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Introduction
Accumulation of aggregated misfolded proteins is a pathologic 
hallmark of many neurodegenerative diseases, including Alz-
heimer disease (AD), the most predominant form of dementia. 
Accompanying the formation of β-amyloid (Aβ) plaques and neu-
rofibrillary tangles, the brains of patients with AD are marked by 
conspicuous and chronic neuroinflammatory responses, mani-
fested by reactive microgliosis, astrogliosis, and elevated levels of 
proinflammatory cytokines (1–3).

The type I interferon (IFN) cytokines are innately produced 
in response to viral infections and include multiple IFN-α sub-
types, IFN-β, IFN-ε, IFN-κ, and IFN-ϖ. All type I IFN species 
signal through a common receptor complex, which initiates the 
JAK-STAT signaling pathway and drives the transcription of a 

large panel of IFN-stimulated genes (ISGs) (4–6). IFN is predom-
inantly expressed by immune cells upon activation of intracel-
lular innate immune sensors recognizing viral or self-derived 
nucleic acids (7–9). While best known for its ability to induce an 
antiviral state in cells via ISG induction, IFN is also involved in 
immune modulation and pathology under infectious, autoim-
mune, and various other conditions (4, 10, 11). Despite exten-
sive examination in peripheral responses, IFN has been largely 
under-investigated in AD to date.

In AD brain, Aβ plaques are structurally and biochemically 
heterogeneous (12, 13). Besides Aβ peptides, nonprotein con-
stituents, such as lipids, glycosaminoglycans, and nucleic acids, 
have been detected inside plaques (14–23). Previously, we have 
shown that soluble protein oligomers (i.e., amyloid precursors) 
have intrinsic affinity toward anionic cofactors, such as nucleic 
acids and glycosaminoglycans (GAGs), and that their interaction 
expedites the formation of amyloid fibrils (24). In particular, 
amyloid fibrils containing nucleic acids potently induced IFN 
production from peripheral immune cells by activating innate 
immune Toll-like receptors in vitro and in vivo, a response 
capable of initiating lupus-like systemic autoimmunity (25, 26). 
Moreover, patients receiving systemic IFN treatment and those 
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as Ifi27I2a and Oas1 (Figure 2A). Despite harboring bona fide amy-
loid fibril structure (24), heparin-containing amyloid was immu-
nologically inert. Primary mixed glial cells responded similarly 
to RNA-containing amyloid fibrils, but not to heparin-containing 
amyloid or nonfibril components (Supplemental Figure 2). In con-
trast, primary neurons did not react to RNA-containing amyloid 
(Supplemental Figure 3). These findings revealed a potent immu-
nogenicity of NA-containing amyloid fibrils toward the glial com-
partment of the CNS milieu.

IFN response represents an immediate early event during 
viral infection. Accordingly, we detected both IFN-β transcript 
and protein secretion as early as 6 hours after exposure of cultured 
mixed glia to RNA-containing amyloid fibrils, in conjunction 
with significant CXCL10 release (Figure 2B). Heparin-containing 
amyloid was unable to induce IFN-β or CXCL10, and other IFN 
subtypes were not significantly altered in the cultures with any 
treatment (Supplemental Figure 4). To examine the contribu-
tion of microglia in the innate immune response to amyloids, we 
predepleted microglia from mixed glial cultures with liposome- 
encapsulated clodronate and found that the remaining cells sig-
nificantly diminished their reactivity to RNA-containing amyloid 
(Supplemental Figure 5A). In agreement with this finding, puri-
fied primary microglia produced elevated levels of CXCL10 and 
TNF-α in response to RNA-containing amyloid in a dose-depen-
dent manner (Figure 2C), suggesting NA-containing amyloid can 
directly activate microglia. To gain further insight into the immu-
nogenicity of different Aβ amyloids, we stimulated primary mixed 
glial cells with Aβ42 peptides preincubated with either heparin or 
RNA, and detected increased levels of TNF-α and CXCL10 only 
from cultures treated with Aβ42 complexed with RNA (Supplemen-
tal Figure 5B). Together, NA-containing amyloid fibrils seemingly 
elicit innate immune response primarily from microglia in vitro.

To evaluate the brain’s response to NA+ amyloid in vivo, we 
injected generic RNA-containing amyloid or a control prepara-
tion containing equivalent amounts of HSA protein and RNA by 
unilateral stereotaxic injection into the hippocampus of WT mice. 
Transcriptional analysis of hippocampal tissue revealed that 
RNA-containing amyloid stimulated upregulation of a panel of 
ISGs (Ifi27I2a, Oas1, Irf7, Cxcl10), microglial markers (Aif1, Cd68, 
Trem2, Clec7a, Cst7), astrocytic reactivity markers (Gfap, Osmr, 
Serpina3n), and cytokines (Il1b, Tnf), highly analogous to the 
inflammatory profile from AD model brains as shown above (Fig-
ure 1E and Supplemental Figure 6). Therefore, the IFN pathway is 
prevalently activated as part of the neuroinflammatory response 
accompanying brain amyloidosis.

Nucleic acid–containing Aβ plaques engage microglia to confer IFN 
pathway activation. To examine the presence of NA+ β-amyloid in 
vivo, we stained brain tissues of the 5XFAD mouse model with fluo-
rescent dyes specific to nucleic acids together with various antibod-
ies against Aβ. Acridine orange (AO) labeled plaques and produced 
signals in green (525 nm) and red (650 nm) wavelengths, indicating 
the presence of both DNA and RNA, respectively (38) (Figure 3A). 
In young 5XFAD mice (3 months old), when plaques are relatively 
few and restricted primarily to the subiculum, a majority (~73%) 
of 6E10+ Aβ plaques were AO+ (Figure 3C). DAPI (4′,6-diamid-
ino-2-phenylindole) and Hoechst 33342, which bind the minor 
groove of dsDNA, also labeled Aβ plaques, as did RNASelect, a 

with HIV-induced dementia display increased IFN activation in 
the central nervous system (CNS), which is associated with cog-
nitive and psychiatric dysfunction (27–30).

Given its potential functional impact, we tested the hypoth-
esis that CNS IFN response to immunogenic amyloid may par-
ticipate neuroinflammation and neuropathology in AD. First, we 
assessed IFN pathway expression in multiple Aβ models and pos-
itively detected its upregulation in plaque-laden brains. Similar 
to periphery, NA+ amyloid elicited IFN response from CNS glial 
cells in vitro and in vivo. Importantly, we detected NA+ Aβ plaques 
accumulated in the brains of multiple Aβ models and activated 
microglia expressing ISGs surrounding them. Additional analysis 
demonstrated that IFN activated microglia and induced synapse 
elimination in a complement-dependent manner. Conversely, IFN 
blockade in mouse models of AD significantly dampened microg-
lia activation and rescued synapse loss in vivo. Furthermore, we 
examined NA+ neuritic plaques and their relation to microglia acti-
vation in human AD brains and conducted transcriptome analysis 
to reveal profound IFN pathway activation in clinical AD. Togeth-
er, our data identify an IFN-dependent program that is integral to 
neuroinflammation and neuropathology in AD.

Results
Prevalent IFN pathway activation in Aβ models and amyloid-induced 
IFN response. To study IFN pathway activation in AD-relevant brain 
amyloidosis, we analyzed transcriptional profiles of the hippocam-
pus, a brain region crucial for learning and memory but vulnerable 
to pathology, in AD mouse models. Animal models with brain β 
amyloidosis differ in promoter usage, transgene products, genetic 
background, and kinetics of disease progression (31, 32). To con-
duct an unbiased survey, we collected hippocampal tissues from 
4 distinct models: APPNL-G-F (33), 5XFAD, APP;tTa (34), and APP-
PS1 (35) (Supplemental Table 1; supplemental material available 
online with this article; https://doi.org/10.1172/JCI133737DS1). 
The specific age of each model was chosen to ensure substantial 
accumulation of Aβ plaques in the parenchyma at the time of anal-
ysis. In all models, we detected significantly elevated expression of 
a panel of well-known genes specifically induced by IFN, includ-
ing Ifi27I2a, Oas1, Irf7, and Cxcl10 (Figure 1, A–D), in conjunction 
with increased expression of glial markers and known AD-related 
proinflammatory factors, implying that the IFN pathway is activat-
ed concurrently with the ongoing neuroinflammation.

To assess the brain’s cellular response to amyloid fibrils, we 
employed primary organotypic hippocampal slice culture, which 
retains most CNS cell types in both physiological and anatomi-
cal configurations in vitro (36, 37). These slices were exposed to 
generic amyloid prepared from human serum albumin (HSA) that 
contain either heparin (representing GAGs) or RNA (representing 
nucleic acids) (Figure 2A). Strikingly, RNA-containing amyloid 
stimulated the induction of CD68, a marker for general myeloid 
cell activation, in microglia, which was associated with the upreg-
ulated expression of Aif1, a gene encoding microglial marker Iba1, 
without increasing cell number (Figure 2A and Supplemental Fig-
ure 1). In addition, RNA-containing amyloid induced substantial 
secretion of TNF-α and CXCL10, a chemokine highly sensitive 
to IFN signaling (Figure 2A). In conjunction with these changes, 
RNA-containing amyloid upregulated the expression of ISGs, such 
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Figure 1. Prevalent IFN pathway activation in mouse models of brain amyloidosis. (A–D) Transcriptional analysis of gliosis, inflammation, and IFN  
pathway markers in hippocampal tissues from 4 Aβ mouse models. (A) APPNL-G-F (6 months old, n = 4–5 mice/genotype), (B) 5XFAD (6 months old,  
n = 4–5 mice/genotype), (C) APP;tTA (18 months old, n = 10 mice/genotype), and (D) APP-PS1 (6.5 months old, n = 3 mice/genotype). (E) WT mice received 
RNA-containing amyloid (as depicted in Figure 2A) (n = 7 mice) or control preparation (n = 4 mice) via stereotaxic administration. Transcriptional analysis 
of hippocampi was performed and results from ipsilateral tissues are shown. Analysis of both contralateral and ipsilateral tissues is also presented in 
Supplemental Figure 6. For all panels, data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by 2-sided t tests.
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tially increased microglial presence surrounding NA+ compared 
with NA– plaques, both by cell number counts and by volumetric 
measurements (Supplemental Figure 7). Cellular complexity anal-
ysis revealed a reactive morphology of these cells, in contrast to 
microglia associated with NA– plaques or that are not plaque asso-
ciated (Supplemental Figure 7). Further, microglia associated with 
NA+ plaques (DAPI+) expressed more CD68 than those near NA– 
plaques (Supplemental Figure 7).

probe that selectively labels RNA (Figure 3A). Moreover, we detect-
ed histone H3 signal associated with plaques, implying the presence 
of chromatin components within the plaques (Figure 3A).

In AD brain, microglia surrounding Aβ plaques switch into 
amoeboid morphology and assume an altered cellular state (39, 
40). Next, we examined plaques with and without nucleic acids 
in conjunction with the reactivity of adjacent microglia. Using 
AO to label NA+ plaques in 5XFAD brains, we detected a substan-

Figure 2. Nucleic acid–containing amyloid activates the IFN pathway by stimulating microglia in vitro. (A) Generation and treatment of generic amyloid 
composed of soluble protein oligomers (oHSA) and anionic cofactors (heparin or RNA) to organotypic hippocampal slice cultures. Quantification of CD68+ 
relative occupancy in Iba1+ microglia (n = 5–6 slices/treatment), transcript analysis (n = 5–16 slices/treatment), and secreted cytokine measurement (n = 
2–11 supernatants/treatment) is presented. Slices derived from approximately 2–5 animals were used for each treatment group. Microglial CD68 stain-
ing is also shown in Supplemental Figure 1. (B) Quantification of Ifnb1 mRNA, secreted IFN-β, and CXCL10 in mixed glial cultures stimulated for 6 hours 
with RNA-containing amyloid or control mixture; n = 3 samples/treatment. Full results of additional interferon subtypes and with control treatments are 
shown in Supplemental Figure 4. (C) Levels of secreted CXCL10 and TNF-α from stimulated primary microglial cultures; n = 3 samples/treatment. For all 
panels, data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by 1-way ANOVA with Sidak’s correction (A), 2-sided t tests (B), or 2-way 
ANOVA with Tukey’s correction (C).
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plemental Figure 9) (43, 44). Although NA+ plaques had a slightly 
larger diameter than NA– plaques, NA positivity, rather than plaque 
diameter, was better associated with the presence of Clec7a+ microg-
lia (Supplemental Figure 7G). Of note, NA positivity did not seem to 
correlate with dystrophic neurites or axons present in the tissue (Sup-
plemental Figure 10). Together, these results indicate that NA+ amy-
loid plaques induce microglial immune response in the AD brain.

Additionally, we examined NA+ plaques in 5XFAD brains at 
different ages and found that their occurrence increases with 

A subset of microglia in β-amyloid–laden brain display a unique 
molecular signature shared by the disease-associated microglia 
subtype (DAM) and the microglial neurodegenerative phenotype 
(MGnD) (41, 42). C-type lectin Clec7a selectively marks plaque- 
associated MGnD microglia. Strikingly, Clec7a was exclusively 
expressed by Iba1+ cells associated with NA+ plaques but not by those 
next to NA– plaques (Figure 3B and Supplemental Figure 8). Iba1+ 

Clec7a+ cells also express Tmem119, a protein selectively marking 
brain-resident microglia but not CNS-associated macrophages (Sup-

Figure 3. Nucleic acid–containing Aβ plaques engage microglia in AD brain. (A) Representative confocal images of Aβ plaques in 5XFAD brain colabeled 
with a polyclonal antibody against human Aβ and fluorescent probes to detect nucleic acids. Insets show single- or dual-channel images of areas within 
dashed squares. Scale bar: 15 μm. (B) Representative confocal images of Aβ plaques in subicula of 3-month-old 5XFAD mice triple-labeled with mono-
clonal antibody 6E10 against Aβ, AO, and Clec7a, showing recruitment of Clec7a+ microglia to AO+ plaques (yellow arrowheads) versus AO– plaques (white 
arrowheads). White signal represents overlap of all 3 channels. Scale bars: 10 μm. Number of Clec7a+ cells surrounding plaque subtypes is quantified (n = 
85 plaques from 3 animals). Mean ± SEM; ***P < 0.001 by 2-sided t test. (C and D) Representative confocal images of Aβ (6E10), AO, and Clec7a in 5XFAD 
mice at 3 ages with quantification of AO+ plaque prevalence (3 months old, n = 208 plaques from 3 animals; 6.5 months old, n = 198 plaques from 3 ani-
mals; 10 months old, n = 324 plaques from 3 animals) (C), and in other Aβ mouse models (n = 2–4 mice per strain) (D). White signal represents overlap of 
all 3 channels. Scale bars: 10 μm.
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age (Figure 3C). To assess NA+ plaque deposition across mod-
els, we expanded the analysis to 6 other AD models, including 
APPswe/PSEN1ΔE9 (45), APP;tTa, APP-PS1, APPNL-G-F, APPNL-F 
(33), and APPDutch;PSEN1 (46) (Supplemental Table 1). Uni-
formly, NA+ plaques and accompanying Clec7a+ microglia were 
detected in all Aβ models analyzed (Figure 3D). Of note, NA+ Aβ 
deposition was also evident in cerebral amyloid angiopathy in 
APPDutch;PSEN1 brains.

STAT1 is a key signaling molecule for IFN pathway activation 
(4). In contrast to Clec7a– microglia, increased Stat1 was detect-
ed in Clec7a+ microglia surrounding Aβ plaques in the brains of 
5XFAD mice (Figure 4A). Moreover, nuclear Stat1 signal was 
found enriched in PU.1+ nuclei (marking microglia) in young 
5XFAD brain, which increased with age alongside the accumula-
tion of NA+ plaques (Supplemental Figure 11). Last, we conducted 
an unbiased analysis of IFN pathway activation using the report-
ed RNA-seq data set of CD11b+FCRLS+ microglia sorted into 
Clec7a+ and Clec7a– subsets from 9-month-old APP-PS1 mice or 
CD11b+FCRLS+Clec7a– microglia isolated from control mice (41). 
ISGs, in the form of a unique gene expression module, have been 
used to bioinformatically probe the activation of the IFN pathway 
in human diseases (47). Although all nucleated cells express IFN 
receptor and thus respond to IFN, some ISGs are cell type–specif-
ic. By employing a list of microglia-specific ISGs (48), we detect-
ed significantly upregulated expression of a large number of IFN 

pathway genes in Clec7a+ microglia over Clec7a– microglia from 
the same brains (Figure 4B).

Interestingly, microglia-specific ISGs include Axl, B2m, and 
Aif1, molecules previously identified among the MGnD gene sig-
nature (Figure 4B). One of the TAM receptor tyrosine kinases, 
AXL regulates microglial functions and promotes phagocytosis 
under inflammatory conditions (49, 50). In periphery, IFN stim-
ulates the expression of MHC class I genes and promotes antigen 
processing and presentation during viral infection. In agreement 
with this, Clec7a+ microglia expressed elevated levels of H2-D1, 
H2-K1, Tap1, Tap2, Tapbp, and B2m (Figure 4B). In conjunction, 
Clec7a+ microglia upregulated ISGs functioning as costimulatory 
molecules, e.g., Cd72, Cd180, and Cd274 (i.e., Pd-l1) (Figure 4B). 
Immunoproteasome induction represents another hallmark of IFN 
activation, bridging the innate and adaptive immune responses 
(51). Hence, Clec7a+ microglia overexpressed multiple proteasome 
components, including Psmb8, Psmb9, Psmb10, Psme1, and Psme2 
(Figure 4B). Among the ISGs selectively downregulated in Clec7a+ 
microglia was Irf1, a gene more sensitive to IFN-γ over IFN-α/β 
(52), consistent with our earlier observation that IFN-γ induction 
was absent in NA+ amyloid-stimulated glial cultures (Supplemen-
tal Figure 4). Physiological IFN response is tightly controlled by a 
panel of regulatory factors (53). We detected significantly down-
regulated expression of genes that are involved in restraining IFN 
production and/or receptor signaling, which include Socs3, Socs1, 

Figure 4. IFN pathway activation is manifested in plaque-associated microglia in AD model. (A) Representative confocal image of an Iba1+Clec7a+ 
microglia and an Iba1+Clec7a– microglia (top) in relation to a methoxy-X04+ plaque in 5XFAD brain (3 months old) showing different levels of Stat1 
expression (bottom). Cell body outlines (dashed lines) are superimposed on the Stat1/X04 merged image in the bottom panel for ease of visualization. 
Scale bar: 10 μm. (B) Heatmap of ISG expression determined by RNA-seq in sorted Clec7a+ and Clec7a– microglia from APP-PS1 versus control mice (n = 6, 
9 months old). P less than 0.05 was considered significant (2-sided t tests). All individual ISGs with significant differential expression are listed on the 
right. GEO accession GSE101689.
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memory and cognition. To facilitate the examination of synapse 
modification, we injected rIFN-β into the ventricles of a reporter 
mouse line expressing eGFP in a sparse subset of hippocampal 
neurons (54). Quantification of CA1 neuronal dendritic spines 
indicated a significant reduction in spine density by rIFN-β 
compared with vehicle treatment (Figure 5E). Additionally, 
high-resolution confocal imaging of pre- and postsynaptic punc-
ta (marked by synaptophysin and PSD95, respectively) showed 
a specific loss in PSD95 puncta density, and a decrease in the 
colocalization (≤200 nm) of pre- and postsynaptic terminals 
with rIFN-β administration (Figure 5F). Conversely, we detected 
increased GFP+ puncta within microglia after rIFN-β treatment 
(Supplemental Figure 16), indicating enhanced uptake of neuro-
nal material by activated microglia. These data together suggest 
that IFN is sufficient to activate microglia to cause synapse loss 
in the absence of amyloid pathology.

IFN drives microglial activation and synapse loss in AD models. 
To determine the contribution of IFN pathway activation in the 
context of AD pathology, we administered an antibody that spe-
cifically blocks the signaling of IFN receptor (55) into 3-month-old 
5XFAD mice by intracerebroventricular injection. After 6 days of 
treatment, the brains were collected and the subiculum, where Aβ 
plaques first deposit, was subjected to detailed histological anal-
ysis. Suppression of IFN signaling in microglia was confirmed by 
reduced PU.1+ nuclear Stat1 (Figure 6A).

As expected, microglia in 5XFAD mice that received isotype 
control IgG displayed amoeboid morphology and expressed high 
levels of Clec7a as well as CD68 (Figure 6, B and C; Supplemen-
tal Figure 17). Remarkably, αIFNAR antibody treatment not only 
partially shifted the morphology of microglia toward homeostat-
ic form, but also significantly decreased the overall Iba1+ and 
CD68+ signals, as well as the Clec7a+ signal per microglia, within 
plaque-laden areas of 5XFAD brains, despite unaltered Aβ plaque 
load (Figure 6, B–D; and Supplemental Figure 17). Reactive astro-
cytes in 5XFAD mice, quantified by GFAP staining, remained 
unchanged with IFNAR blockade (Supplemental Figure 18). We 
also observed that, despite the regional absence of Aβ plaques 
at this age, microglia in the hippocampal CA3 region displayed 
slightly reactive morphology in 5XFAD brain, which was com-
pletely restored to resting morphology with αIFNAR blockade 
(Supplemental Figure 19), suggesting a profound influence of IFN 
on microglia in different AD brain regions. To further validate the 
involvement of IFN in vivo, we administered αIFNAR blocking 
antibody to 10- to 12-month-old APPNL-G-F mice using the same 
experimental protocol and similarly detected significant reduc-
tions in microglia (both Iba1+ and CD68+ areas) compared with 
control IgG treatment, in the presence of comparable plaque load 
in the brain parenchyma (Supplemental Figure 20). Hence, IFN is 
likely required for sustaining microgliosis in different AD models.

Since IFN is potent in modulating synapses, we performed 
detailed synaptic puncta analyses to evaluate the effects of IFN 
blockade. While IgG-treated 5XFAD brains showed selective 
PSD95 density reduction and loss of colocalization between 
PSD95 and synaptophysin, αIFNAR blockade completely restored 
both PSD95 puncta density and pre- and postsynapse marker colo-
calization (Figure 7, A and C). We performed further imaging anal-
ysis to quantify engulfed synaptic puncta within the microglial cell 

Irf2, Trim27, Pias1, Trim8, Smad3, and Ptpn1, in Clec7a+ microglia 
(Supplemental Figure 12). Consistent with the transcriptional data 
from APP-PS1 mice, we confirmed Axl protein expression in Stat1+ 
microglia surrounding Aβ plaques in 5XFAD brain (Supplemental 
Figure 13). Thus, the IFN pathway is activated exclusively in Cle-
c7a+ microglia and concomitantly with the MGnD program. These 
data indicate that microglial activation is directly correlated with 
their close proximity to NA+ plaques and that the IFN pathway con-
stitutes an integral element of neuroinflammation in AD models.

IFN activates microglia, initiates neuroinflammation, and leads 
to synapse loss. Given the pleiotropic functions of IFN, we exam-
ined its direct effects on CNS cells. In vitro, rIFN-β treatment not 
only induced ISGs and increased CXCL10 secretion, but also 
upregulated the expression of Aif1, Tnf, and Il1b in hippocampal 
slice cultures (Supplemental Figure 14). To assess its full effects in 
vivo, we injected rIFN-β intracerebroventricularly into WT mice 
(Figure 5A) and detected elevated expression of Cst7 and Spp1, 
2 key genes associated with DAM/MGnD, and of cytokines Il1a 
and Il1b, in conjunction with ISGs (Figure 5B). Further, we found 
that microglia augmented the expression of CD68 and adopted a 
reactive morphology after rIFN-β exposure with reduced dendrite 
length, branch, and terminal points (Figure 5C and Supplemental 
Figure 15). In contrast to generic RNA-containing amyloid, rIFN-β 
did not stimulate the expression of Trem2 genes (Figure 5B) nor 
did it upregulate Clec7a in microglia, despite robustly enhanced 
nuclear Stat1 translocation (Figure 5D). This finding is consistent 
with the fact that neither Trem2 nor Clec7a was identified as a 
microglial ISG (48). Thus, IFN alone can directly activate microg-
lia and induce a proinflammatory response, partially overlapping 
yet distinct from DAM/MGnD program.

Previous reports suggested a negative effect of IFN on cog-
nition and brain function (27–30). Healthy synapse is critical for 

Figure 5. IFN activates microglia, initiates neuroinflammation, and leads 
to synapse loss. (A) Schematic of rIFN-β administration into WT mice via 
bilateral intracerebroventricular (i.c.v.) stereotaxic injection. (B) Transcrip-
tional analysis of ISGs, microglial markers, and cytokines in cortical tissue 
of mice 36 hours after vehicle (n = 6 mice) or rIFN-β (n = 5 mice) injection. 
(C) Representative confocal images of CD68 and 3D skeletonization of 
Iba1+ microglia from hippocampi (CA1) of vehicle- and rIFN-β–injected 
mice. Scale bar: 10 μm. Total dendrite length of microglia (n = 135–192 
cells from 5–6 mice/treatment) and CD68+ occupancy (percentage of Iba1+ 
cell volume; n = 5–6 mice/treatment) is quantified. Additional analysis is 
shown in Supplemental Figure 15. (D) Left: Representative confocal images 
of Stat1, Iba1, and PU.1 on brain tissues from vehicle- and rIFN-β–injected 
mice. Insets show Stat1 single-channel images of areas within dashed 
squares, with PU.1+ nuclear areas outlined. Stat1 occupancy within PU.1+ 
nuclei is quantified (n = 3 mice/treatment). Right: Representative images 
of Iba1 and Clec7a in treated mice (n  = 5–6 mice/treatment). Scale bars: 10 
μm. (E) Representative high-magnification confocal images of CA1 den-
dritic spines and quantification of spine density in Thy1-eGFP mice that 
received bilateral i.c.v. administration of vehicle (n = 44 dendrites from 2 
mice) or rIFN-β (n = 73 dendrites from 3 mice) for 36 hours. Scale bar: 1 μm. 
(F) Representative high-magnification confocal images of pre- and post-
synaptic terminals labeled by synaptophysin (Syp) and PSD95, respectively, 
in hippocampi (CA1) of vehicle- and rIFN-β–injected mice. Scale bar: 2 μm. 
Quantification of puncta density for both synaptic compartments, and of 
degree of colocalization between the 2 markers; n = 5–6 mice/treatment. 
For all panels, data are presented as mean ± SEM, or median and quartiles 
(dendrite length). *P < 0.05, **P < 0.01, ***P < 0.001 by 2-sided t tests.
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Figure 6. IFN blockade dampens microglial activation in AD model. (A) Schematic of brain IFNAR blockade in control and 5XFAD mice (3 months old) by i.c.v. 
administration of mIgG1 (20 μg; n = 6 control, n = 6 5XFAD) or αIFNAR antibody (20 μg; n = 5 control, n = 6 5XFAD) for 6 days (left). Quantification of nuclear 
Stat1 levels in PU.1+ microglial nuclei and PU.1– nonmicroglial nuclei in subicula of treated mice; n = 3–5 mice/group (right). (B–D) Representative staining and 3D 
skeletonization of Clec7a+ microglia surrounding plaques in subicula of treated mice (B and C). White signal represents overlap of all 3 channels. Scale bars: 10 μm. 
Quantifications of total percentage of Iba1+ and CD68+ area, microglial dendrite length (n = 46–185 cells/group), Clec7a+ signal occupancy per microglia, and plaque 
load in subicula of treated mice (n = 5–6 mice/group) (D). Additional analysis is shown in Supplemental Figure 17. For all panels, data are presented as mean ± 
SEM, or median and quartiles (dendrite length). **P < 0.01, ***P < 0.001 by 1-way ANOVA with Sidak’s correction, or 2-sided t test (plaque load).
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21). Our results underline a selective and prominent role played 
by type I interferon in neuroinflammation and neuropathology 
in the presence of CNS β-amyloidosis.

IFN stimulates complement cascade activation and promotes 
C3-dependent synapse elimination. Although our data validated the 
notion that IFN-activated microglia are involved in synapse elimi-
nation, the underlying molecular mechanism was unclear. During 
development, microglia actively participate in the pruning of weak 
synapses (60), which is mediated via C1q and C3, 2 key members 
of the classical pathway of complement activation (61). Microg-
lia have also been shown to excessively uptake synapses in a C3- 
dependent manner in AD models (62, 63) and during CNS viral 
infection (64). Given the prominent role of the complement cas-
cade in microglia-mediated CNS synapse modulation, we ques-
tioned whether IFN directly affects complement expression. Pre-
viously, complement C4b was shown to be induced by brain IFN 
expression in microglia (65). Four additional complement cascade 
genes, which include C2, C3, Cd47, and Cfb, were also identified 

bodies. Microglia from IgG-treated 5XFAD brain contained more 
internalized PSD95 puncta than microglia from control brains (Fig-
ure 7, B and D). In contrast, IFN blockade normalized the levels of 
internal PSD95 puncta relative to cell volume in 5XFAD, suggest-
ing an essential role of IFN in promoting synapse loss in AD brains.

Although IFN-γ (i.e., type II interferon) was not induced by 
NA-containing amyloid in vitro (Supplemental Figure 4), sev-
eral studies have previously implicated IFN-γ in the neuroin-
flammation and pathogenesis of AD (56–58). IFN-γ also signals 
through the JAK-STAT pathway and induces a panel of ISGs that 
largely overlap with ISGs triggered by type I interferon (59). To 
evaluate the relative contribution by IFN-γ, we administered 
αIFNGR blocking antibody to 3-month-old 5XFAD mice using 
a similar experimental protocol and examined the changes in 
microglial activation and synapse densities. In contrast to αIF-
NAR blockade, αIFNGR blockade did not alter microglial nucle-
ar Stat1 levels, the activation of microglia, nor modify PSD95 
puncta density reduction in 5XFAD brain (Supplemental Figure 

Figure 7. IFN blockade rescues 
synapse loss in AD model. (A and C) 
Representative high-magnification 
images of pre- and postsynaptic ter-
minals labeled against synaptophysin 
and PSD95, respectively, in subicula 
of control or 5XFAD mice treated 
with mIgG1 or αIFNAR as described in 
Figure 6A (A). Scale bar: 4 μm. Quanti-
fication of relative puncta density for 
both synaptic compartments, and of 
degree of colocalization between the 
2 markers; n = 2–5 mice/group (C). (B 
and D) Representative high-magnifi-
cation images of subicular microglia 
costained with synaptic markers in 
treated mice, showing engulfment of 
synaptic terminals (B). Scale bars: 4 
μm. Quantification of engulfed puncta 
densities for both synaptic markers, 
normalized to total cell volumes; n 
= 2–5 mice/group (D). For all panels, 
data are presented as mean ± SEM. 
*P < 0.05, **P < 0.01, ***P < 0.001 by 
1-way ANOVA with Sidak’s correction.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/4
https://www.jci.org/articles/view/133737#sd
https://www.jci.org/articles/view/133737#sd
https://www.jci.org/articles/view/133737#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 9 2 2 jci.org   Volume 130   Number 4   April 2020

To study complement activation in response to amyloid, we 
exposed hippocampal slices or mixed glial cultures to different 
amyloid species or controls. In conjunction with IFN pathway 
activation (Figure 2A and Supplemental Figure 2), RNA-contain-
ing amyloid alone increased C3 transcript and protein expression 
as well as its secretion (Figure 8, D and E). Additionally, neuronal 
dendritic spine density was reduced by RNA-containing amyloid 
in cultured hippocampal slices (Supplemental Figure 23). More-
over, hippocampal injection of RNA-containing amyloid stimu-
lated the expression of complement genes, and downregulated 
negative regulators of complement (Prelp and Cd55) (Figure 8F), 
concurrent with other neuroinflammatory changes in WT brain 

as genes induced by IFN (48), suggesting a potential direct cross-
talk between IFN and complement cascade.

To obtain experimental evidence of the ability of IFN to pro-
mote complement activation, we treated hippocampal slice cul-
ture or mixed glial cultures with rIFN-β or vehicle. rIFN-β readily 
upregulated the levels of C1qa, C3, and C4b transcripts, and stim-
ulated the production of C3 and C4 proteins in vitro (Figure 8, A 
and B, and Supplemental Figure 22). Stereotaxic rIFN-β injection 
in vivo similarly resulted in elevated expression of multiple com-
plement genes and increased the levels of C3 protein selectively in 
astrocytes of WT brain (Figure 8C), suggesting complement acti-
vation downstream of IFN signaling.

Figure 8. IFN stimulates complement cascade activation. (A) Expression of complement transcripts and secreted C3 in slice cultures (n = 12 slices and  
n = 6–7 supernatants/treatment). Slices derived from approximately 2–5 animals were used for each treatment. (B) The levels of pStat1 and C3 proteins 
in mixed glial cultures treated with vehicle or 5 ng/mL rIFN-β in vitro (representative immunoblots from 2 independent experiments). (C) Expression of 
complement transcripts in brain tissue and quantification of C3 protein expression within GFAP+ astrocytes in mice injected with vehicle or rIFN-β in the 
experiment described in Figure 5A. (D) Levels of C3 mRNA and secreted C3 in hippocampal slices stimulated with generic amyloids and respective controls 
(n = 5–16 slices and n = 4–11 supernatants/treatment; experiment illustrated in Figure 2A). Slices derived from approximately 2–5 animals were used for 
each treatment group. (E) The levels of pStat1 and C3 proteins in mixed glial cultures treated with RNA-containing amyloid or control (representative 
immunoblots from 2 independent experiments). (F) Expression of complement transcripts in hippocampi of WT mice administered RNA-containing amy-
loid or control preparation in the experiment described in Figure 1E. (G) Expression of C3 mRNA (n = 5–6 slices/treatment) and secretion of C3 and CXCL10 
(n = 8 supernatants/treatment) in hippocampal slices stimulated with RNA-containing amyloid or control preparation in the presence of either mIgG1 or 
αIFNAR antibody. Slices derived from approximately 2–5 animals were used for each treatment group. For all panels, data are presented as mean ± SEM. 
*P < 0.05, **P < 0.01, ***P < 0.001 by 2-sided t tests (A, C, F), or 1-way ANOVA with Sidak’s correction (D, G).
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To validate these in vitro findings, we tested the levels of C3 in 
AD mice that received αIFNAR blocking antibody in experiments 
described earlier. In the hippocampi of 10- to 12-month-old APPNL-G-F  
mice that harbored Aβ plaque pathology, C3 mRNA was elevat-
ed in the group that received control IgG, as expected (Figure 9A). 
IFNAR blockade not only blunted ISG expression, as shown by  
Ifi27l2a mRNA reduction, but also effectively reduced C3 transcripts 
in APPNL-G-F mice to levels measured in control mice (Figure 9A).

(Figure 1E). Therefore, NA+ amyloid potently triggers comple-
ment cascade activation.

Next, we examined the importance of IFN in complement acti-
vation by amyloid by selectively blocking IFNAR signaling. Both the 
transcription and secretion of C3, under influence of RNA-containing 
amyloid, were highly sensitive to IFNAR blockade, similar to CXCL10 
(Figure 8G). Collectively, our data indicate that IFN is both necessary 
and required for complement activation in response to NA+ amyloid.

Figure 9. IFN orchestrates C3-dependent synapse elimination. (A) Expression of C3 and Ifi27l2a mRNA in hippocampi of control or APPNL-G-F mice (10 to 12 
months old) after i.c.v. injection with mIgG1 control (20 μg; n = 4 control, n = 7 APPNL-G-F) or αIFNAR antibody (20 μg; n = 3 control, n = 8 APPNL-G-F) for 6 days. 
Additional analysis is shown in Supplemental Figure 20. (B and C) Representative confocal images of GFAP, C3, and Aβ (6E10) in control or 5XFAD mice 
(3 months old) treated with IgG1 or αIFNAR antibody in the experiment described in Figure 6. Scale bar: 30 μm. Inset shows C3 signal within outlined cell 
body. Scale bar: 6 μm. See Supplemental Figure 18 for full images. C3 occupancy in astrocytes in treated mice is quantified (C). (D and E) WT and C3 null 
mice were treated with bilateral i.c.v. administration of vehicle (n = 3 WT, n = 4 C3–/–) or rIFN-β (n = 3 WT, n = 5 C3–/–) for 36 hours, similarly to the experi-
ment in Figure 5A. (D) Quantification of relative puncta density for pre- and postsynaptic compartments (synaptophysin and PSD95, respectively), and 
of degree of colocalization between the 2 markers, in hippocampus (CA1). (E) Quantification of synaptic puncta densities engulfed by microglia for both 
synaptic markers, normalized to total cell volumes; n = 3–5 mice/group. Additional analysis of microglial reactivity is shown in Supplemental Figure 24. For 
all panels, data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by 1-way ANOVA with Sidak’s correction.
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25). Similar patterns were observed using Hoechst dye recogniz-
ing DNA (Supplemental Figure 26). Of note, although all neuritic 
plaques were NA+, the degree of staining varied among plaques, 
which could be quantified by confocal microscopy and 3D image 
analysis (Supplemental Figure 25). In conjunction with labelling 
and volumetric measurements of IBA1+ microglia, we observed a 
strong correlation (r = 0.68, P < 0.0001) between the amount of 
AO signal and the volume of associated microglia among individ-
ual plaques (Figure 10A), suggesting that NA+ amyloids promote 
microglial reactivity in human AD.

We then examined the protein expression of IFITM3 and AXL, 
2 microglial ISGs (Figure 4B), to assess the activation of the IFN 
pathway. Both markers labeled a subset of IBA1+ microglia tight-
ly associated with neuritic plaques in the human AD specimens 
(Figure 10B), whereas neither was evidently expressed by microg-
lia in plaque-free regions of the same tissue (Supplemental Figure 
27). Although αClec7a antibody failed to stain human brain tissue, 
our findings establish that TAM receptor AXL consistently marks 
plaque-associated microglia both in human and mouse brains (Fig-
ure 10B and Supplemental Figure 13). These observations indicate 
that, similar to AD models, microglia undergo IFN pathway activa-
tion upon recruitment to NA+ neuritic plaques in human AD.

In order to perform unbiased transcriptional assessment of 
IFN pathway activation in human brain samples, we first con-
structed a CNS-specific ISG panel of 306 genes, which included 
neuron-specific, astrocyte-specific, and microglia-specific ISGs 
deduced from mIFN treatment of respective primary murine cells 
(48, 67) (Supplemental Table 2). The human orthologs of these 
genes were used to probe the Mount Sinai Brain Bank, an RNA-
Seq data set with accompanying neuropathological and clinical 
cognitive data from a large collection of Alzheimer dementia and 
healthy control brain tissues (68). This data set contains 4 brain 
regions, including parahippocampal gyrus (BM36-PHG), inferior 
frontal gyrus (BM44-IFG), superior temporal gyrus (BM22-STG), 
and frontal pole (BM10-FP), which displayed varying regional vul-
nerability to AD (69).

In PHG, the top-ranked brain region of relevance to AD pathol-
ogy, overall ISG expression was grossly elevated in patients exhib-
iting clinical dementia (Figure 10C). The dementia group showed 
increased AXL, AIF1, and IFITM3, reflecting microglial activation 
by NA+ neuritic plaques (Figure 10B). In parallel with the tran-
scriptome profile of Clec7a+ microglia in the Aβ mouse model 
(Figure 4B), PHG of patients with AD displayed increased expres-
sion of ISGs of several functional categories, such as MHC class I  
and antigen processing (HLA-A, HLA-B, HLA-C, HLA-F, TAP1, 
TAP2, TAPBP, TAPBPL, B2M), costimulatory molecules (CD40, 
CD86, CD74), and immunoproteasome components (PSMB8, 
PSMB9, PSMB10, PSME1, PSME2). In addition, the expression of 
ISG members from the tripartite motif (TRIM) family (TRIM5, 
TRIM14, TRIM21, TRIM22, TRIM25) and poly (ADP-ribose) 
polymerase (PARP) family (PARP9, PARP10, PARP12, PARP14) 
was escalated in the AD cohort (Figure 10C). On the other hand, 
CD47, an ISG that suppresses excessive microglia-mediated 
synaptic pruning (70), was downregulated in the mild cognitive 
impairment (MCI) group and even more so in AD (Figure 10C). 
Human ISG15 is a key negative regulator of IFN immunity (71). 
ISG15 levels increased moderately in MCI but declined profoundly 

To further examine the C3 protein expression, we stained the 
brain sections of 5XFAD mice that received αIFNAR antibody or 
control IgG. In 5XFAD brains treated with IgG, we detected robust 
C3+ signal in GFAP+ astrocytes near amyloid plaques in the subicu-
lum (Figure 9B and Supplemental Figure 18), consistent with what 
we have shown before (66). Although IFNAR blockade did not 
alter the amount of overall GFAP+ staining in the tissue (Supple-
mental Figure 18), the occupancy of C3 protein within the astro-
cytes was almost completely reduced to control levels (Figure 9C). 
Thus, these data show that C3 expression in AD mouse models is 
likely regulated by IFN.

To confirm that C3 is necessary for IFN-induced synapse elim-
ination, we injected rIFN-β into the ventricles of WT or C3–/– mice 
and examined microglia activation and synaptic puncta (Figure 
9, D and E, and Supplemental Figure 24). Microglia from mice 
lacking C3 reacted to rIFN-β by upregulating CD68 and adopting 
a reactive morphology, similarly to WT, as expected (Supplemen-
tal Figure 24). Despite the general activation of microglia, C3–/– 
brains were completely protected from rIFN-β–induced postsyn-
aptic puncta loss (Figure 9D), which was correlated with the lack 
of microglial uptake of PSD95 (Figure 9E). Together, these results 
highlight a pivotal axis of amyloid-IFN-C3 in promoting synapse 
loss in AD models.

IFN pathway activation is manifested in human AD. Based on 
our cumulative findings in AD mouse models, we investigated the 
relevance of NA+ amyloids and the IFN pathway to human AD. 
We previously reported the detection of sequestered RNA species 
within neuritic plaques in human AD brains, as visualized by AO 
staining (17, 38). Here, this finding was confirmed in specimens 
of human AD brain tissues with the positive staining of neuritic 
plaques, but not diffuse plaques, with AO (Supplemental Figure 

Figure 10. IFN pathway activation is manifested in human AD. (A) 
Examination of IBA1+ microglia surrounding neuritic plaques in human AD 
specimens (n = 3). Plaques were stained with Aβ (6E10) and nucleic acids 
with acridine orange (AO). Correlation analysis was performed with the 
total cell volume of recruited microglia and the level of AO+ signal inside 
plaques (n = 54 plaques from 3 AD cases; r = 0.68, P < 0.0001). Scale bar: 
10 μm. Additional representative images are shown in Supplemental Fig-
ure 25. (B) Representative confocal images of neuritic plaque-associated 
microglia in human AD cases (n = 3) expressing ISGs: IFITM3 (left) and AXL 
(right). Insets show single-channel images of outlined areas. Scale bar: 10 
μm. Signals in microglia from plaque-free areas are shown in Supplemen-
tal Figure 27. (C and D) Heatmaps showing group-averaged expression of 
human ISGs in postmortem brain tissue (parahippocampal gyrus) from 
175 human subjects stratified by clinical dementia rating (CDR) (C) and 
Braak score (D). NCI indicates no cognitive impairment; MCI, mild cognitive 
impairment. Individual ISGs with differential expression are highlighted. 
See also Supplemental Figure 28 for other brain regions. (E and F) Correla-
tions of IRF7 transcript level with CDR, Braak score (E), and mean neuritic 
plaque density (F). (G) Correlation of IRF7 transcript level with C3 transcript 
level. (H) Coexpression analysis between IFN pathway genes (yellow) and 
complement genes (green). Links inside the circle represent significant (P 
< 0.8 × 10–5) Spearman correlation coefficients between the genes (gray: 
r > 0.6; blue: r < 0.6). Coexpression analysis between IFN pathway genes 
and random gene sets is shown in Supplemental Figure 30 as a control. 
For A, E, F, and G, correlation coefficients (r) were computed using Pearson 
correlations (A, F, G) or Spearman correlations (E). All: P <0.0001. For A, F, 
and G, plots display one dot for each plaque (A) or subject (F, G), and linear 
regression line (solid) with 95% CI (dashed).
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glycans facilitate the spreading of proteopathic seeds and pro-
mote the deposition of Aβ plaques while inhibiting Aβ clearance 
(76, 77). Nucleic acids, when properly delivered intracellularly, 
can be sensed as pathogen- or danger-associated molecular pat-
terns and trigger antiviral immunity (7, 9). However, the func-
tional implication of NA+ plaques in AD has not been investigat-
ed. By direct comparison with GAG+ amyloid, we show that NA+ 
amyloid is highly immunogenic in the CNS milieu via activating 
microglia and stimulating a robust innate immune response, 
which is consistent with our previous findings on these amy-
loids with peripheral immune cells (25). We have also previous-
ly observed a comparable IFN induction by DNA+ amyloid and 
RNA+ amyloid and demonstrated a crucial role of nucleic acid 
sensing in IFN production (25).

Interestingly, we detected a widespread deposition of NA+ 
plaques in the brains of various β-amyloidosis models, accumu-
lation of which is age dependent, exclusively correlated with 
microglia activation, yet independent of dystrophic neurites or 
axons. Previous studies have documented DAPI+ and Hoechst+ 
Aβ plaques in different models (22, 23). Our detailed examina-
tion using multiple NA-specific dyes indicates that both DNA 
and RNA are present within Aβ plaques in AD brain; however, 
the origin of plaque-sequestered nucleic acids is unclear. Inter-
estingly, not only does Aβ naturally aggregate with DNA in vitro, 
Aβ species have also been located inside the nuclei of neurons 
in AD brains (20, 22). DAPI+ nuclear Aβ aggregates were shown 
to accumulate prior to the formation of extracellular DAPI+ Aβ 
plaques in 5XFAD brain, lending to a notion that neuritic plaques 
derive from intracellular amyloid and have a neuronal origin 
(22). Our detection of histone proteins together with DNA inside 
the plaque supports such a nuclear origin. In human AD brain, 
our data and other reports point to a similar codeposition of DNA 
and RNA within the plaques (17, 22). Interestingly, sequence 
analysis of RNA isolated from human AO+ neuritic plaques iden-
tified mRNA transcripts from cortical neurons (78), thus suggest-
ing a neuronal origin of human plaque-associated nucleic acids. 
A minor fraction of NA– Aβ plaques exist in the subiculum of 
young 5XFAD brain, which intriguingly are devoid of activated 
microglia. Since a possible involvement of microglia in plaque 
formation was recently suggested (79), it is interesting and wor-
thy to investigate the precise cellular process that prompts the 
formation of the NA+ plaques.

We have detected a universal activation of type I interferon path-
way in mouse brains harboring Aβ plaques, regardless of differences 
among the AD models analyzed. Although genetic background can 
differentially influence plaque pathology, ISG expression was pre-
served nevertheless in outbred strains of 5XFAD mice, which harbor 
broad genetic diversity (Supplemental Figure 31) (80). These obser-
vations, in conjunction with the evident activation of the IFN path-
way in human AD tissues, demonstrate a paramount presentation of 
IFN in AD pathology. We have also provided evidence to specifically 
implicate type I IFN, but not IFN-γ, in mediating neuroinflammation 
and neuropathology in AD models. This finding is distinct from the 
peripheral immune response stimulated by NA+ amyloid, in which 
we previously demonstrated that type I IFN led to IFN-γ production 
by NK cells, and that blocking either type I IFN or IFN-γ abolished 
the development of humoral autoimmunity (26).

in the AD cohort (Figure 10C). AD brains are also graded by Braak 
score based on postmortem histopathological evaluation (72). 
Interestingly, broad ISG expression in PHG was found positively 
associated with increasing Braak scores (Figure 10D). Similar pat-
terns of ISG expression were detected in all 3 other brain regions 
included in the Mount Sinai Brain Bank (Supplemental Figure 28), 
suggesting a positive correlation between IFN pathway activation 
and cognitive decline as well as disease progression in clinical AD.

IRF7 is a master signaling mediator for IFN-dependent 
immune response (52, 73). In agreement with the overall ISG 
expression in AD, IRF7 expression in PHG correlated strongly with 
both clinical dementia rating (CDR, P < 0.0001) and Braak score 
(P < 0.0001) (Figure 10E). Consistent with our characterization 
of NA+ amyloid, IRF7 expression was also associated with neuritic 
plaque burden (Figure 10F; P < 0.0001).

Since we observed robust IFN-induced complement acti-
vation in mice, we examined the relationship between IFN and 
complement cascade in a humans. Most ISGs contain promoter 
elements that are responsive to JAK-STAT signaling downstream 
of IFN receptor activation (74). We surveyed the presence of inter-
feron-stimulated responsive element (ISRE) and gamma inter-
feron-activated sequence (GAS) motifs in the promoter regions 
of human complement genes. Among 45 complement cascade 
genes, 35 genes (78%) contain at least 1 putative (P < 10–5) binding 
site, implying potential widespread responsiveness to IFN activa-
tion (Supplemental Figure 29). In particular, the human C3 pro-
moter harbors 4 ISRE and 3 GAS motifs, which may confer IFN 
responsiveness. Consistent with this, C3 expression was found to 
be highly correlated with IRF7 expression in the parahippocampal 
gyrus of patients with AD (Figure 10G).

To systematically evaluate the relationship between IFN 
and complement cascade in clinical AD, we computed the coex-
pressional relationship between human genes comprising both 
pathways and observed prominent positive correlations between 
the 2 pathways (Figure 10H). Such robust enrichment of positive 
coexpression correlation was absent between IFN pathway genes 
and 100 independent sets of random genes of the same size as 
the complement cascade, indicating a statistically meaningful 
connection between these 2 pathways (Supplemental Figure 30). 
In AD brain, the levels of ISGs encoding MHC class I, antigen 
processing, or immunoproteosome molecules were positively 
correlated with the levels of multiple complement components 
(Figure 10H). Similar strong correlation was evident with ISGs 
involved in immune response and signaling, such as DTX3L, 
GBP2, IFI16, and PIK3AP1. Conversely, multiple IFN pathway 
genes were negatively associated with complement member SER-
PING1, which is known to inhibit classical complement pathway 
activation via binding to C1R and C1S (75). Collectively, these data 
suggest that IFN pathway activation represents a prominent fea-
ture of neuroinflammation in human AD, where it may robustly 
interact with complement cascade.

Discussion
Although the heterogeneity of Aβ plaques and misfolded protein 
aggregates in general has long been recognized, the biological 
impacts of the cofactors in the complex amyloid are only being 
appreciated in recent years. In particular, heparan sulfate proteo-
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ily produced by activated astrocytes in AD mouse brain, is highly 
sensitive to IFN signaling. In 5XFAD mice, astrogliosis was unaf-
fected by acute IFNAR blockade despite C3 downregulation (Sup-
plemental Figure 18). In APPNL-G-F mice, IFNAR blockade further 
reduced astrocyte reactivity (Supplemental Figure 20), which was 
correlated with the dampened expression of Il1a and Tnf, microglia- 
derived factors required for the generation of A1 astrocytes (Sup-
plemental Figure 33). The reason behind these differing effects on 
astrocytes is unclear, although we suspect that the efficacy of acute 
IFN blockade may differ between the models, as 5XFAD mice man-
ifest an overall higher magnitude of inflammation than APPNL-G-F 
mice. Additional studies with long-term IFN inhibition should be 
carried out to dissect how microglia and astrocytes cooperate to 
promote synapse elimination upon IFN pathway activation.

Amyloid burden in human brains is known to poorly correlate 
with the severity or duration of dementia (96, 104). Individuals 
without dementia can harbor significant amounts of both plaques 
and tangles, but remarkably they lack the robust glial activation 
present in their AD counterparts, a feature that is associated with 
preserved synapses and neurons (105). Our study has identified 
subsets of Aβ plaques in AD models that are immunogenic (i.e., 
NA+) or inert (i.e., NA–) with distinct consequential effects on syn-
aptic health. It is plausible that plaques that accumulate in patients 
with AD and in high-pathology individuals without dementia dif-
fer in their fundamental immunogenicity, namely in terms of NA 
content. It is thus of great interest to examine more closely the 
molecular constituents of amyloid plaques in the brains of cogni-
tively resilient individuals compared with AD cases.

In this study, we chose to demonstrate the functional involve-
ment of the IFN pathway by employing a highly specific blocking 
antibody approach instead of a classical gene deletion approach, 
to minimize other confounding factors. It is well known that tonic 
IFN signaling is required for maintaining the homeostasis of the 
immune system and proper configuration of signaling networks 
(106–108). Importantly, neurons lacking germline IFN signaling 
were shown to undergo spontaneous neurodegeneration (109). 
Most notably, germline Ifnar1 deletion also alters the expression 
of APP and Aβ, which significantly obscured the interpretation of 
results from APPswe/PSEN1ΔE9;Ifnar1–/– mice (110).

Age represents the most influential risk factor in the develop-
ment of AD. In aged mice and humans, IFN signaling in choroid 
plexus, an epithelial tissue located within the ventricles of the 
brain, has been implicated in hampering cognitive function and 
hippocampal neurogenesis (111). Moreover, microglia inside aged 
brain adopt an altered functional state with discernable IFN signa-
ture expression (65). Here, we have identified prominent microg-
lial IFN response to NA+ Aβ plaques as a key factor promoting neu-
roinflammation and neuropathology in AD (Supplemental Figure 
34). These findings collectively lend a rationale to explore whether 
modulating IFN pathway could be useful in alleviating AD.

Methods
Study approvals. All animal procedures were performed in accordance 
with NIH guidelines and with the approval of the Baylor College of 
Medicine Institutional Animal Care and Use Committee.

Parietal cortex samples from patients with AD were obtained 
from the University of Pennsylvania Center for Neurodegenerative 

Plaque-associated microglia are a central player driving neu-
roinflammation in AD models (81–83). Beyond the initial discov-
ery and description, remaining to be answered are key questions 
regarding their generation and functional role in disease pathol-
ogy. Here, our results postulate that: (a) NA+ amyloid represents 
an innate stimulus promoting the generation of plaque-associat-
ed MGnD microglia; (b) IFN is an essential element of microglial 
response and the neuroinflammatory network; and (c) microglia 
partake in pathogenic synapse elimination via an IFN-C3 axis in 
AD. Our findings on IFN’s involvement in synapse loss in AD are 
consistent with microglia-dependent learning deficits induced by 
brain IFN-β production (65). Moreover, chronic and dysregulated 
IFN expression in CNS in the absence of an infection is a major 
driver for type I interferonopathies, a group of hereditary CNS 
disorders (84–86). Interestingly, peripheral dysregulation of IFN 
production was also implicated in the pathogenesis of Parkinson’s 
disease, another CNS neurodegenerative condition (87).

Our analysis has revealed potent effects of IFN on activating 
CNS cells by inducing morphological changes and expression of 
proinflammatory factors, costimulatory and signaling molecules. 
However unlike NA+ amyloid, IFN alone is insufficient to insti-
gate the full neuroinflammation program of DAM/MGnD (Sup-
plemental Figure 32); yet, IFN signaling is required to sustain 
the ongoing microgliosis and overall neuroinflammation in the 
presence of β-amyloidosis. Myeloid receptor Trem2 is crucial for 
the generation of DAM/MGnD and plays a role in modifying Aβ 
pathology (41, 42, 88–90). Interestingly, Trem2 binds to ApoE and 
ApoJ, both of which are components of Aβ plaques (91–93), and 
the signaling pathway downstream of TREM2/DAP12 complex 
has been shown to limit IFN production in innate immune cells (8, 
94). Therefore, it would be worthwhile to dissect these concurrent 
signaling events in microglia upon interacting with complex amy-
loid. In addition, microglia subset(s) containing an IFN signature 
in mouse brains have been detected from single-cell expression 
profiling studies (56, 65, 95). Whether plaque-associated microg-
lia further segregate into IFN+ and IFN– subsets remains to be 
examined at the single-cell level.

Synapse loss is clinically associated with cognitive decline in 
AD (96–98). The profound activation of the IFN pathway in MGnD 
microglia supports a notion that this unique microglia subset par-
ticipates in neuropathology via IFN-mediated synapse elimina-
tion. Complement has been implicated in synaptic pathologies in 
diverse neurological and neuropsychiatric diseases, in particular 
neurodegeneration (62, 63, 99, 100). Although neuronal activity 
can promote C3 expression during development (101), how CNS 
inflammation controls complement cascade activation remains 
elusive. Our study provides a major advance in the mechanistic 
understanding of this pathogenic process by identifying a crucial 
axis that connects IFN, complement, and synapse loss. We have 
shown that IFN controls the expression of multiple components 
of the complement cascade and mediates synapse elimination in a 
C3-depedent manner.

The crosstalk between microglia and astrocytes plays a criti-
cal role in neurodegenerative conditions, as shown by microglia- 
dependent generation of a neurotoxic subset of astrocytes (102, 
103). These so-called A1 astrocytes abundantly express C3 protein 
(102). One of our interesting observations is that C3 protein, primar-
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