
at 5months of age to evaluatemicroglial numbers and CD68 phagolysosomal marker expression by immunofluorescence staining. (A–G) Analysis
of microglial coverage and recruitment to Aβ plaques (n= 9mice/group, 9–12 images/mouse, three independent experiments). (A) Representative
confocal images of brain sections stained for nuclei (DAPI, blue), plaques (ThioS, cyan), andmacrophages/microglia (IBA1, green; scale
bar= 30 µm). Quantification of percent area covered by IBA1+ staining in the (B) cortex, (C) hippocampus, and (D) subiculum. (E) Representative
confocal images of PAMs (IBA1, green) and plaques (ThioS, cyan; scale bar= 15 µm). (F) Enumeration of IBA1+ cells per FOV in the cortex. (G)
Number of PAMswithin 15 and 30 µm of plaque surfaces. (H,I) Analysis of CD68 phagolysosomal marker expression (n= 8–9mice/group, 9–12
images/mouse, three independent experiments). (H) Representative confocal images of brain sections stained for microglia (IBA1, green) and the
phagolysosomal marker CD68 (magenta; inset FOV; scale bar= 15 µm).White regions denote colocalization of CD68 and IBA1 staining. (I)
Quantification of CD68 staining colocalized with IBA1 staining. (J–L) Sholl analysis of cortical microglia (n= 4–5mice/genotype, 15 cells/mouse
from six to nine images each, three independent experiments). (J) Representative 3D rendering of IBA1+ cells (iscale bar= 10 µm). (K)
Quantification of total Sholl intersections at various distances away from the cell soma and (L) total number of intersections within 50 µm of the
cell soma. Statistical significance between experimental groups was calculated by linear mixed-effects models. Data points in the column graphs
(B–D, F, G, I, and L) represent individual mice, and data points in the line graph (K) represent means for each experimental group. Error bars
represent mean± SEM. *p< 0.05, **p< 0.01, ***p< 0.001. Aβ, amyloid beta; DAPI, 4’,6-diamidino-2-phenylindole; FOV, field of view; PAMs,
plaque-associatedmicroglia; SEM, standard error of themean; STING, stimulator of interferon genes.
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the phagolysosomal marker CD68 as it has been extensively associ-

atedwithmicroglial activation inmultiple neurological diseasemodels.

Here, we found that CD68 expression by cortical IBA1+macrophages

is attenuated in5xStKO micewhencompared to5xFADcontrols at both

5 (Figure 2H–I) and 9 months of age (Figure S2D,F). Importantly, these

differences in CD68 expression appear to be in response to amyloi-

dosis, as the levels of CD68 expression were largely indistinguishable

between WT and StKO mice that are not on the 5xFAD background

(Figure S3E–H). To further interrogate the impact of STING ablation

on microglial activation, we next performed Sholl analysis to evaluate

microglial morphology, which is often used as a surrogate marker of

activation state. Here, we found that IBA1+ macrophages in 5xStKO

mice display more complex branching patterns (i.e., greater num-

bers of Sholl intersections) compared to their 5xFAD counterparts,

indicating that they maintain a ramified morphology classically associ-

ated with more homeostatic conditions (Figure 2J–L). Taken together,

these imaging results suggest that the absence of STING impacts

microglial numbers, recruitment toward plaques, and activation status

in response to Aβ accumulation.

3.3 STING deletion in amyloidosis leads to
dampened expression of innate immune genes by
microglia

To gain more comprehensive and unbiased insights into how STING

influences AD-associated amyloidosis, we next performed single-

nuclei RNA sequencing (snRNA-seq) on cortical brain samples from

6-month-old 5xStKO mice and5xFAD littermate controls.Nuclei across

both genotypeswere arranged by uniformmanifold approximation and

projection (UMAP) for visualization, and nine clusters were manually

defined based on the expression of cell type-specific signature genes

as astrocytes, endothelial cells, excitatory (Ex.) neurons, inhibitory

(In.) neurons, microglia (MG), oligodendrocytes (Oligo.), oligodendro-

cyte progenitor cells (OPC), other neurons (Neur.), and an unidentified

(Unknown) cell population characterized by high expression of Cped1,

Eya2, and Foxd1 (Figure 3A,B and Figure S4). Similar numbers of nuclei

were recovered from both genotypes and the relative distribution of

nuclei across most clusters was similar between 5xStKO and 5xFAD

mice (Figure 3C). However, we did note the presence of higher propor-

tions of excitatory neurons in 5xStKO mice, whereas 5xFAD littermate

controls exhibited higher relative frequencies of inhibitory neurons

(Figure 3C).

In light of our IF imaging data demonstrating altered numbers

and activation status of microglia in 5xFAD mice that lack STING

(Figure 2), we were intrigued to explore how STING shapes microglial

gene expression. Focusing on this population, we identified 34 DEGs

between 5xStKO and 5xFAD microglia (Figure 3D). Notably, we

observed that STING-deficient microglia exhibit reduced expression

of multiple innate immune (Axl, Cd83, and Ptgds) and type I IFN

responsegenes (Ifi204, Irak2, Stat1, andTrim30a/d), alongside increased

expression of genes associated with synaptic function and microglial

homeostasis (Slc1a2 and Fcrls, respectively) (Figure 3D). In line with

this, gene ontology (GO) pathway analysis based on differentially

expressed genes (DEGs) also revealed an enrichment of innate immune

and antiviral response pathways in 5xFADmicroglia (Figure 3E). To val-

idate our transcriptomic results and assess differential expression at

the protein level, we next performed IF staining for AXL (Figure 3F–I)

and STAT1 (Figure 3J–M), both of which were transcriptionally down-

regulated in 5xStKO microglia in our snRNA-seq dataset (Figure 3D).

In these separate studies, we found fewer AXL+ or STAT1+ microglia

in total, as a percentage of total microglia, and in proportion to the

number of plaques (Figure 3F–M). Taken together, these findings indi-

cate that genetic ablation of STING in 5xFAD mice leads to a distinct

microglial transcriptional profile characterized by dampened innate

immune and type I IFN signaling, alongwith enhanced synaptic support

and a restoration of homeostatic gene expression.

3.4 Loss of STING in 5xFAD mice promotes
improved neuronal health and limits cognitive decline

Wewere next interested in exploring how STING deletion affects neu-

ronal health, as neuronal damage is a critical step inADprogressionand

precedes neuronal loss and cognitive decline.We turned our attention

to excitatory neuron gene expression, as excitatory neuron dysfunc-

tion has been identified as a pivotal contributor to cognitive decline

in AD. To this end, we leveraged our snRNA-seq dataset to assess the

extent to which STING deletion shapes gene expression in the excita-

tory neuron cluster (Figure 4A). Here, we found that 5xStKO excitatory

neurons exhibit increased expression of genes associated with synap-

tic signaling and calcium regulation (e.g., Camk2a, Mef2c, Slc17a7, and

Slc1a2), neuronalmaturationandprotection (e.g.,Nrgn, Rbfox3,Cck, and

Snca), and cell adhesion (e.g., Col5a1 and Atp8b1) (Figure 4B,C). The

increase in Mef2c expression exhibited by STING-deficient excitatory

neurons is particularly notable asMEF2C is an AD risk gene that is nec-

essary forneuronal survival.37,38 Wealsoobserved reducedexpression

of genes related to Aβ binding and toxicity (e.g., Erbb4), phosphodi-

esterase activity (e.g., Pde1c and Pde3a), inflammatory signaling (e.g.,

Il16, Ror2, and Aim2), and IFN-related pathways (e.g., Ifitm10 and Irf3)

in STING-deficient excitatory neurons (Figure 4B,C). Of note, Erbb4

has been shown to drive Aβ accumulation, neurotoxicity, and cognitive

decline in AD mouse models,39–42 making its downregulation particu-

larly compelling. Taken together, these data suggest that global STING

deletion in 5xFAD mice promotes the expression of genes support-

ing neuronal function while blunting type I IFN-associated pathways in

excitatory neurons.

Based on our snRNA-seq data identifying increased expression of

genes and pathways associated with neuronal health in 5xFAD mice

that lack STING (Figure 4B,C), we were next interested in validating

whether this corresponded with physical signs of neuronal resilience.

As a first approach to interrogate this, we evaluated the formation of

DNs by quantifying the levels of APP puncta surrounding Aβ plaques
in the cortices of 5xStKO mice and 5xFAD littermate controls. DNs are

swollen neuronal processes that form around Aβ plaques and accumu-

late organelles and proteins, namely APP, and lead to impaired axonal
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F IGURE 3 Lack of STING in 5xFADmice leads to alteredmicroglial activation status. (A–E) Gene expression was assessed in 6-month-old
5xFAD and 5xStKO mice by pooled snRNA-seq of cortical tissue (n= 3 per pooled sample). (A) UMAP plot of cells grouped bymajor brain cell type.
Clusters weremanually defined based on the expression of cell type-specific signature genes. (B) Heat map depicting an unbiased list of the 5most
highly expressed genes in each cell cluster. The genes highlighted in red are those that have been previously linked to AD in humans. (C)
Quantification of numbers of nuclei sequenced per genotype and visual breakdown by cell type. (D) Volcano plot depicting DEGs (upregulated,
pink; downregulated, blue) in themicroglia cluster of 5xStKO versus 5xFAD cortex. Colored points depict genes with adjusted p-values less than
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transport and neuronal damage. Consistent with our snRNA-seq find-

ings demonstrating elevated expression of neuronal health genes in

aged 5xStKO mice, we also observed signs of attenuated neuritic dam-

age with STING deletion in 5-month-old 5xFAD mice as indicated by

the reduced numbers of DNs detected within 15 and 30 µm of Aβ
plaques relative to 5xFAD controls (Figure 4D,E). Moreover, we also

found that the protection against neuritic dystrophy seen in STING-

deficient 5xFAD mice extended out to the later stages of amyloidosis.

More specifically,wecontinued toobserve reduced levels ofAPP+DNs

out to 9 months of age in 5xStKO mice when compared to 5xFAD

littermate controls (Figure S5A–B).

Lipid peroxidation and oxidative stress have also been increasingly

linked to neuronal dysfunction and cell death in AD and other neu-

rodegenerative diseases.43–45 Therefore, to evaluate whether STING

deletion alters lipid peroxidation status in the brains of 5xFAD mice,

we measured levels of MDA, which is a reactive byproduct of lipid

peroxidation and a marker of oxidative stress reported to be elevated

in AD brains.46 In these studies, we detected lower levels of MDA in

whole-brain lysates from 5-month-old STING-deficient 5xFAD mice

in comparison to 5xFAD littermate controls (Figure 4F), suggesting

that reduced levels of lipid peroxidation are also a hallmark of the

improvements in neuronal health seen in 5xStKO mice. Likewise, we

also observed that this protection against lipid peroxidation and oxida-

tive stress remained in STING-deficient 5xFADmice out to 9months of

age (Figure S5C).

Decline in neuronal health can eventually culminate in cell death

and the loss of neurons, which underlies much of the cognitive dys-

function that defines AD. Therefore, we were motivated to investigate

whether the preservation of neuronal health seen in 5xFAD mice that

lack STING was also associated with protection against neuronal cell

death. To explore this possibility, we evaluated neuronal cell death in

the CA1 region of the hippocampus in 5-month-old 5xStKO and 5xFAD

mice by terminal deoxynucleotidyl transferase-mediated dUTP nick

end labeling (TUNEL) assay. In linewith our neuritic dystrophy and lipid

peroxidation findings, we also observed reductions in TUNEL staining

in the CA1 of STING-deficient 5xFAD mice in comparison to 5xFAD

littermate controls (Figure 4G,H).

To investigatewhether the improvements in neuronal health seen in

5xFAD mice that lack STING impact cognitive function, we next per-

formed MWM testing to evaluate the ability of 4-month-old 5xStKO

mice and 5xFAD littermate controls to learn and remember the loca-

tion of a hidden platform based on visual cues and their aversion to

water. We observed that in comparison to their 5xFAD littermates,

5xStKO mice were quicker to locate the hidden platform in its initial

location (Figure 4I) and spent more time in the surrounding target

quadrant after removal of the hidden platform (Figure 4J), indicat-

ing that they were better able to learn and recall spatial information.

Taken together, these findings suggest that genetic ablationof STING in

5xFADmice leads to improved neuronal health and protection against

cognitive decline.

4 DISCUSSION

In this study, we have uncovered a critical role for the innate immune

signaling molecule STING in driving Aβ amyloidosis. More specifically,

we find that genetic ablation of STING in the 5xFAD mouse model of

AD-related amyloidosis leads to improved control of Aβ load, as well
as protection against neuritic dystrophy and cognitive decline. snRNA-

seq studies further revealed increased expression of neuronal health

genes in excitatory neurons. Within microglia, we observed decreased

expression of the disease-associated microglia (DAM) gene Axl as well

as multiple genes involved in type I IFN-related signaling. Subsequent

validation of our snRNA-seq data set confirmed that protection in

5xFAD Sting1−/− mice was associated with decreased staining of AXL

and the key type I IFN-related signaling molecule STAT1 in IBA1+
microglia.

While mounting evidence clearly points to pivotal roles for the

innate immune system in AD pathoetiology, it has become increasingly

apparent that the overall effects of targeting most individual innate

immune molecules are dependent on the stage of disease progression

and the types of pathology present. For example, TREM2 deletion in

Aβ amyloidosis models of AD has been extensively shown to cause

exacerbated neurological disease,47–54 whereas ablation of TREM2 in

primary tauopathy models has been reported to limit neurodegenera-

tive disease progression.55–57 The divergent roles that many discrete

innate molecules have been found to exert, which vary depending

on the species of neuropathology present, have posed a challenge

in the development of innate immune-targeting therapeutics for the

treatment of AD. Despite this, STING and its related upstream sensor

0.05 and log2 fold changes± 0.25. (E) Bar plots depicting upregulated GO terms enriched in 5xFADmicroglia. Functional enrichment analysis was
performed using g:Profiler using genes with adjusted p-values less than 0.05 and log2 fold changes± 0.25. Depicted pathways were curated from
the top driver terms in GO. (F–M) 5xStKO mice and 5xFAD littermate controls were harvested at 5months of age to evaluate AXL and STAT1
expression by immunofluorescence staining. (F) Representative images of microglia (IBA1, blue), Aβ plaques (ThioS, red), and AXL (yellow; shown in
inset) in the cortex (scale bar= 10 µm).White regions depict colocalization of AXL and IBA1 staining. (G) Number of AXL+ IBA1+ cells per FOV, (H)
percentage of IBA1+ cells expressing AXL, and (I) number of AXL+ IBA1+ cells per plaque in the cortex (n= 6; 2 independent experiments). (J)
Representative images of microglia (IBA1, blue) and STAT1 (yellow; shown in inset) in the cortex (scale bar= 15 µm).White regions denote
colocalization of STAT1 and IBA1 staining. (K) Number of STAT1+ IBA1+ cells per FOV, (L) percentage of IBA1+ cells expressing STAT1+, and (M)
number of STAT1+ IBA1+ cells per plaque in the cortex (n= 8; two independent experiments). Data points and error bars depict means per
animal± SEM, and statistical testing was performed by linear mixed-effects models (G–I) and (K–M). *p< 0.05, **p< 0.01, ***p< 0.001,

****p< 0.0001. Aβ, amyloid beta; AD, Alzheimer’s disease; DEG, differentially expressed gene; FOV, field of view; GO, gene ontology; SEM,
standard error of themean; snRNA-seq, single-nuclei RNA sequencing; STING, stimulator of interferon genes; UMAP, uniformmanifold
approximation and projection.
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F IGURE 4 Genetic ablation of STING in 5xFADmice leads to improvements in neuronal health and protection against cognitive decline. (A–C)
The impact of STING deletion on neuronal gene expression was assessed in 6-month-old 5xFAD and 5xStKO mice by pooled snRNA-seq of cortical
tissue (n= 3 per pooled sample). (A) UMAP plot depicting the excitatory neuron cluster. (B) Volcano plot depicting DEGs (upregulated, pink;
downregulated, blue) in the excitatory neuron cluster of 5xStKO versus 5xFAD cortex. Colored points depict genes with adjusted p-values less than
0.05 and log2 fold changes± 0.25. (C) Bar plots depicting upregulated GO terms enriched in 5xStKO (top, pink) and 5xFAD (bottom, blue) excitatory
neurons. Functional enrichment analysis was performed using g:Profiler using genes with adjusted p-values less than 0.05 and log2 fold
changes± 0.25. Depicted pathways were curated from the top driver terms in GO. (D–I) 5xStKO mice and 5xFAD littermate controls were
harvested at 5months of age to evaluate neuritic dystrophy, oxidative stress, and neuronal cell death. (D) Representative images of DNs (APP,
yellow) and Aβ plaques (ThioS, cyan) in the cortex (scale bar= 5 µm). (E) Enumeration of APP+ puncta DNswithin 15 and 30 µm of Aβ plaques
(n= 7–8; two independent experiments). (F)MDA concentration per total protein fromwhole-brain tissue lysates (n= 6mice/group). (G)
Representative images of cell death staining (TUNEL, green; shown in inset), neuronal nuclei (NeuN, magenta), and overall nuclei (DAPI, blue) in
the CA1 region of the hippocampus (scale bar= 10 µm). (H) TUNEL percent area in the CA1. (I–J)MWM testing was conducted on 4-month-old
5xStKO mice and 5xFAD littermate controls to evaluate spatial learning andmemory (n= 15mice/group, four independent experiments). (I)
Quantification of time spent to reach the platform during the acquisition phase and (J) time spent inside the target quadrant previously containing
the old platform on a singleMWMprobe day. Statistical significance between experimental groups was calculated by linear mixed-effects models
(E,F,H) and two-way ANOVAwith Bonferroni’s post-hoc test (I), and unpaired Student’s t test (J). Data points in column graphs (E,F,H,J) represent
individual mice, and data points in line graphs (I) represent means for each experimental group. All error bars represent mean± SEM. *p< 0.05,

**p< 0.01, ****p< 0.0001. Aβ, amyloid beta; ANOVA, analysis of variance; APP+, amyloid precursor protein positive; DEGs, differentially
expressed gene; DNs, dystrophic neurites; FOV, field of view; GO, gene ontology; MDA, malondialdehyde;MWM,Morris water maze; SEM,
standard error of themean; snRNA-seq, single-nuclei RNA sequencing; STING, stimulator of interferon genes; TUNEL, terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling; UMAP, uniformmanifold approximation and projection.
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molecule cGAS have emerged as attractive innate immune players

to develop therapeutics around given the recent collective findings

demonstrating that inhibiting this signaling axis provides protection

against neurodegenerative disease progression in the context of either

amyloidosis or tauopathy, as well as when both Aβ and tau pathology

are present. Indeed, the earliest work on this topic showed that dele-

tion of the STING-related DNA sensor cGAS in the P301S transgenic

mouse model of tauopathy was effective in limiting cognitive decline

and hippocampal synaptic loss.17 More recent follow-up work from

the same group further demonstrated that the expression of additional

AD-associated risk genes such as APOE4 and TREM2-R47H in female

P301S mice leads to greater amplification of neurodegeneration

and cGAS signaling,58 which indicates that cGAS signaling may also

contribute to AD progression inmore complex genetic scenarios.

In termsofAD-associatedamyloidosis, genetic ablationof cGASwas

reported to provide protection in 5xFADmice, which suggests that tar-

geting cGAS inhibition in the early stages of disease when only Aβ is
present could offer an effective treatment for AD. These findings are in

line with the findings presented in this manuscript demonstrating that

genetic ablation of the critical cGAS-related adaptor protein STING in

5xFADmice results in protection against cognitive decline, reduced Aβ
load, and improvement in neuronal health.21 Of further translational

significance, recently published studies have shown that treatment

with the STING inhibitor H-151 limits the development of combined

Aβ and tau pathology in AppNL-G-F/hTau double-knock-inmice22. How-

ever, it should be noted that future studies are also needed to test

the therapeutic efficacy of other STING inhibitors in AD animal mod-

els, especially given that H-151 has been reported to have off-target

effects.23,24

While these collective studies position the cGAS-STING signaling

axis as a potentially promising innate immune pathway to target in the

treatment of AD, numerous additional questions remain, which, once

resolved, will lead to an improved understanding of cGAS-STING biol-

ogy in neurodegenerative disease pathogenesis, and should also aid in

theoptimizationof therapeutics targeting this pathway. For one, defini-

tive in vivo studies have not yet been conducted to ascertain whether

cGAS and STING influence AD-related pathogenesis through distinct

or overlapping mechanisms. Although, STING signaling has been most

extensively studied downstream of cytosolic DNA recognition and

cGAS activation, emerging evidence indicates that aberrant vesicular

trafficking, endoplasmic reticulum (ER) stress, and endolysosomal dys-

function can also incite STING activation independent of cGAS/DNA

signaling.59 This alternative mechanism of STING activation could be

of potential relevance to AD, as defects in endolysosomal function and

vesicular traffickinghavebeenextensively linked toneuronal cell death

and AD.60 Most notably, mutations in numerous endolysosomal genes

have been identified as genetic risk factors for AD.7,60 Therefore, the

potential exists that cGAS and STINGmight not have completely over-

lapping functions in neurodegeneration and this will be important to

elucidate in future experiments.

It also remains to be determined in which specific cell types cGAS

andSTINGfunction in topromoteAD-relateddiseaseprogression. This

future area of investigation is of particular translational significance as

cGAS and STING have been shown to be required to mount protective

immune responses to multiple pathogens and cancer.9–11 Therefore,

cell-specific targeting of cGAS or STING may ultimately be needed

to limit potential safety concerns associated with the global immuno-

suppression that occurs with systemic cGAS and STING inhibitor

treatment. There is an ever-growing list of potential cell types, both

in the brain and the periphery, that cGAS and STING could feasibly be

acting in todriveADpathogenesis. In thebrain, emerging evidence sug-

gests that cGAS and STING can coordinate immune responses in both

microglia and neurons.19,61–63 However, cGAS and STING could also

potentially impact neurodegenerative disease pathogenesis through

their regulation of peripheral immune cell infiltration into the brain.

Of note, the role of peripheral-derived immune responses has been

increasingly linked to AD pathogenesis.64,65 For instance, T cells have

emerged as pivotal players in multiple AD mouse models66–68 and the

cGAS-STING signaling axis has been shown to be a key regulator of

T cell responses.69–71 cGAS and STING could also potentially affect

peripheral immune cell infiltration through their actions in endothelial

cells.72–74 For instance, dysregulated cGAS-STING signaling specifi-

cally endothelial cells was recently found to incite the infiltration of

immune cells into the lung74 and the potential exists that a similar

phenomenon could be at play in the AD brain.

5 CONCLUSION

In summary, these findings add to a growing body of literature impli-

cating the innate immune adaptor protein STING as a major driver of

neurodegenerative disease. Most notably, in addition to work by our

groupandothersdescribingkey roles for cGASandSTING inADanimal

models, studies have also revealed pivotal roles for cGAS and/or STING

in Parkinson’s disease, amyotrophic lateral sclerosis, multiple sclero-

sis, andother age-relatedneurological diseases.16–19,21,22,63,75 As such,

continuedefforts todevelop specific therapeutics that target cGASand

STING could help to provide improved strategies to treat a wide range

of neurodegenerative diseases.
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