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Summary 

Type I interferon (IFN) is a key cytokine that curbs viral infection and cell malignancy. Previously, 

we have demonstrated a potent IFN immunogenicity of nucleic acid (NA)-containing amyloid fibrils 

in the periphery. Here, we investigated whether IFN is associated with β-amyloidosis inside the 

brain and contributes to neuropathology. An IFN-stimulated gene (ISG) signature was detected 

in the brains of multiple murine Alzheimer disease (AD) models, a phenomenon also observed in 

wild-type mouse brain challenged with generic NA-containing amyloid fibrils. In vitro, microglia 

innately responded to NA-containing amyloid fibrils. In AD models, activated ISG-expressing 

microglia exclusively surrounded NA-positive amyloid β plaques, which accumulated in an age-

dependent manner. Brain administration of rIFNβ resulted in microglial activation and complement 

C3-dependent synapse elimination in vivo. Conversely, selective IFN receptor blockade 

effectively diminished the ongoing microgliosis and synapse loss in AD models. Moreover, we 

detected activated ISG-expressing microglia enveloping NA-containing neuritic plaques in post-

mortem brains of AD patients. Gene expression interrogation revealed that IFN pathway was 

grossly upregulated in clinical AD and significantly correlated with disease severity and 

complement activation. Therefore, IFN constitutes a pivotal element within the neuroinflammatory 

network of AD and critically contributes to neuropathogenic processes. 
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Introduction 

Accumulation of aggregated misfolded proteins is a pathologic hallmark of many 

neurodegenerative diseases including Alzheimer disease (AD), the most predominant form of 

dementia. Accompanying the formation of β-amyloid (Aβ) plaques and neurofibrillary tangles, 

brains of AD patients are marked by conspicuous and chronic neuroinflammatory responses, 

manifested 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 IFNα subtypes IFNβ, IFN IFNand IFN. All type I IFN species signal through 

a common receptor complex, which initiates JAK-STAT signaling pathway and drives the 

transcription of a large panel of IFN-stimulated genes (ISGs) (4-6). IFN is predominantly 

expressed by immune cells upon activation of intracellular 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, autoimmune, and various other conditions (4, 10, 11). Despite extensive 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, non-protein constituents, 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 towards anionic cofactors, such as nucleic acids 

and glycosaminoglycans (GAG), 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). Interestingly, Bialas et 
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al showed that circulating IFN detrimentally influences neuropsychiatric symptoms in systemic 

lupus erythematosus (SLE) (27). Moreover, patients receiving systemic IFN treatment and those 

with HIV-induced dementia display increased IFN activation in central nervous system (CNS), 

which is associated with cognitive and psychiatric dysfunction (28-31). 

Given its potential functional impact, we tested the hypothesis that CNS IFN response to 

immunogenic amyloid may participate neuroinflammation and neuropathology in AD. First, we 

assessed IFN pathway expression in multiple Aβ models and positively 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 microglia activation and rescued synapse loss in vivo. Furthermore, we examined NA+ 

neuritic plaques and their relation to microglia activation in human AD brains and conducted 

transcriptome analysis to reveal profound IFN pathway activation in clinical AD. Together, our 

data identify an IFN-dependent program that is integral to neuroinflammation and neuropathology 

in AD.  
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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 hippocampus, 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 (32, 33). To conduct 

an unbiased survey, we collected hippocampal tissues from four distinct models: APPNL-G-F (34), 

5XFAD, APP;tTa (35), and APP-PS1 (36) (Supplemental Table S1). The specific age of each 

model was chosen to ensure substantial accumulation of Aβ plaques in the parenchyma at the 

time of analysis. In all models, we detected significantly elevated expression of a panel of well-

known genes specifically induced by IFN, including Ifi27I2a, Oas1, Irf7 and Cxcl10 (Figure 1A-D), 

in conjunction with increased expression of glial markers and known AD-related proinflammatory 

factors, implying that IFN pathway is activated 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 anatomical 

configurations in vitro (37, 38). 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 upregulated expression of Aif1, a gene encoding microglial marker Iba1, without 

increasing cell number (Figure 2A and Supplemental Figure 1, A and B). In addition, RNA-

containing amyloid induced substantial secretion of TNFα 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 as Ifi27I2a and Oas1 (Figure 2A). Despite harboring 
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bona fide amyloid fibril structure (24), heparin-containing amyloid was immunologically inert. 

Primary mixed glial cells responded similarly to RNA-containing amyloid fibrils, but not to heparin-

containing amyloid or non-fibril components (Supplemental Figure 2). In contrast, primary neurons 

did not react to RNA-containing amyloid (Supplemental Figure 3). These findings revealed a 

potent immunogenicity of NA-containing amyloid fibrils towards the glial compartment of the CNS 

milieu. 

IFN response represents an immediate early event during viral infection. Accordingly, we detected 

both IFN 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 or CXCL10, and other IFN subtypes were 

not significantly altered in the cultures with any treatment (Supplemental Figure 4). To examine 

the contribution of microglia in the innate immune response to amyloids, we pre-depleted 

microglia from mixed glial cultures with liposome-encapsulated clodronate and found the 

remaining cells significantly diminished their reactivity to RNA-containing amyloid (Supplemental 

Figure 5A). In agreement with this finding, purified primary microglia produced elevated levels of 

CXCL10 and TNFα in response to RNA-containing amyloid in a dose-dependent manner (Figure 

2C), suggesting NA-containing amyloid can directly activate microglia. To gain further insight into 

the immunogenicity of different Aβ amyloids, we stimulated primary mixed glial cells with Aβ42 

peptides pre-incubated with either heparin or RNA and detected increased levels of TNFα and 

CXCL10 only from cultures treated with Aβ42 complexed with RNA (Supplemental 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 preparation containing equivalent amounts of HSA protein and RNA by 
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unilateral stereotaxic injection into the hippocampus of wild-type 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 (Figure 1E and Supplemental 

Figure 6). Therefore, 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 fluorescent dyes specific to nucleic acids together with various antibodies against Aβ. 

Acridine orange (AO) labelled plaques and produced signals in green (525nm) and red (650nm) 

wavelengths, indicating the presence of both DNA and RNA, respectively (39) (Figure 3A). In 

young 5XFAD mice (3 mo), 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-diamidino-

2-phenylindole) and Hoechst 33342, which bind the minor groove of dsDNA, also labelled Aβ 

plaques, as did RNASelect, a probe that selectively labels RNA (Figure 3A). Moreover, we 

detected 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 (40, 41).  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 substantially increased microglial presence surrounding NA+ compared to 

NA- plaques, both by cell number counts and by volumetric measurements (Supplemental Figure 

7). Cellular complexity analysis revealed a reactive morphology of these cells, in contrast to 



8 
 

microglia associated with NA- plaques or non-plaque-associated (Supplemental Figure 7). Further, 

microglia associated with NA+ plaques (DAPI+) expressed more CD68 than those near NA- 

plaques (Supplemental Figure 7).  

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) (42, 43). C-type lectin Clec7a selectively marks plaque-associated MGnD microglia. 

Strikingly, Clec7a was exclusively expressed by Iba1+ cells associated with NA+ plaques but by 

none 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 (Supplemental Figure 9) (44, 45).  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+ microglia (Supplemental Figure 7G). Of note, NA positivity did not seem 

to correlate with dystrophic neurites or axons present in the tissue (Supplemental Figure 10). 

Together, these results indicate that NA+ amyloid 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 age (Figure 3C). To assess NA+ plaque deposition across models, we 

expanded the analysis to six other AD models, including APPswe/PSEN1ΔE9 (46), APP;tTa, APP-

PS1, APPNL-G-F, APPNL-F (34) and APPDutch;PSEN1 (47) (Supplemental Table 1). Uniformly, 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 detected in Clec7a+ microglia surrounding Aβ plaques in the brains of 5XFAD 
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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 accumulation of NA+ 

plaques (Supplemental Figure 11). Last, we conducted an unbiased analysis of IFN pathway 

activation using the reported RNA-seq dataset 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 (42).  ISGs, in the form of a unique gene expression module, have been 

used to bioinformatically probe the activation of IFN pathway in human diseases (48).  Although 

all nucleated cells express IFN receptor and thus respond to IFN, some ISGs are cell type-specific. 

By employing a list of microglia-specific ISGs (49), we detected 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 signature (Figure 4B). One of the TAM receptor tyrosine kinases, AXL 

regulates microglial functions and promotes phagocytosis under inflammatory conditions (50, 51). 

In periphery, IFN stimulates 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 co-stimulatory 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 (52). 

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 over IFNα/β (53), consistent with our 

earlier observation that IFN induction was absent in NA+ amyloid-stimulated glial cultures 

(Supplemental Figure 4).  Physiological IFN response is tightly controlled by a panel of regulatory 
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factors (54). We detected significantly downregulated expression of genes that are involved in 

restraining IFN production and/or receptor signaling, which include Socs3, Socs1, 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, IFN pathway 

is activated exclusively in Clec7a+ 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 IFN pathway constitutes 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 examined its direct effects on CNS cells. In vitro, rIFNβ 

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 rIFNβ intracerebroventricularly into wild-type mice 

(Figure 5A) and detected elevated expression of Cst7 and Spp1, two 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 

rIFNβ exposure with reduced dendrite length, branch and terminal points (Figure 5C and 

Supplemental Figure 15). In contrast to generic RNA-containing amyloid, rIFNβ did not stimulate 

the expression of Trem2 or Apoe 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, Apoe nor Clec7a were identified as microglial ISGs (49). Thus, IFN 

alone can directly activate microglia and induce a proinflammatory response, partially overlapping 

yet distinct from DAM/MGnD program. 

Reported previously, circulating IFN can induce synapse loss under the condition of systemic 
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autoimmunity (27). To facilitate the examination of synapse modification, we injected rIFNβ into 

the ventricles of a reporter mouse line expressing eGFP in a sparse subset of hippocampal 

neurons (55). Quantification of CA1 neuronal dendritic spines indicated a significant reduction in 

spine density by rIFNβ compared with vehicle treatment (Figure 5E). Additionally, high-resolution 

confocal imaging of pre- and post-synaptic puncta (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 post-synaptic terminals with rIFNβ administration (Figure 5F). 

Conversely, we detected increased GFP+ puncta within microglia after rIFNβ treatment 

(Supplemental Figure 16), indicating enhanced uptake of neuronal 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 specifically blocks the signaling of IFN receptor (56) 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 

analysis. 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 6B and C, and 

Supplemental Figure 17). Remarkably, αIFNAR antibody treatment not only partially shifted the 

morphology of microglia towards homeostatic 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 6B-D and Supplemental Figure 17). 



12 
 

Reactive astrocytes 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 hippocampal CA3 region displayed slightly reactive 

morphology in 5XFAD brain, which was completely 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 10-12 month old APPNL-G-F mice using the same experimental 

protocol and similarly detected significant reductions 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 post-synapse marker 

colocalization (Figure 7A and C). We performed further imaging analysis to quantify engulfed 

synaptic puncta within the microglial cell bodies. Microglia from IgG-treated 5XFAD brain 

contained more internalized PSD95 puncta than microglia from control brains (Figure 7B and D). 

In contrast, IFN blockade normalized the levels of internal PSD95 puncta relative to cell volume 

in 5XFAD, suggesting an essential role of IFN in promoting synapse loss in AD brains.  

Although IFN (i.e. type II interferon) was not induced by NA-containing amyloid in vitro 

(Supplemental Figure 4), several studies have previously implicated IFN in the 

neuroinflammation and pathogenesis of AD (57-59). IFN also signals through JAK-STAT 

pathway and induces a panel of ISGs that largely overlap with ISGs triggered by type I interferon 
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(60). To evaluate the relative contribution by IFN, 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 αIFNAR blockade, αIFNGR blockade 

did not alter microglial nuclear Stat1 levels, the activation of microglia, nor modify PSD95 puncta 

density reduction in 5XFAD brain (Supplemental Figure 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 

elimination, the underlying molecular mechanism was unclear. During development, microglia 

actively participate in the pruning of weak synapses (61) , which is mediated via C1q and C3, two 

key members of the classical pathway of complement activation (62). Microglia have also been 

shown to excessively uptake synapses in a C3-dependent manner in AD models (63, 64) and 

during CNS viral infection (65). Given the prominent role of the complement cascade in microglia-

mediated CNS synapse modulation, we questioned whether IFN directly affects complement 

expression. Previously, complement C4b was shown to be induced by brain IFN expression in 

microglia (66). Four additional complement cascade genes, which include C2, C3, Cd47 and Cfb, 

were also identified as genes induced by IFN (49), suggesting a potential direct crosstalk between 

IFN and complement cascade. 

To obtain experimental evidence of the ability of IFN to promote complement activation, we 

treated hippocampal slice culture or mixed glial cultures with rIFNβ or vehicle.  rIFNβ readily 

upregulated the levels of C1qa, C3 and C4b transcripts and stimulated the production of C3 and 

C4 proteins in vitro (Figure 8A and B, and Supplemental Figure 22). Stereotaxic rIFNβ injection 
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in vivo similarly resulted in elevated expression of multiple complement genes and increased the 

levels of C3 protein selectively in astrocytes of wild-type brain (Figure 8C), suggesting 

complement activation downstream of IFN signaling.  

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-containing amyloid alone increased C3 transcript 

and protein expression as well as its secretion (Figure 8D and E). Additionally, neuronal dendritic 

spine density was reduced by RNA-containing amyloid in cultured hippocampal slices 

(Supplemental Figure 23). Moreover, hippocampal injection of RNA-containing amyloid 

stimulated the expression of complement genes, and downregulated negative regulators of 

complement (Prelp and Cd55) (Figure 8F), concurrent with other neuroinflammatory changes in 

wild-type brain (Figure 1E). Therefore, NA+ amyloid potently triggers complement cascade 

activation. 

Next, we examined the importance of IFN in complement activation 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. 

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 10-12 month old APPNL-

G-F mice which harbored Aβ plaque pathology, C3 mRNA was elevated 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).  
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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 subiculum (Figure 9B and 

Supplemental Figure 18), consistent with what we have shown before (67). Although IFNAR 

blockade did not alter the amount of overall GFAP+ staining in the tissue (Supplemental Figure 

18), the occupancy of C3 protein within the astrocytes 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 elimination, we injected rIFNβ into the 

ventricles of wild-type or C3-/- mice and examined microglia activation and synaptic puncta (Figure 

9D and E, and Supplemental Figure 24). Microglia from mice lacking C3 reacted to rIFNβ by 

upregulating CD68 and adopting a reactive morphology, similarly to wild-type, as expected 

(Supplemental Figure 24). Despite the general activation of microglia, C3-/- brains were 

completely protected from rIFNβ-induced post-synaptic 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 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, 39). 

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 25). Similar patterns 

were observed using Hoechst dye, recognizing DNA (Supplemental Figure 26). Of note, although 
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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 individual plaques (Figure 10A), suggesting that NA+ amyloids promote 

microglial reactivity in human AD.  

We then examined the protein expression of IFITM3 and AXL, two microglial ISGs (Figure 4B), to 

assess the activation of IFN pathway. Both markers labelled a subset of IBA1+ microglia tightly 

associated with neuritic plaques in the human AD specimens (Figure 10B), whereas neither was 

evidently expressed by microglia in plaque-free regions of the same tissue (Supplemental Figure 

27). Although Clec7a 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 

(Figure 10B and Supplemental Figure 13). These observations indicate that, similar to AD models, 

microglia undergo IFN pathway activation upon recruitment to NA+ neuritic plaques in human 

Alzheimer disease. 

In order to perform unbiased transcriptional assessment of IFN pathway activation in human brain 

samples, we first constructed 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 (49, 68) (Supplemental Table S2). The human orthologues of 

these genes were used to probe the Mt. Sinai Brain Bank, an RNA-Seq dataset with 

accompanying neuropathological and clinical cognitive data from a large collection of Alzheimer 

dementia and healthy control brain tissues (69). This dataset contains four 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 vulnerability to AD 
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(70).  

In PHG, the top-ranked brain region of relevance to AD pathology, overall ISG expression was 

grossly elevated in patients exhibiting 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 transcriptome profile of Clec7a+ microglia in the Aβ mouse model (Figure 

4B), PHG of AD patients displayed increased expression 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), co-stimulatory 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 which 

suppresses excessive microglia-mediated synaptic pruning (71), 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 (72); ISG15 levels increased moderately in MCI but declined 

profoundly in the AD cohort (Figure 10C). AD brains are also graded by Braak score based on 

postmortem histopathological evaluation (73). Interestingly, broad ISG expression in PHG was 

found positively associated with increasing Braak scores (Figure 10D). Similar patterns of ISG 

expression were detected in all three other brain regions included in the Mt. 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 (53, 74). 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 
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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 activation in mouse, we examined the 

relationship between IFN and complement cascade in human. Most ISGs contain promoter 

elements that are responsive to JAK-STAT signaling downstream of IFN receptor activation (75). 

We surveyed the presence of interferon-stimulated responsive element (ISRE) and gamma 

interferon-activated sequence (GAS) motifs in the promoter regions of human complement genes. 

Among 45 complement cascade genes, 35 genes (78%) contain at least one putative (p<10-5) 

binding site, implying potential widespread responsiveness to IFN activation (Supplemental 

Figure 29). In particular, the human C3 promoter harbors four ISRE and three GAS motifs which 

may confer IFN-responsiveness. Consistent with this, C3 expression was found highly correlated 

with IRF7 expression in the parahippocampal gyrus of AD patients (Figure 10G). 

To systematically evaluate the relationship between IFN and complement cascade in clinical AD, 

we computed the co-expressional relationship between human genes comprising both pathways 

and observed prominent positive correlations between the two pathways (Figure 10H). Such 

robust enrichment of positive co-expression 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 two 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 SERPING1, which is 

known to inhibit classical complement pathway activation via binding to C1R and C1S (76). 
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Collectively, these data suggest that IFN pathway activation represents a prominent feature of 

neuroinflammation in human AD, where it may robustly interact with complement cascade. 
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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 proteoglycans facilitate the spreading 

of proteopathic seeds and promote the deposition of Aβ plaques while inhibiting Aβ clearance (77, 

78).  Nucleic acids, when properly delivered intracellularly, can be sensed as pathogen- or 

danger-associated molecular patterns and trigger antiviral immunity (7, 9). However, the 

functional implication of NA+ plaques in AD has not been investigated before. 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 amyloids with peripheral immune cells (25). We 

have also previously 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, accumulation 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 

examination 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. 

Interestingly, 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 co-deposition of 
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DNA and RNA within the plaques (17, 22). Interestingly, sequence analysis of RNA isolated from 

human AO+ neuritic plaques identified mRNA transcripts from cortical neurons (79), thus 

suggesting 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 

(80), it is interesting and worthy to investigate the precise cellular process that prompts the 

formation of the NA+ plaques. 

We have detected a universal activation of type I interferon pathway 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 preserved 

nevertheless in outbred strains of 5XFAD mice, which harbor broad genetic diversity (81) 

(Supplemental Figure 31). These observations, in conjunction with the evident activation of IFN 

pathway 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 IFNɣ, 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 IFNɣ production by NK cells, and that blocking either type I IFN or IFNɣ abolished the 

development of humoral autoimmunity (26).  

Plaque-associated microglia are a central player driving neuroinflammation in AD models (82-84). 

Beyond the initial discovery and description, remaining to be answered are key questions 

regarding their generation and functional role in disease pathology. Here, our results postulate 

that: 1) NA+ amyloid represents an innate stimulus promoting the generation of plaque-associated 

MGnD microglia; 2) IFN is an essential element of microglial response and the neuroinflammatory 

network; and 3) microglia partake in pathogenic synapse elimination via an IFN-C3 axis in AD. 
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Our findings on IFN’s involvement in synapse loss in AD fully agree with the consequential IFN-

mediated microglia activation in SLE (27) and are consistent with microglia-dependent learning 

deficits induced by brain IFNβ production (66). 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 (85-87). Interestingly, peripheral dysregulation of IFN 

production was also implicated in the pathogenesis of Parkinson’s disease, another CNS 

neurodegenerative condition (88).  

Our analysis has revealed potent effects of IFN on activating CNS cells by inducing morphological 

changes and expression of proinflammatory factors, co-stimulatory and signaling molecules. 

However unlike NA+ amyloid, IFN alone is insufficient to instigate the full neuroinflammation 

program of DAM/MGnD (Supplemental 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 (42, 43, 89-91). Interestingly, Trem2 binds to ApoE and ApoJ, both of which are 

components of Aβ plaques (92-94), and the signaling pathway downstream of TREM2/DAP12 

complex has been shown to limit IFN production in innate immune cells (8, 95). Therefore, it would 

be worthwhile to dissect these concurrent signaling events in microglia upon interacting with 

complex amyloid. In addition, microglia subset(s) containing an IFN signature in mouse brains 

have been detected from single-cell expression profiling studies (57, 66, 96). Whether plaque-

associated microglia 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 (97-99). The profound activation 

of IFN pathway in MGnD microglia supports a notion that this unique microglia subset participates 

in neuropathology via IFN-mediated synapse elimination. Complement has been implicated in 
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synaptic pathologies in diverse neurological and neuropsychiatric diseases, in particular 

neurodegeneration (63, 64, 100, 101). Although neuronal activity can promote C3 expression 

during development (102), 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 critical role in neurodegenerative 

conditions, as shown by microglia-dependent generation of a neurotoxic subset of astrocytes (103, 

104). These so-called “A1 astrocytes” abundantly express C3 protein (103). One of our interesting 

observations is that C3 protein, primarily produced by activated astrocytes in AD mouse brain, is 

highly sensitive to IFN signaling. In 5XFAD mice, astrogliosis was unaffected by acute IFNAR 

blockade despite C3 downregulation (Supplemental 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 (Supplemental 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 manifest 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 (97, 105). Non-demented individuals can harbor significant amounts of both plaques 

and tangles, but remarkably lack robust glial activation present in AD counterparts, a feature that 

is associated with preserved synapses and neurons (106). Our study has identified subsets of Aβ 
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plaques in AD models that are immunogenic (i.e. NA+) or inert (i.e. NA-) with distinct consequential 

effects on synaptic health. It is plausible that plaques which accumulate in AD patients and in 

high-pathology, non-demented individuals differ 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 cognitively resilient individuals compared to AD cases. 

In this study, we chose to demonstrate the functional involvement of IFN pathway by employing 

a highly specific blocking antibody instead of 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 (107-109). 

Importantly, neurons lacking germline IFN signaling were shown to undergo spontaneous 

neurodegeneration (110). 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 (111).  

Age represents the most influential risk factor in the development of AD. In aged mice and human, 

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 (112). Moreover, 

microglia inside aged brain adopt an altered functional state with discernable IFN signature 

expression (66). Here, we have identified prominent microglial IFN response to NA+ Aβ plaques 

as a key factor promoting neuroinflammation and neuropathology in AD (Supplemental Figure 

34). These findings collectively lend a rationale to explore whether modulating IFN pathway could 

be useful in alleviating Alzheimer disease.   
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EXPERIMENTAL 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 AD patients were obtained from the University of Pennsylvania 

Center for Neurodegenerative Disease Research (CNDR). Written informed consent was 

obtained from all subjects. The cases used in this study are summarized in Supplemental Table 

S3.  
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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 four Aβ mouse models: (A) APPNL-G-F (6 mo, n=4-5 mice/genotype), (B) 5XFAD (6 
mo, n=4-5 mice/genotype), (C) APP;tTA (18 mo, n=10 mice/genotype), and (D) APP-PS1 (6.5 
mo, n=3 mice/genotype). 

(E) Wild-type 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 additionally presented in Supplemental Figure 6.  

For all panels, data are presented as mean ± s.e.m.; *p<0.05, **p<0.01, ***p<0.001 by two-sided 
t-tests; ns, not significant. 
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Figure 2 Nucleic acid-containing amyloid activates 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 2~5 animals were used for each treatment group. Microglial CD68 
staining is additionally shown in Supplemental Figure 1. 

(B) Quantification of Ifnb1 mRNA, secreted IFN 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 from stimulated primary microglial cultures.  n=3 
samples/treatment. 

For all panels, data are presented as mean ± s.e.m.; *p<0.05, **p<0.01, ***p<0.001 by one-way 
ANOVA with Sidak’s correction (A), two-sided t-tests (B), or two-way ANOVA with Tukey’s 
correction (C); ns, not significant. 
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Figure 3 Nucleic acid-containing Aβ plaques engage microglia in AD brain. 

(A) Representative confocal images of Aβ plaques in 5XFAD brain co-labelled 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-
labelled with monoclonal 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 ± s.e.m.; 
***p<0.001 by two-sided t-test. 

(C,D) Representative confocal images of Aβ (6E10), AO, and Clec7a in 5XFAD mice at three 
ages with quantification of AO+ plaque prevalence (3 mo, n=208 plaques from 3 animals; 6.5 mo, 
n=198 plaques from 3 animals; 10 mo, 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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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 (n=3, 3 mo) 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) Heat map of ISG expression determined by RNA-seq in sorted Clec7a+ and Clec7a- microglia 
from APP-PS1 versus control mice (n=6, 9 mo). “Significant” = p<0.05 (two-sided t-tests). All 
individual ISGs with significant differential expression are listed on the right.  GEO: GSE101689.  
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Figure 5 IFN activates microglia, initiates neuroinflammation, and leads to synapse loss. 

(A) Schematic of rIFNβ administration into wild-type mice via bilateral intracerebroventricular 
(i.c.v.) stereotaxic injection. 

(B) Transcriptional analysis of ISGs, microglial markers, and cytokines in cortical tissue of mice 
36 hours after vehicle (n=6 mice) or rIFNβ (n=5 mice) injection.  

(C) Representative confocal images of CD68 and 3D skeletonization of Iba1+ microglia from 
hippocampi (CA1) of vehicle- and rIFNβ-injected mice. Scale bar, 10 μm. Total dendrite length of 
microglia (n=135-192 cells from 5-6 mice/treatment) and CD68+ occupancy (% of Iba1+ cell 
volume; n=5-6 mice/treatment) is quantified. Additional analysis is shown in Figure 15.  

(D) (Left) Representative confocal images of Stat1, Iba1 and PU.1 on brain tissues from vehicle- 
and rIFNβ-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 dendritic 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 rIFNβ (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 
labelled by synaptophysin (Syp) and PSD95, respectively, in hippocampi (CA1) of vehicle- and 
rIFNβ-injected mice. Scale bar, 2 μm. Quantification of puncta density for both synaptic 
compartments, and of degree of colocalization between the two markers. n=5-6 mice/treatment.  

For all panels, data are presented as mean ± s.e.m., or median and quartiles (dendrite length); 
*p<0.05, **p<0.01, ***p<0.001 by two-sided t-tests; ns, not significant. 
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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 mo) 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- non-
microglial 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, C). White signal represents overlap of all 3 channels. Scale bars, 
10 μm. Quantifications of total % 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 ± s.e.m., or median and quartiles (dendrite length); 
*p<0.05, **p<0.01, ***p<0.001 by one-way ANOVA with Sidak’s correction, or two-sided t-test 
(plaque load); ns, not significant. 
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Figure 7 IFN blockade rescues synapse loss in AD model. 

(A,C) Representative high-magnification images of pre- and post-synaptic terminals labelled 
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. Quantification of relative 
puncta density for both synaptic compartments, and of degree of colocalization between the two 
markers (C). n=2-5 mice/group. 

(B,D) Representative high-magnification images of subicular microglia co-stained 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 (D). n=2-5 mice/group. 

For all panels, data are presented as mean ± s.e.m.; *p<0.05, **p<0.01, ***p<0.001 by one-way 
ANOVA with Sidak’s correction; ns, not significant. 
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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 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 
rIFNβ in vitro (representative immunoblots from two 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 rIFNβ 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 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 two independent experiments). 

(F) Expression of complement transcripts in hippocampi of wild-type mice administered RNA-
containing amyloid 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 2~5 animals 
were used for each treatment group. 

For all panels, data are presented as mean ± s.e.m.; *p<0.05, **p<0.01, ***p<0.001 by two-sided 
t-tests (A, C, F), or one-way ANOVA with Sidak’s correction (D, G); ns, not significant. 
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Figure 9 IFN orchestrates C3-dependent synapse elimination. 

(A) Expression of C3 and Ifi27l2a mRNA in hippocampi of control or APPNL-G-F mice (10-12 mo) 
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, C) Representative confocal images of GFAP, C3 and Aβ (6E10) in control or 5XFAD mice (3 
mo) 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, E) Wild-type and C3 null mice were treated with bilateral i.c.v. administration of vehicle (n=3 
wild-type, n=4 C3-/-) or rIFNβ (n=3 wild-type, n=5 C3-/-) for 36 hours, similarly to the experiment in 
Figure 5A. (D) Quantification of relative puncta density for pre- and post-synaptic compartments 
(synaptophysin and PSD95, respectively), and of degree of colocalization between the two 
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 ± s.e.m.; *p<0.05, **p<0.01, ***p<0.001 by one-way 
ANOVA with Sidak’s correction; ns, not significant. 
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Figure 10 IFN pathway activation is manifested in human Alzheimer disease. 

(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. More 
representative images are shown in Supplemental Figure 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 
Supplemental Figure 27. 

(C, D) Heat maps showing group-averaged expression of human ISGs in post-mortem brain 
tissue (parahippocampal gyrus) from 175 human subjects stratified by clinical dementia rating 
(CDR) (C), and Braak score (D). For CDR: ‘NCI’=no cognitive impairment; ‘MCI’=mild cognitive 
impairment. Individual ISGs with differential expression are highlighted. See also Supplemental 
Figure 28 for other brain regions. 

(E, F) Correlations 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) Co-expression analysis between IFN pathway genes (yellow) and complement genes (green). 
Links inside the circle represent significant (P<0.8E-5) Spearman correlation coefficients between 
the genes (gray: r>0.6; blue: r<0.6). Co-expression 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). 

 

 

 

 

 

 

 

 

 



53 
 

 


	Graphical abstract

