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Abstract
Multiple lines of evidence indicate that immune signaling can impact the pathological progression in Alzheimer’s 
disease (AD), including amyloid deposition, tau aggregation, synaptic pathology and neurodegenerative trajectory. 
In earlier studies, we reported that intracerebral expression of the anti-inflammatory cytokines, Interleukin-10 
(Il10) and Interleukin-4 (Il4), increased amyloid β (Aβ) burden in TgCRND8 mice, a preclinical model of AD-type 
amyloidosis. As both Interleukin-10 receptor (IL10R) and Interleukin-4 receptor (IL4R) are upregulated in an age-
progressive manner in rodent models of AD and in specific regions of human AD brains, we hypothesized that 
a decoy receptor strategy specifically targeting Il10 and Il4 signaling could have a disease-modifying effect. We 
derivatized the ectodomains of mouse Il10R (sIl10R) and mouse Il4R (sIl4R) into corresponding recombinant 
solubilized receptor forms and delivered these intracranially into neonatal TgCRND8 mice or hippocampally 
into adult TgCRND8 mice with pre-existing Aβ deposits. AAV-mediated expression of sIl10R and sIl4R robustly 
attenuated Aβ burden in TgCRND8 mice when expressed neonatally while in the hippocampus injection cohort, 
AAV-sIl4R, but not sIl10R, reduced Aβ burden. sIl10R and sIl4R had opposing effects on microglial and astrocyte 
proliferation, with sIl10R generally reducing gliosis. RNAseq analysis showed that sIl10R likely acts as a microglial 
immune checkpoint inhibitor while both sIl10R and sIl4R expression show unexpected impacts on genes related 
to circadian rhythm. Notably, neither Il10 nor sIl10R expression altered tau pathology in two tau transgenic models, 
despite robust expression and impacts on glial proliferation. Together, these data reveal that decoy receptor 
mediated targeting of physiological Il10 or Il4 signaling can beneficially impact amyloid deposition and thus 
represent novel immunomodulatory approaches for AD therapy.
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Background
The involvement of the immune system preceding and 
accompanying the development of Alzheimer’s disease 
(AD) is now widely accepted. In addition to evidence 
from neuroimaging studies [1–5], genetic evidence sup-
porting this idea came from the discovery of immune 
gene variants, albeit rare, that modify the risk of AD [6]. 
In addition, several candidate AD-causal gene variants 
specific to neurons or oligodendrocytes have been identi-
fied, which may also affect the function of the immune 
cells in a non-cell autonomous manner. Recently available 
massive-level genome wide association meta-studies that 
were integrated with expression quantitative trait loci 
data show that at least 51% of AD-causal risk loci contain 
myeloid or microglial cell-specific genes [7, 8]. A prom-
ising study integrating AD endophenotypes with poly-
genic risk score approach at the individual patient level 
has revealed the early role of immune cell dysfunction 
in AD pathogenesis [5]. Overall, these findings validate 
the hypothesis that immune function is mechanistically 
related to AD etiology through multiple mechanisms.

The function of many of the AD-risk variants of 
immune genes (TREM2, ABCA7, PLCG2, ABI3) is to 
suppress microglial phagocytotic clearance of cellular 
debris, which could also extend to amyloid β (Aβ) and 
apoptotic cells [9]. However, in preclinical studies that 
investigated each of the causal immune gene variants in 
transgenic models of APP/Aβ and tau, the mechanisms 
have been less clear [10, 11]. While some studies report 
that suppressing microglial function reduces the patho-
logical burden of AD-associated Aβ and tau [12–14], 
others have shown that early glial activation mediated 
by cytokines could have a beneficial effect in preventing 
or clearing protein aggregates [15–17]. Indeed, we have 
shown previously that intracerebral overexpression of 
cytokines with canonical anti-inflammatory properties, 
Il4 and Il10, increased Aβ deposition [18, 19] whereas, 
we and others have observed the opposite with multiple 
canonical proinflammatory cytokines [15, 16, 20–23].

Decoy receptors are one of the various mechanisms 
that have been naturally found to negatively regulate 
cytokine function [24]. These receptors typically bind 
their cognate cytokines with high affinity, but they are 
unable to transduce the signals to downstream partners 
as they lack their cytoplasmic domains, thus blunting the 
cellular outcome and in many cases, scavenging the cyto-
kines from further activity. For example, soluble forms 
of ILR2 (sILR2) forms complexes with both pro-forms 
and mature forms of IL-1α and IL-1β, directly regulat-
ing IL-1 function [25]. Expression of Decoy receptor 3 
(DcR3), a soluble protein that can neutralize TNF-family 
members, was shown to be protective against AD-amy-
loidosis [26]. Decoy receptors against specific cytokines 
could be potentially used to block or scavenge selected 

ligands [27], thus acting as potential immune checkpoint 
inhibitors.

Based on our earlier studies that Il10 and Il4 worsen 
AD-amyloidosis [18, 19], we reasoned that blocking the 
action of these cytokines within the brain could have a 
protective effect by acting as immune checkpoint inhibi-
tors and preventing Aβ deposition. As opposed to over-
expression of activating cytokines, inhibiting the action 
of these anti-inflammatory cytokines within the brain 
represents a more physiologic blockade, and also avoids 
potential impacts of non-targeted whole-body inhibition 
of these pathways [28, 29]. Towards this, we expressed the 
ectodomains of Il10rα (soluble or sIl10r) or Il4rα (soluble 
or sIl4r) in the brains of neonatal or adult human mutant 
APP transgenic TgCRND8 mice using adeno-associated 
viruses (AAV). Intracerebral expression AAV-sIl4R atten-
uated Aβ deposition in both cohorts of TgCRND8 mice, 
while sIl10R was more effective in the neonatal cohort. 
Additionally, we confirmed that the Il10/sIl10R path-
way does not influence the neuropathology in transgenic 
models of tau. Overall, our results indicate that immune 
modifying therapies targeting specific cytokines have 
context-dependent effects as an anti-amyloid therapeutic.

Methods
Mice
Experiments were approved by the Institutional Animal 
Care and Use Committee at the University of Florida and 
Emory University. The TgCRND8 mice overexpressing 
amyloid precursor protein (APP) begin to develop Thio-
flavin-S positive Aβ amyloid plaques by 3 months of age 
and impaired performance in a fear-conditioning cogni-
tive task by 6 months of age. TgCRND8 mice were bred in 
house and housed three to five to a cage and maintained 
on ad libitum food and water with a 12 h light/dark cycle. 
We used two MAPT transgenic models maintained in-
house– the rTg4510 [30] and the JNPL3 models [31]. 
The rTg4510 model develops cortical and hippocampal 
degeneration within 6-months of age whereas the JNPL3 
mice (preferentially females) develop hindlimb paralysis 
correlated with tau aggregation in the spinal cord and 
brain.

AAV preparation
Recombinant AAV packaged in serotype 1 expressing 
sIl10R and sIl4R under the control of the cytomegalo-
virus enhancer/chicken β actin promoter (CBA) were 
generated as described previously [32]. Briefly, AAV 
vectors containing the transgene, promoter, WPRE and 
bovine growth hormone polyA were transfected, along 
with helper plasmids, in HEK293T cells. 48 h after trans-
fection, cells were harvested and lysed in the presence 
of 0.5% Sodium Deoxycholate and 50U/ml Benzonase 
(Sigma) by freeze thawing, and the virus isolated using 
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a discontinuous Iodixanol gradient followed by concen-
trating using Amicon Ultra filter 100,000 MWCO (Mil-
lipore). The genomic titer of AAV was determined by 
quantitative PCR.

Neonatal injections of recombinant AAV
Intracerebroventricular (ICV) injections of recombi-
nant AAV were carried out on neonatal day P0 or P2 as 
described previously [32]. Recombinant AAV serotype 1 
(1013 genomes/ml) encoding sIl10R, sIl4R, or GFP from 
the CBA promoter were administrated bilaterally into 
each cerebral ventricle (2 µL/hemisphere). Using this 
strategy, these soluble receptors were predominantly 
expressed within the neurons followed by secretion in 
the parenchyma. An additional cohort of control non-
injected mice was also added to the study. Mice were 
aged 3-months and euthanized. Brains were harvested 
and left hemibrain was fixed overnight in 4% parafor-
maldehyde at 4  °C followed by processing and paraffin 
embedding. The right hemibrain was snap frozen and 
then stored at -80 °C.

Hippocampal injections of recombinant AAV
6-months old TgCRND8 mice with preexisting amyloid 
pathology were injected stereotaxically with recombi-
nant AAV1 (1013 genomes/ml) encoding sIl10R, sIl4R, 
or GFP in the hippocampus using coordinates from 
Bregma: A/P − 2.2, L +/−1.6, D/V − 1.2. The AAVs were 
administrated bilaterally into each hippocampus (2 µL/
hemisphere) at a rate of 0.2 µL per min. An additional 
control cohort was injected with sterile PBS in the hip-
pocampus. At 9-months of age, mice were euthanized 
and brains processed as following: one hemibrain was cut 
at the injection site and embedded coronally, while the 
other hemibrain was freshly dissected to isolate frontal 
cortex and hippocampus within 2  mm around injection 
site and snap frozen in isopentane on dry ice for further 
biochemical analysis.

Biochemical assay for Aβ and immunoblotting following 
sequential extraction of brain tissue
Frozen brains (150  mg/mL) were sequentially extracted 
with RIPA buffer, 2% SDS, and 70% formic acid (FA) con-
taining protease inhibitor cocktail (Roche, Basel, Swit-
zerland) as described previously [18, 19]. Aβ levels from 
these three sequentially extracted cellular fractions were 
biochemically quantified using end-specific sandwich 
ELISA. Aβ40 was captured with mAb 13.1.1 (human 
Aβ35–40 specific; T.E. Golde) and detected by HRP-
conjugated mAb 33.1.1 (human Aβ1–16; T.E. Golde). 
Aβ42 was captured with mAb 2.1.3 (human Aβ35–42 
specific; T.E. Golde) and detected by HRP-conjugated 
mAb 33.1.1 (human Aβ1–16; T.E. Golde). ELISA results 

were analyzed using SoftMax Pro software (Molecular 
Devices, San Jose, CA).

15  µg of RIPA lysate was separated on 4–20% Tris-
Glycine gel (Novex, Invitrogen) and transferred to the 
Immobilon-FL PVDF membrane (MilliporeSigma). 
Membranes were blocked in 0.5% casein incubated with 
primary antibodies overnight at 4  °C (GFAP antibody: 
1:1000, Cell Signaling; Iba-1 antibody: Dako, 1:1000; 
β-actin antibody: 1:2000, Proteintech; β-actin anti-
body: 1:1000, Sigma; GAPDH: 1:1000, Sigma) and pro-
tein bands were visualized using the Li-Cor Odyssey M 
Infrared Imaging system (Li-Cor Biosciences, Lincoln, 
NE, USA). Relative band intensity was quantified using 
ImageJ software (National Institutes of Health).

Immunohistochemistry and thioflavin S histology
5 µm thick formalin-fixed paraffin embedded sections 
were used for all histology and immunohistochemistry 
studies. Thioflavin S tissue staining methods were fol-
lowed as previously described [32]. Paraffin embedded 
sections were immunohistochemically stained with the 
biotinylated pan-Aβ antibody Ab5 (1:500; T.E.G.), 33.1.1 
antibody (1:5000; T.E.G), Iba-1 antibody (1:1000; Wako), 
GFAP antibody (1:1000; Cell Signaling), Cd68 antibody 
(1:1000, Invitrogen), Tmem119 antibody (1:1000, Cell 
Signaling), Tmem119 antibody (1:2000, Synaptic Sys-
tems), V5 antibody (1:1000; Sigma) or FLAG antibody 
(1:1000; Sigma-Aldrich Inc, St. Louis, IL) followed by 
incubation in ImmPRESS Polymer Detection Reagent 
(Vector Laboratories, Burlingame, CA) and color devel-
opment in 3,3’-diaminobenzidine (DAB) substrate (Vec-
tor Laboratories, Burlingame, CA). Slides counterstained 
with hematoxylin were scanned by Aperio XT System 
(Leica Biosystems, Buffalo Grove, IL) and analyzed using 
the ImageScope program. In brief, at least three sec-
tions per sample, at least 30 μm apart, were imaged and 
plaque burden was quantified. For neonatal sIl4R cohort, 
plaque burden is indicated by actual number of amyloid 
deposits, whereas for the neonatal sIl10R and hippocam-
pal sIl10R and sIl4R cohorts, plaque burden is indicated 
by intensity of immunostaining. For Thioflavin S quan-
tification, one section per sample was used by a blinded 
observer to calculate the number of cored plaques per 
area using ImageJ. Aβ plaque number was calculated by 
two independent observers and averages used.

RNA extraction, RNA sequencing, NanoString codeset and 
data analysis
RNA extraction and sequencing
Brain hemispheres were pulverized under liquid nitro-
gen and RNA was extracted from pulverized hemi-
brain of mice expressing sIl10R, sIl4R or non-injected 
control (n = 4–6) using Trizol (Invitrogen, Waltham, 
MA) followed by a clean-up step using the RNeasy mini 
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extraction kit with on-column DNase treatment (QIA-
GEN, Hilden, Germany). A second-round of DNase treat-
ment (TURBO DNA-free kit, Ambion) was employed to 
remove any residual. RNA. RNA quality was determined 
with the Qubit RNA HS assay, and analyzed on a Eukary-
ote Total RNA Nano chip using Agilent Bioanalyzer 2100 
(Agilent Technologies, Santa Clara, CA). One microgram 
of total RNA was used to generate sequencing librar-
ies using the Illumina TruSeq RNA Library Prep kit v2 
which enriches for polyA tailed RNA. Libraries were 
sequenced on paired-end, 100  bp runs on the Nextseq 
500 (Illumina, San Diego, CA) using a pooling strategy to 
minimize batch effects from extraction, library prepara-
tion, and sequencing.

FASTQ alignment, gene counts, and differential expression 
analysis
FASTQ files were aligned against the mouse genome 
(GRCm39) and GRCm39.107 annotation using STAR 
[33] to generate BAM files. Gene counts were generated 
from BAM files using Rsamtools (​h​t​t​p​​s​:​/​​/​b​i​o​​c​o​​n​d​u​​c​t​o​​r​.​o​
r​​g​/​​p​a​c​​k​a​g​​e​s​/​r​​e​l​​e​a​s​​e​/​b​​i​o​c​/​​h​t​​m​l​/​R​s​a​m​t​o​o​l​s​.​h​t​m​l) and the 
“summarizeOverlaps” function with the GenomicAlign-
ments package v1.40.0 [34]. Differential gene expression 
(DEG) analysis was performed with DESeq2 package 
v1.44.0 using the “DESeq” function with default settings 
[35] which fits a generalized linear model for each gene. 
Subsequent Wald test P-values are adjusted for multiple 
comparisons using the Benjamini–Hochberg method 
(adjusted P-value, padj). Genes with a mean count of 
less than 10 were removed from further analysis. Pair-
wise changes in gene expression levels between groups 
(sIl10R versus uninjected mice or sIl4R versus uninjected 
mice) were used to identify DEGs. DEGs were defined 
as an absolute log2 fold change ≥ 0.5 and an adjusted 
P-value ≤ 0.05. Genes with an adjusted P-value of ≤ 0.05 
in either sIl10R vs. control or sIl4R vs. control compari-
sons were included in the Pearson correlation analysis 
and plot. Cell type signatures and functional pathway 
annotation using enrichment of DEGs were performed 
as previously described using goseq version 1.56.0 [36]. 
Graphs were generated with the tidyverse package ver-
sion 2.0.0 in R version 4.4.1.

Targeted transcriptomics with Nanostring codesets
Transcriptomic analysis was done using a custom 
NanoString codeset reported earlier [19] and a mouse 
Neuroinflammation codeset following the manufac-
turer’s instructions. RCC files from both codesets were 
imported into nSolver 4.0. Differential gene expres-
sion was determined from the raw count data using the 
DESeq2 package v1.44.0 as described above. Functional 
pathway analysis and cell type expression changes were 
conducted as described in the preceding section.

Human and mouse RNAseq data analysis
Data contained within Fig.  1 and Supplementary Fig.  1 
was downloaded from the AD Knowledge Portal hosted 
on the Synapse website, (project ID: syn2580853) and 
Single Cell Portal at Broad Institute. Two-way ANOVA 
with interaction effect of genotype and age were calcu-
lated with the stats package version 4.4.1 in R. Graphs 
were generated with ggplot2 package version 3.5.1 in R.

Statistical analysis
Data were analyzed statistically according to the meth-
ods specified in each figure legend. Data were compared 
by 1-way analysis of variance (ANOVA) with post-hoc 
Tukey’s multiple comparisons test unless mentioned 
otherwise in figure legend. All graphs were generated in 
GraphPad Prism (GraphPad Prism 9.0 Software, La Jolla, 
CA).

Data availability
The datasets generated and/or analyzed during the cur-
rent study are available from the corresponding authors 
on request. The RNAseq data described in Fig. 6 has been 
deposited in Synapse (Synapse ID: syn51941736).

Results
Rodent models of APP/Aβ and MAPT show elevated levels 
of Il10R and Il4R
Several lines of evidence have confirmed involvement 
of immune pathways in rodent models of AD, suggest-
ing a pathologic role of inflammatory signaling in dis-
ease etiology (reviewed in [11]). We have shown earlier 
that contrary to expectations, Il10 and Il4, two cytokines 
with canonical anti-inflammatory properties, exacerbate 
Aβ burden in the TgCRND8 model of AD [18, 19]. To 
fully understand if Il10 and Il4 could play a role in these 
disease scenarios through canonical receptor engage-
ment, we investigated the relative expression levels of 
the cytokines and receptors belonging to the Il10 and Il4 
family in mice (Fig.  1A). Using single cell data available 
from the atlas of the aging mouse brain (​h​t​t​p​​s​:​/​​/​s​i​n​​g​l​​e​c​
e​​l​l​.​​b​r​o​a​​d​i​​n​s​t​​i​t​u​​t​e​.​o​​r​g​​/​s​i​​n​g​l​​e​_​c​e​​l​l​​/​s​t​​u​d​y​​/​S​C​P​​2​6​​3​/​a​​g​i​n​​g​-​m​
o​​u​s​​e​-​b​r​a​i​n​#​s​t​u​d​y​-​v​i​s​u​a​l​i​z​e; [37]), we found that Il10rb is 
expressed in multiple cells found within the CNS, most 
notably microglia, leptomeningeal and arachnoid mem-
brane cells, endothelial cells, multiple types of vascular 
cells and pericytes (Fig.  1A) while Il10ra is mostly lim-
ited to microglia. Il4ra shows limited presence, mainly 
in microglia and hypendymal cells, while Il13ra1, an 
alternative Il-4 receptor, is expressed by microglia and 
several types of vasculature and barrier-associated cells 
(Fig.  1A). Il10 expression assessed by deep bulk RNA-
seq (> 100  M reads per sample) was essentially unde-
tectable in mice. In contrast, Il4 mRNA expression was 
relatively robust in mouse brain. These data suggest that 

https://bioconductor.org/packages/release/bioc/html/Rsamtools.html
https://bioconductor.org/packages/release/bioc/html/Rsamtools.html
https://singlecell.broadinstitute.org/single_cell/study/SCP263/aging-mouse-brain#study-visualize
https://singlecell.broadinstitute.org/single_cell/study/SCP263/aging-mouse-brain#study-visualize
https://singlecell.broadinstitute.org/single_cell/study/SCP263/aging-mouse-brain#study-visualize
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Fig. 1  Relative expression levels of IL10 and IL4 family of ligands and receptors in preclinical mouse models of AD and AD. A. Normalized FPKM values 
of mouse transcripts obtained from different cell types, indicated on bottom, was scaled using z-score. Data was obtained from the Single Cell Portal at 
Broad Institute. Expression scaling denotes gene expression scaled across all cell types and percent refers to % cells within a specific cell type expressing 
the gene. B-C. Graphs showing normalized counts of RNA transcripts from different ages (denoted on x-axis) of APP TgCRND8, APP/PS1 Line 85, MAPT 
rTg4510 and MAPT JNPL3 mice (B) and statistical analysis depicting genotype by age interaction of gene expression (C). Each datapoint, obtained from 
AMP-AD synapse database, indicates an individual sample. TG, transgenic for human transgene indicated on top panel; NTG, nontransgenic wild type 
genetic background-matched mice. 1-way Anova, *p < 0.05, **p < 0.01, ***p < 0.001. D. Normalized FPKM values of human transcripts obtained in each 
cell type, indicated on bottom, was scaled using z-score. Expression scaling denotes gene expression scaled across all cell types and percent refers to % 
cells within a specific cell type expressing the gene. Data was obtained from CZ CELLxGENE Discover platform. E. Graphs showing normalized counts of 
RNA transcripts from two different human brain regions collected from Mayo AD cohorts (temporal cortex, TCX and cerebellum, CER) and available from 
AMP-AD synapse database. Each datapoint indicates an individual sample. 1-way Anova. Patients with different diagnoses indicated on x-axis (Control, 
healthy non-dementia; AD, Alzheimer’s disease; PSP, Progressive Supranuclear Palsy; PA, Pathologic Aging)
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in mice, Il10 signaling is likely mediated by peripheral 
sources of Il10 while Il4 could likely be a part of a CNS-
intrinsic pathway. Analyzing mouse RNAseq data avail-
able from AMP-AD synapse database (Synapse project 
ID: syn2580853), we found an age-progressive increase 
in Il10RA, Il10RB, Il13RA1 and Il4RA in APP transgenic 
TgCRND8 mice and MAPT transgenic rTg4510 mice, 
while the levels in nontransgenic wild type mice did not 
vary with age (Fig. 1B). This is suggestive of a direct cor-
relation of cytokine signaling with increasing AD-type 
pathologies in these mice. In the APP/PS1 Line85 mice, 
the changes were less robust relative to age-matched wild 
type mice and did not show an age-dependent succes-
sive progression relative to each other (Fig.  1B). In the 
MAPT transgenic JNPL3 line, we observed age-progres-
sive increases in these receptors, though there was vari-
ance within each cohort (Fig.  1B). A combined analysis 
revealed an interaction of age and genotype for Il10ra 
RNA in JNPL3, Il10rb RNA in TgCRND8 and JNPL3, 
Il4ra RNA in Line85 and Il13ra1 RNA in TgCRND8 mice 
(Fig. 1C). Consistent with the single cell data, RNA cor-
responding to the cytokines themselves were scarcely 
detectable in these mice, even in advanced stages of AD 
neuropathology.

We analyzed the single cell data available from the 
Human Atlas available on CZ CELLxGENE Discover 
platform (​h​t​t​p​​s​:​/​​/​c​e​l​​l​x​​g​e​n​​e​.​c​​z​i​s​c​​i​e​​n​c​e​.​c​o​m; [38]), ​f​i​n​
d​i​n​g that both IL10RA and IL10RB were expressed in 
low levels at baseline (Fig. 1D). IL4R and IL13RA1 were 
expressed from CNS macrophages and endothelial cells, 
while IL10 and IL4 cytokine levels were below detec-
tion limit (Fig.  1D). Utilizing the dataset (Synapse ID: 
syn5550404) derived from entorhinal cortex and cerebel-
lum of healthy, AD, Progressive supranuclear Palsy (PSP), 
and ‘Pathologic Aging’ human subjects that have Aβ 
without dementia, we found IL13RA1 levels increased 
in AD patients (Fig. 1E). PSP subjects showed a lowering 
trend for IL4R and IL13RA1 (Fig. 1E). All other genes did 
not show clear disease-related patterns (Fig. 1E). Impor-
tantly, in contrast to mice, IL10 mRNA expression is vari-
ably detectable in the aged human brain, but IL4 is not. 
Of note, none of the transgenic mouse lines or human 
subjects showed appreciable levels of the other related 
receptors belonging to the IL10 and IL4 family– IL20RA, 
IL22RA1, IL22RA2, IL20RB, IL28R1/IFNLR1, IL2RG, 
IL13RA1 (Suppl Fig. S1).

Expression of sIl10R in early-deposition stages attenuates 
Aβ plaques
Given that Il10R and Il4R increases in an age-progressive 
manner in TgCRND8, the pro-amyloidogenic effects of 
Il10 and Il4 that we previously observed in these mice 
could have resulted from direct receptor engagement [18, 
19]. Based on this, we hypothesized that blocking these 

cytokine pathways using a decoy receptor strategy could 
reduce Aβ deposition. IL10 signaling requires the pres-
ence of heterotetramers of IL10Rα and IL10Rβ, where 
initial IL10 binding to its cognate site on IL10Rα subse-
quently allows the formation of signaling-competent het-
erotetramers [39]. The Il10 binding ectodomain of mouse 
Il10Rα was designated as soluble Il10 decoy receptor 
(sIl10R) and recombinant AAV1 with a V5-tagged recom-
binant sIl10R was delivered into neonatal TgCRND8 mice 
on day P2. Brains were harvested after 3-months show-
ing high levels of protein expression and gene expres-
sion (Suppl Fig. S2A). Analysis of a set of master cytokine 
transcripts showed no major changes in the mice, except 
for lowered Tnfα (p = 0.0083) in the sIl10R expressing 
mice relative to control (Suppl Fig. S2C). Analysis of Aβ 
using 33.1.1 immunostaining showed robust attenuation 
of pan Aβ immunostaining intensity levels, compared to 
control mice (Fig.  2A-B; ↓36.4%, p < 0.05). Thioflavin S 
analysis in whole forebrains showed reduction in cored 
plaques in the sIl10R expressing mice (Fig. 2C-D; ↓33.1%, 
p < 0.05). ELISA analysis of sequentially extracted brains 
showed that sIl10R preferentially reduced the formic acid 
(FA)-associated Aβ40 levels (↓49.1%, p < 0.05), without 
affecting the Aβ42 levels (Fig. 2E). Biochemical levels of 
SDS and RIPA-associated soluble Aβ40 or Aβ42 were not 
altered in these cohorts, relative to age-matched controls 
(Fig.  2F-G). Using Iba-1 and GFAP immunohistochem-
istry, we next investigated if sIl10R-mediated attenua-
tion in Aβ pathology was accompanied by concomitant 
reduction in microglial and astrocyte activation. Immu-
nohistochemistry (Fig.  2H-I; ↓1.5x, p < 0.01) and immu-
noblotting (Suppl. Fig. S3A; ↓4.2x, p < 0.05) for Iba-1 
revealed lower microglia numbers in sIl10R express-
ing mice, compared to control mice. Iba-1 immunohis-
tochemistry analysis on non-transgenic littermates of 
AAV-sIl10R expressing mice did not reveal any changes 
in microglial burden (Suppl. Fig. S3B), indicating that the 
reduction was related to the Aβ phenotype. The burden 
of Cd68 (activated microglia) or Tmem119 (homeostatic 
microglia) did not differ between the sIl10R-expressing 
and control mice (Suppl. Fig. S3C). Analysis of astrocytes 
using GFAP immunohistochemistry (Fig. 2J-K) or immu-
noblotting (Suppl. Fig. S3D) did not reveal any changes 
in the sIl10R-expressing mice compared to control mice, 
suggesting differential involvement of sIl10R on glial cell 
response to Aβ deposits.

Il10/sIl10R expression does not affect Tau pathology
Because Il10 and sIl10R had opposing effects in 
TgCRND8 mice consistent with the hypothesis that Il10 
worsened neuropathology, we wanted to establish the 
role of Il10/sIl10R signaling pathways in mouse models 
of tauopathy. First, we examined if expression of AAV-
Il10 via neonatal delivery influenced brain pathologies 

https://cellxgene.cziscience.com
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in the human P301L mutant MAPT transgenic rTg4510 
model. Intracerebral Il10 expression lowered total brain 
weights in 8-mo old rTg4510 male mice (Fig. 3A, ↓5.9%, 
p < 0.05). Using a targeted transcriptomic analysis, we 
confirmed Il10 expression in these cohorts (Suppl. Fig. 
S4A-B; log2Fold Change = 8.59; padj = 2.59E-30). We also 
noted that tau transcripts with exon10 inclusion (but not 
total tau RNA levels) were lowered in the Il10 express-
ing rTg4510 mice (Suppl. Fig. S4A-B; log2Fold change for 
MAPT_ex10= -0.82; padj = 0.001), which suggests that 
Il10 induction could be related to splicing of the tau gene. 
Overall, Il10 expression led to a profile associated with 
infection-associated immune cellular response, such as 
antigen processing and leukocyte-mediated cytotoxicity 
processes (Suppl. Fig. S4C). Expression of Il10 increased 
microglial gene expression, with elevated signatures con-
sistent with both a protective homeostatic response and 
a neurotoxic damage-associated response (Suppl. Fig. 
S4D). This was also reflected in increased Iba-1 (Fig. 3B-
C, ↑2.04x, p < 0.001) and cd11b (Suppl. Fig. S4E, ↑2.55x, 
p < 0.01) immunostaining in the Il10 expressing rTg4510 

mice compared to the control mice. Astrocyte gene 
expression profiles (Suppl. Fig. S4D) and GFAP immu-
noreactivity remained unaffected (Fig.  3D-E). Analysis 
of tau using PHF1 (pSer396/404) antibody and confor-
mation-sensitive MC1 and Alz50 antibodies, however, 
did not reveal any effect of Il10 expression on tauopathy 
(Fig.  3F-I; Suppl. Fig. S4F). We next tested if neonatal 
delivery of AAV-sIl10R would alter early tau pathogen-
esis or accumulation of mature tau pathology in rTg4510 
mice. We analyzed tau neuropathology at 4-mo of age 
(prior to cortical neurodegeneration) and at 6-mo of age 
(when mice show cortical degeneration), finding no sig-
nificant differences in either the levels of phosphorylated 
tau (pSer202: AT8) or misfolded tau (Alz50) between the 
sIl10R-expressing and control rTg4510 mice (Fig.  3J-Q). 
Additional immunohistochemistry analyses with Iba-1 
and GFAP antibodies also did not reveal any significant 
changes at either timepoint in the sIl10R expressing mice 
relative to control mice (Suppl. Fig. S5A-H). Additionally, 
we also tested if neonatally initiated expression of Il10 or 
sIl10R would influence lifespan in homozygous JNPL3 

Fig. 2  sIl10R overexpression attenuates amyloid deposition in young TgCRND8 mice. Neonatal TgCRND8 mice were injected in the cerebral ventricles 
with AAV-sIl10R (1E13 genomes/ml, 2 µl per ventricle) and brains were harvested at 3 months of age. Naïve age-matched mice were used as control. A-D. 
Representative sections showing pan-Aβ (A) and Thioflavin S (C) staining in the cortex of Tg mice. Scale, 50 μm. Quantification of the immunostaining 
intensity of amyloid plaques (B) and ThioS stained cored plaque counts (D) represented by mean ± standard error of the mean. Student’s two-tailed t test; 
*p < 0.05. E-G. FA, SDS and RIPA extracted Aβ42 and Aβ40 levels were detected by ELISA and plotted as scatter dot plot of mean ± standard error of the 
mean. 1-way ANOVA; *p < 0.05. n = 16 mice/group (A-D) and n = 8 mice/group (E-G). H-K. Representative sections showing Iba1 (H) and GFAP (J) stain-
ing in the cortex of TgCRND8 mice. GFAP and Iba-1 immunoreactivity burden was quantified using ImageScope analysis of staining intensity (I, K). Scale, 
50 μm. Student’s two-tailed t test; **p < 0.01. n = 16 mice/group
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mice, another MAPT transgenic rodent model expressing 
human mutant P301L tau. In female homozygous JNPL3 
mice, neither Il10 nor sIl10R altered lifespan (Suppl. Fig. 
S6A) or levels of phosphorylated tau at end-stage (Suppl. 
Fig. S6B).

Expression of sIl4R attenuates Aβ plaque deposition
IL4 is a cytokine with primarily anti-inflammatory prop-
erties whose physiological role is overlapping with and 

complementary to IL10 [40]. Previously, we found that 
AAV-Il4 expression also increased Aβ plaques [18], remi-
niscent of the effect of Il10 [19]. Here, we examined if 
a decoy receptor designed against Il4 would affect Aβ 
deposition. The recombinant sIl4R decoy receptor (sIl4R) 
containing the ligand-binding extracellular domain of 
full-length mouse Il4Rα was inserted into the AAV1 vec-
tor. We confirmed expression of sIl4R in the brain fol-
lowing neonatal delivery of recombinant AAV1 in the 

Fig. 3  Neonatally initiated Il-10 or sIl10R expression does not alter tau pathology in rTg4510 mice. Neonatal rTg4510 mice were injected with AAV-Il10 
in the cerebral ventricles and brains were harvested at 8 months of age. Naïve age-matched mice were used as control. A. Whole brain weights were 
collected immediately after euthanasia. B-E. Representative sections from male and female mice showing Iba1 (B), and GFAP (D) staining in mice brain. 
Scale, 50 μm (inset), 200 μm (main panel). Panel insets are zoomed depictions from cortex. Immunoreactivity was quantified using ImageScope analysis 
of antibody staining intensity from cortex and hippocampus and graphed (C, E). F-I. Analysis of tau pathology in Il10 expressing 8-month old rTg4510 
mice. Representative sections showing PHF1 (F-G) and Alz50 (H-I) immunostaining along with corresponding immunoreactivity burden (G, I) from Il10 
expressing rTg4510 mice and controls. Immunoreactivity was quantified using ImageScope analysis from cortex and hippocampus and graphed. Scale, 
50 μm. n = 7–8 mice/group (red, female mice; blue, male mice). J-Q. Neonatal rTg4510 mice received AAV-sIl10R in their cerebral ventricles and brains 
were harvested at 4 months (J, K, N, O) or 6 months (L, M, P, Q) of age. Naïve age-matched mice were used as control. Representative sections showing 
AT8 (J-M) and Alz50 (N-Q) along with corresponding immunoreactivity burden (K, M, O, Q) from sIl10R expressing rTg4510 mice and controls. Immuno-
reactivity burden was quantified using ImageScope analysis from cortex and hippocampus and graphed. Scale, 50 μm. n = 6–11 mice/group (red, female 
mice; blue, male mice)
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Fig. 4 (See legend on next page.)
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cerebral ventricles of TgCRND8 mice (Suppl. Fig. S2B). 
Analysis of a set of master cytokine transcripts showed 
no major changes, except for increased Il10 (p = 0.0215) 
in the sIl4R expressing mice (Suppl Fig. S2C). At 3-mo of 
age, examination of amyloid pathology using immunohis-
tochemistry revealed reduction in Aβ plaque number in 
the cortex and hippocampus relative to age-matched con-
trols (Fig. 4A-B; ↓65%, p < 0.001). This was biochemically 
confirmed by ELISA which showed significantly reduced 
levels of FA-associated Aβ42 and Aβ40 (Fig.  4C; ↓33%, 
p < 0.05 for Aβ42 and ↓45%, p < 0.0001 for Aβ40). Simi-
larly, SDS-associated Aβ42 and Aβ40 were also reduced 
in sIl4R-expressing mice (Fig.  4D; ↓50%, p < 0.001 for 
Aβ42 and ↓47%, p < 0.01 for Aβ40). RIPA-soluble levels of 
Aβ40 and Aβ42 were not altered in the presence of sIl4R 
(Fig.  4E). We analyzed if sIl4R-mediated reduction in 
Aβ was also accompanied by a concomitant attenuation 
of gliosis. Unexpectedly, we observed that both microg-
lial proliferation (Fig.  4F-G; Iba-1, ↑2.2x, p < 0.01) and 
astrocyte proliferation (Fig.  4H-I: GFAP, ↑1.6x, p < 0.01) 
increased in sIl4R-expressing TgCRND8 mice relative to 
age- and genotype-matched controls.Furthermore, this 
result was confirmed by Iba-1 immunoblotting dem-
onstrating higher microglia numbers in sIl4R express-
ing mice, compared to control mice (Suppl. Fig. S7A). 
The burden of Cd68 (indicating activated microglia) was 
increased in sIl4R-expressing mice, however, the burden 
Tmem119 (homeostatic microglia) did not differ between 
the sIl4R-expressing and control mice (Suppl. Fig. S7B; 
Cd68, ↑1.7x, p < 0.05). GFAP immunoblotting showed a 
higher, albeit statistically insignificant, trend in the sIl4R-
expressing animals (Suppl. Fig. S7C).

Post-plaque expression of sIl10R and sIl4R has differential 
effects on Aβ deposition and glial proliferation
The prophylactic studies of the decoy receptors described 
above were conducted in separate cohorts of mice at 
University of Florida and Emory University. To further 
assess the ability of these decoy receptors to impact 
amyloid deposition and enable a direct head-to-head 
comparison in a therapeutic setting, we stereotaxically 
delivered AAV-sIl10R or AAV-sIl4R in the hippocam-
pus of 6-mo old TgCRND8 mice and aged these to 9-mo. 
We confirmed the expression of these transgenes using 
immunohistochemistry (Suppl. Fig. S2D). We found that 

sIl10R expression modestly lowered the total hippocam-
pal Aβ burden (↓10%, p = 0.2912) and Thioflavin-S cored 
plaque number (↓13%, p = 0.2982) (Fig.  5A-D). On the 
other hand, ELISA analysis showed that sIl10R expres-
sion preferentially reduced SDS-associated Aβ42 (↓44%, 
p = 0.158 for FA-Aβ42 and ↓47%, p < 0.05 for SDS-Aβ42), 
without altering FA-associated or SDS-associated Aβ40 
levels (Fig.  5E-F). The RIPA-soluble levels of Aβ42 or 
Aβ40 were not affected by sIl10R expression (Fig.  5G). 
We did not observe any significant changes in gliosis in 
sIl10R expressing mice relative to controls, when exam-
ined using Iba-1 and GFAP antibody immunostaining 
(Fig.  5H-K). Neither Cd68-positive reactive microglia, 
nor Tmem119-positive homeostatic microglia burdens 
were altered in sIl4R and sIl10R-expressing mice relative 
to controls (Fig. S7D).

In the intrahippocampal cohort that was analyzed 
at 9-mo of age, sIl4R expression initiated in 6-mo old 
TgCRND8 mice led to significantly lower amyloid bur-
den (Fig.  5A-B; ↓24%, p < 0.05). However, we did not 
observe any changes in the Thioflavin-S levels in these 
two groups compared to control TgCRND8 mice, indi-
cating that cored plaque pathology was unaffected by 
sIl4R expression (Fig. 5C-D). There was selective reduc-
tion in SDS-associated Aβ42 relative to the control mice 
(Fig.  5E-F; ↓43%, p = 0.1654 for FA-Aβ42 and ↓64%, 
p < 0.01 for SDS-Aβ42). While the FA-soluble Aβ40 
was unchanged between the two groups, SDS-associ-
ated Aβ40 levels were modestly decreased in the sIl4R 
expressing TgCRND8 mice (Fig.  5E-F; ↓64%, p > 0.99). 
These observations indicated that sIl4R had differential 
preferences for attenuation of Aβ species detected using 
biochemical methods that capture a broader spectrum 
Aβ versus immunohistochemical methods that preferen-
tially recognize Aβ deposits. Soluble levels of Aβ42 and 
Aβ40 in the RIPA fraction remained unaltered in sIl4R-
expressing and control TgCRND8 mice (Fig.  5G). We 
also examined glial proliferation using Iba-1 and GFAP 
immunostaining. sIl4R expression increased astrocytosis 
(↑1.4x, p < 0.01) but only modestly increased microgliosis 
(↑1.2x, p = 0.0607) when compared to the control mice 
(Fig. 5H-K).

(See figure on previous page.)
Fig. 4  sIl4R delays amyloid deposition in young TgCRND8 mice
Neonatal TgCRND8 mice were injected in the ICV with AAV-sIl4R (1E13 genomes/ml, 2 µl per ventricle) and brains were harvested at 3 months of age. 
Control mice were injected with saline. A-B. Representative sections showing pan-Aβ (A) staining in the cortex and hippocampus of Tg mice. Scale, 
250 μm. Forebrain plaque count in three non-consecutive sections represented by mean ± standard error of the mean (B). Student’s two-tailed t test; 
***p < 0.001. n = 11–12 mice/group. C-E. FA-, SDS- and RIPA -extracted Aβ42 and Aβ40 levels were detected by ELISA and plotted as scatter dot plot of 
mean ± standard error of the mean. Aβ42 and Aβ40 levels were quantified with 1-way ANOVA; *p < 0.05; **p < 0.01, ***p < 0.001, ****p < 0.0001. n = 11–12 
mice/group. F-I. Representative sections showing Iba-1 (F) and GFAP (H) staining in the cortex and hippocampus of Tg mice. Iba-1 and GFAP immunohis-
tochemistry burden was quantified using ImageScope analysis of staining intensity (G, I). Scale, 250 μm (main panel), 50 μm (insets). Student’s two-tailed 
t test; ***p < 0.001. n = 11–12 mice/group. Student’s two-tailed t test; **p < 0.01
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Fig. 5  Intrahippocampal expression of sIl10R and sIl4R prevents acceleration of amyloid deposition in aged TgCRND8 mice. 6-month-old TgCRND8 
mice were stereotaxically injected in the hippocampus with AAV-sIl10R and AAV-sIl4R and aged to 9 months of age. AAV-GFP was used as control. A-D. 
Representative sections showing pan-Aβ (A) and Thioflavin S cored Aβ deposits (C) staining. Scale, 250 μm. Quantification of the forebrain amyloid immu-
nostaining intensity burden and Thioflavin S stained cored plaque count in three non-consecutive sections represented by mean ± standard error of the 
mean (B, D). 1-way ANOVA, *p < 0.001. E-G. FA-, SDS- and RIPA-extracted Aβ42 and Aβ40 levels were detected by ELISA and plotted as scatter dot plot of 
mean ± standard error of the mean. Aβ42 and Aβ40 levels were quantified with 1-way ANOVA; **p < 0.01, ***p < 0.001, ****p < 0.0001. H-K. Representative 
sections showing Iba-1 (H) and GFAP (J) staining. Scale, 250 μm (main panel), 50 μm (inset). Iba-1 and GFAP immunohistochemistry burden was quantified 
using ImageScope analysis (I, K). 1-way ANOVA, *p < 0.001. 1-way ANOVA; **p < 0.01. n = 5 mice/group
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Transcriptome analysis reveals differential outcomes of 
decoy receptor expressing TgCRND8 mice
We used RNAseq to assess gene expression changes due 
to sIl10R and sIl4R expression in TgCRND8 mice relative 
to age- and genotyped matched controls in the neonatal 
cohort. We first confirmed sIl10R expression (Il10ra, log2 
fold change = 4.92, padj = 4.45E-72) (Fig.  6A). In total, 
1237 genes were significantly up- or down-regulated in 
the sIl10R cohort (p < 0.05), with 10 reaching statistical 

significance of padj < 0.05 following adjustment for mul-
tiple testing (Fig. 6A). Among the up-regulated genes that 
survived correction for multiple testing were Il10ra, Nos-
trin and Ranbp2 (Fig.  6A). Nostrin is expressed exclu-
sively in endothelial cells and its overexpression inhibits 
eNOS-dependent NO production [41], suggesting atten-
uation of vascular oxidative stress [42]. Ranbp2 influences 
energy homeostasis and glycolysis pathways critical to 
neuronal viability [43]. Together, this would suggest that 

Fig. 6  Unbiased transcriptomic analysis of TgCRND8 mice expressing sIl10R and sIl4R. A-C. Volcano plot based on fold change (red, upregulated genes, 
blue, downregulated genes) with list of top 10 altered genes (A) and GO pathways based on enriched genes (B) in 3-month-old TgCRND8 mice express-
ing sIl10R relative to control mice. padj, p-values adjusted for multiple comparison; FC, fold change. AD-associated astrocyte or microglia functional 
subtypes were tabulated in these mice (C). D-E. Volcano plot based on fold change (red, upregulated genes, blue, downregulated genes) with list of 
top 10 altered genes (D) and GO pathways based on enriched genes (E) in 3-month-old TgCRND8 mice expressing sIl4R relative to control mice. padj, 
p-values adjusted for multiple comparison; FC, fold change. F. PPI analysis in sIl4R expressing TgCRND8 mice using STRING revealed an enriched network 
of genes consistent with circadian rhythm function. n = 6mice/group. G. Correlation graph showing significantly changed genes in AAV-sIl10R and sIl4R 
expressing mice plotted by log2 fold change Genes with congruent changes (grey) are in the upper right (up-regulated) and lower left (down-regulated) 
quadrants. Unique changes in gene expression (blue) are shown in the upper left quadrant (up-regulated in sIl10R but down-regulated in sIl4R) and the 
lower right quadrant (down-regulated in sIl10R but up-regulated in sIl4R). Spearman’s correlation analysis was performed and results are indicated. H. 
GO-seq analysis of the genes that were differentially altered in the sIl10R and sIl4R expressing TgCRND8 mice. I. Differential changes in circadian pathway 
(Reactome) in sIl10R and sIl4R expressing TgCRND8 mice based on normalized z-score (scale depicted below). DEG, differentially expressed genes; GO, 
gene ontogeny; Hm, homeostatic; MGnD, neurodegenerative microglia; PPI, protein protein interaction; padj, p-values adjusted for multiple comparisons. 
n = 6mice/group
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sIl10R-induced Aβ reduction mitigated stress signaling 
pathways. Among the down-regulated transcripts were 
Tmem40 and Myo7a. Both Tmem40 and Myo7a are pres-
ent in mouse microglia/macrophages and absent in neu-
rons and astrocytes (https://brainrnaseq.org), possibly 
consistent with reduced microgliosis in sIl10R express-
ing mice. Goseq analysis of the differentially expressed 
genes (DEG) overwhelmingly point to a mechanism 
involving immune pathways in these mice, especially in 
those pathways corresponding to down-regulated genes. 
Among the down regulated pathways are regulation of 
lipopolysaccharide-mediated signaling (BP, p = 5.4E-06), 
positive regulation of immune response (BP, p = 2.25E-
05), regulation of autophagy (BP, p = 0.000378) and 
NOD-like receptor signaling pathway (KEGG, p = 0.024) 
(Fig. 6B). Enrichment analysis of upregulated genes iden-
tified positive regulation of α/β T cell differentiation (BP, 
p = 0.00128), reactive oxygen species metabolic process 
(BP, p = 0.0057), cell adhesion (BP, p = 0.013), immune 
system process (BP, p = 0.037), cytokine-cytokine recep-
tor interaction (KEGG, p = 0.0006) and chemokine sig-
naling (KEGG, p = 0.024) (Fig. 6B). This indicates that in 
the context of Aβ, sIl10R could function as an immune 
checkpoint inhibitor. Examination of cell-types spe-
cifically affected in the sIl10R expressing mice revealed 
modest changes in cell-type specific gene expression, 
mostly in neurons, myelinating oligodendrocytes and 
endothelial cells (Suppl. Fig. S3F; p = 0.025 for neurons, 
p = 0.045 for oligodendrocytes; p = 0.023 for endothelial 
cells), with no global alterations in astrocytic, microglial 
or pericyte DEGs. Assessment of different astrocyte and 
microglial signatures associated with neurodegenera-
tive diseases (reviewed in [44]) showed reduction in A1 
astrocyte and increased homeostatic microglia (Fig.  6C; 
p = 0.036 for A1 astrocyte; p = 0.00068 for homeostatic 
microglia). No significant changes were observed in gene 
expression corresponding to A2 astrocyte or AD-associ-
ated neurodegenerative MGnD microglia (Fig. 6C).

In the AAV-sIl4R cohort, the most highly altered tran-
script was Il4ra (log2 fold change = 5.17, padj = 2.55E-78) 
confirming the expression of the transgene decoy receptor 
(Fig. 6D). A total of 1335 genes were significantly altered, 
with 20 genes that survived adjustment for multiple com-
parisons. Il4ra, Appl1, Copa and Pcolce2 are some of the 
genes that were significantly altered in the sIl4 express-
ing TgCRND8 mice (Fig.  6D). Appl1 (Adaptor Protein, 
Phosphotyrosine Interacting With PH Domain And Leu-
cine Zipper 1) is a multi-functional protein that regulates 
immune response and endosomal trafficking. Similarly, 
Copa (COPI Coat Complex Subunit Alpha) is a subunit 
of the coatomer that regulates intracellular protein trans-
port from the ER to the trans Golgi network. Pcolce2, or 
procollagen C-endopeptidase enhancer 2, is an extracel-
lular matrix glycoprotein involved in multiple functions, 

including cholesterol transport. Pathway analysis of 
downregulated genes that were statistically enriched 
in sIl4R expressing TgCRND8 (p-value < 0.05) revealed 
several metabolic pathways such as circadian rhythm 
and hormone processes (GO:0042752, p = 0.00372; 
GO:0042445, p = 9.73e-04), thermogenesis (GO:1990845, 
p = 0.0107) and cancer (KEGG 05200, p = 0.0218) were 
affected (Fig. 6E). Enriched processes that were upregu-
lated belong to immune pathways, such as response to 
IL-1 (GO:0070555, p = 7.48e-04) and JAK-STAT signaling 
(KEGG 04630, p = 1.94e-03), which would be consistent 
with increased gliosis observed with immunohistochem-
istry (Fig. 6E). Protein-protein interaction analysis in the 
sIl4R expressing mice using STRING confirmed a circa-
dian rhythm cluster that forms a physical sub-network 
(CL:5061; FDR = 0.00039) (Fig.  6F). This was related to 
differential expression of RNAs corresponding to clock 
genes in these mice, such as Per3 (padj = 0.014) and 
Arntl/Bmal3 (padj = 0.024) (Fig.  6D, table). We did not 
observe any alterations in cell type-specific DEG profiles, 
such as DAM, MGnD or PIG that are typically associated 
with neurodegenerative microglia (data not shown).

Differential hub genes underlie the phenotypes observed 
in sIl10R and sIl4R expressing TgCRND8 mice
Comparing the DEGs (p < 0.05) in the sIl10R and sIl4R 
expressing cohorts, we found that the DEGs were only 
modestly correlated (correlation coefficient = 0.26, 
p < 2.2E-16) (Fig.  6G). While genes related to transcrip-
tion (Egr1, Egr2, Rps15a, Rpl29) and myeloid signaling 
(S1009) are changed similarly in both groups, notable fac-
tors involved in axonal growth (Ninj2), vesicle transport 
and coat proteins (Sec24d, Plin4) and neurotransmitters 
(Pmch) are uniquely altered in the two cohorts. GO anal-
ysis of transcriptome that is downregulated in sIl10R-
expressing mice but upregulated in sIl4R mice identified 
pathways related to DNA methylation (p = 3.5E-05) and 
regulatory pathways related to lymphocytes and leuko-
cytes (p < 0.00012) (Fig.  6H). Pathways that are upregu-
lated in sIl10R mice but downregulated in sIl4R mice 
identified ensheathment of neurons (p = 0.0003) and 
several pathways related to circadian rhythm and sleep 
(p < 0.001) (Fig.  6H). Regulation of circadian rhythm 
was also significantly enriched in DEG that were simul-
taneously enriched in sIl10R and sIl4R-expressing mice 
(p = 0.008) but in opposing directions, suggesting that this 
pathway was generally associated with decoy receptor 
expression. We examined the individual expression lev-
els of the core circadian rhythm genes in the two cohorts 
(Reactome: R-HAS-400253), identifying specific clusters 
of co-expressed genes related to circadian cycle that are 
differentially altered in the decoy receptor expressing 
mice in the context of Aβ reduction (Fig.  6I). Together, 

https://brainrnaseq.org
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this analysis reveals an unexpected involvement of circa-
dian processes in these two treatment groups.

Discussion
An abundance of gliosis and emergence of dysfunc-
tional activation patterns of brain immunity character-
ize neurodegenerative diseases, such as AD [10, 11, 45]. 
Following up on previous studies demonstrating the pro-
amyloidogenic effects of Il10 and Il4 [18, 19], here we 
tested if a decoy receptor strategy against these cytokines 
would mitigate AD-typical amyloid and tau pathology. 
We show that (a) intracerebral expression of both sIl10R 
and sIl4R effectively prevent Aβ deposition when present 
prior to plaque onset; (b) sIl10R and sIl4R have oppos-
ing effects on astrocyte and microglial proliferation in an 
AD-amyloidosis model; (c) sIl4R preferentially reduced 
Aβ when expressed after plaque onset, indicating thera-
peutic efficacy; (d) RNAseq analysis indicates that sIl10R 
and sIl4R mediated plaque reduction was associated with 
unique immune profiles; and (e) neither sIl10R nor Il10 
had measurable effects on tau proteinopathy. Together, 
our data adds to the growing understanding of the con-
cept of immunoproteostasis [11], where we posited that 
engagement of specific immune signaling pathways could 
have context-dependent outcomes, such as the extent of 
proteinopathy burden (prodromal vs. advanced) and the 
type of prevalent proteinopathy burden (Aβ vs. tau).

Decoy receptors hold promise as effective modalities in 
mitigating immune and metabolic disorders [46]. These 
are primarily receptor ectodomains that bind ligands, 
without being able to transduce downstream signaling, 
thus essentially blocking ligand signaling. One of the 
best-known decoy receptors used in the clinic is etaner-
cept, a dimerized form of soluble TNF-RII conjugated 
to human IgG1, that can bind with high affinity to TNFα 
and effectively treat rheumatoid arthritis [47]. While such 
therapies have not yet been validated for neurodegen-
erative diseases in general, we had earlier established the 
efficacy of utilizing solubilized forms of Toll-like recep-
tors as an anti-amyloidogenic reagent through direct 
binding to Aβ [32]. This current study is an extension of 
this alternate paradigm for AD immuno-biotherapy by 
utilizing naturally occurring receptor decoys for Il10 and 
Il4. A soluble homolog of the IL10R has been identified 
from placenta [48] while a natural soluble form of IL4R 
is produced in the serum following proteolytic shedding 
[49]. Because these are physiologically tolerated, they 
could, in theory, serve as safe anti-Aβ reagents.

Our data indicates that the soluble immune receptors 
targeting the Il10 and Il4 pathways reduce Aβ pathol-
ogy through unique pathways. Immunohistochemistry 
analyses demonstrated that these soluble receptors have 
unique effects on microgliosis and astrocytosis, with 
sIl4R expression increasing microgliosis and astrocytosis, 

even when the Aβ burden was substantially reduced. 
sIl4R expression was also associated with increased tran-
scription of JAK-STAT signaling pathway and response 
to Il-1. On the other hand, sIl10R reduced microglial 
proliferation, increased gene expression indicative of 
homeostatic microglia, and mitigated AD-type signaling 
profiles. This data from the prophylactic study points to 
sIl10R influencing several immune pathways, consistent 
with an immune checkpoint inhibitor function. Simulta-
neously, we observed that genes related to circadian path-
ways and sleep featured commonly in both groups. PPI 
analysis confirmed that sIl4R expression altered diurnal-
related pathways, including circadian function and ther-
mogenesis. Sleep-wake cycle is disrupted early in AD, 
and this desynchronization is mechanistically connected 
directly to Aβ levels (reviewed in [50]). Global loss of 
function of the clock gene Bmal1 that drives the circadian 
diurnal control of sleep-wake cycle increased Aβ depo-
sition, which was not observed in CNS-specific deletion 
of Bmal1 [51]. Recent studies have confirmed that the 
molecular and functional properties of microglia, includ-
ing immune gene expression and phagocytotic response, 
are tightly regulated in a diurnal manner by microglial 
clock genes [52, 53]. In our study, core circadian genes 
were altered in the brains of both sIl10R and sIl4R mice, 
albeit in different directions, raising the possibility that 
one of the mechanisms by which decoy receptor engage-
ment reduces Aβ could be tied to the local circadian 
clock function in microglial populations.

Transcriptome data from both human subjects and 
AD mouse models show that while cytokine receptors 
increase with disease pathology, there is no change in the 
brain cytokine transcripts. This suggests that the Il10R 
and Il4R could engage with their cognate ligands that are 
primarily originating in the periphery. Indeed, previous 
data shows that microglia do not typically produce Il10 
and leucocyte-derived Il10 communicates with brain-res-
ident microglia to prevent its hyperactivation [54]. The 
contribution of peripherally sourced cytokines remains 
an important but underappreciated facet in the AD cas-
cade [55].

In the prophylactic paradigm, where sIl10R and sIl4R 
expression were initiated prior to onset of Aβ plaque 
deposition, we observed robust attenuation in both Aβ 
burden as well as Thioflavin-S reactive cored Aβ plaques. 
In the treatment paradigm, where the decoy recep-
tors were delivered in mice with pre-existing robust Aβ 
pathology, we observed that sIl4R, but not sIl10R, was 
able to reduce Aβ burden. Notably in this paradigm, nei-
ther decoy receptor was able to reduce the levels of Thio-
flavin S-reactive cored plaques, indicating that once Aβ 
plaques are assembled into dense-core deposits, they are 
resistant to being cleared.
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In previous studies, we and others have observed that 
engagement of immune factors have opposing effects on 
Aβ and tau pathologies [36, 56, 57]. One unexpected out-
come of this study was that IL10 expression did not trig-
ger tau pathology, in spite of its robust effects on innate 
immunity (this study) and Aβ [19]. Previous experimen-
tal evidence, including transcriptomic analysis on tau 
transgenic and human brains, have suggested that tau eti-
ology is connected to microglial and astrocytic activation 
[1, 58–60]. In particular, a recent report indicated that 
endotoxicosis in an Il10 deficient background induced 
phosphorylation of mouse tau by up-regulating neuro-
inflammation [58]. We observed that Il10 expression in 
rTg4510 mice was followed by increased microglial acti-
vation, without astrocyte proliferation being affected. 
Il10 also increased the expression of genes that are part 
of the AD/Aβ-associated dysfunctional microglial profile, 
such as DAM, MGnD and PIG (reviewed in [44]). How-
ever, Il10 did not accelerate tau phosphorylation or mis-
folding in tau transgenic mice in our study. This leads us 
to conjecture that in AD, presence of Aβ and tau are both 
required for the neurodegenerative cascade downstream 
of the activation of these immune phenotypes.

Though our data suggests that inhibition of intracere-
bral Il4 or Il10 signaling via decoy receptors could rep-
resent a novel approach to AD immune therapy, the 
differences in the brain expression of these cytokines 
between mice and humans, may present a translational 
dilemma. IL10 mRNA is detected in the human brain 
but not the mouse brain, and conversely IL4 mRNA is 
not detected in human brain but is detected in the mouse 
brain. However, given that many insights derived from 
the study of Il10 and IL4 signaling in mice have trans-
lated into human therapies or therapeutic strategies 
[61–63], it is unclear whether this difference in cyto-
kine expression in humans is more than an interesting 
observation. Indeed, our data showing the sIl10R decoy 
alters signaling within the brain, strongly suggests that 
this decoy is blocking actions of peripherally-produced 
Il10 on the brain receptors. Indeed, we and others have 
measured Il10 in the brains of naïve mice [19, 54, 64] 
and together with the RNAseq data, it appears that Il10 
is not expressed, even in the presence of long-standing 
pathology.

Untargeted whole-body immune manipulation, espe-
cially those that are immune activating, are almost always 
associated with side effects that can limit effectiveness of 
the therapy. For example, pharmacological blocking of 
Il10 using antibodies, decoy receptors or small molecules 
administered peripherally could carry the unintended 
risk of autoimmune diseases of the gut, hepatic damage 
in patients with chronic infection and general immuno-
logic anergy [65]. Likewise, while monoclonal antibod-
ies against IL4 are already in clinical trials for atopic 

dermatitis, concerns remain regarding its side effects 
on immune susceptibility following continued use [66]. 
On the other hand, using AAV could potentially allow 
for brain-targeted delivery of soluble immune receptors 
that restrict these signaling pathways locally [67]. To our 
knowledge, this is the first example of immune cytokine 
decoy expression in the brain, that results in a beneficial 
impact on an extracellular Aβ proteinopathy. We did not 
observe significant influence of sIl10R in progression of 
tau pathology or misfolding in tau transgenic mice, which 
indicates that sIl10R does not have detrimental effects on 
tau. Overall, this and our previous study [32] establish 
the broad functional framework of decoy receptor strat-
egy as disease-modifying therapies in the context of AD. 
Surprisingly, the RNAseq data reveal relatively minor 
impacts on gene expression, suggesting this type of tar-
geted delivery approach may circumvent potential tox-
icities. The RNAseq data showing impacts on circadian 
rhythm gene expression of the decoy receptor expres-
sion is intriguing. Cytokine signaling pathways have been 
shown to impact peripheral immune cell circadian clocks 
[68, 69] and both Il10 and Il4 signaling pathways have 
been implicated in sleep disruption in rabbits [70–73]. In 
addition, sickness behavior, immune responses, and cir-
cadian disruptions appear to be highly interdependent 
[74]. Future studies of how these, and possibly additional 
cytokine decoy receptors impact circadian behaviors 
including sleep might yield important insights into how 
these cytokines impact brain function in health and 
aging.

Limitations
We do not provide behavioral data in this study, which 
potentially could inform us on the safety profile of these 
decoy receptors, especially their effect on brain function 
and immune function. Future work is also warranted to 
identify the cell-type specific mechanisms, especially the 
cross-talk of microglia and astrocyte signaling processes 
underlying decoy receptor mediated Aβ attenuation.

Conclusions
The role of individual cytokine signaling pathways in the 
brain, especially ones that are progressively induced with 
advancing proteinopathy in AD, remain obscure. Here, 
we provide evidence that decoy receptors antagonizing 
intracerebral Il10 and Il4 show robust anti-Aβ effect and 
that such decoy receptor strategy could be effective, in 
both prophylactic and therapeutic administration. Given 
the relative differential efficacy of sIl4R over sIl10R, it 
remains to be seen if solubilizing other components 
of the Il4 signaling complex such as Il13Rα1, which is 
induced in both APP and MAPT transgenic mice during 
aging, could also have a robust anti-amyloidogenic effect. 
More generally, these data establish proof of concept for 
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CNS-restricted immune decoy receptor expression as 
a targeted immune therapy which could be applicable 
across many neurologic diseases.
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mice expressing Il10 relative to transgenic control mice. RNA data col-
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p-values adjusted for multiple comparison. Representative sections from 
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tally initiated sIl10R expression does not alter glial proliferation in rTg4510 
mice. A-H. Neonatal rTg4510 mice were injected with AAV-sIl10R and 
brains were harvested at 4 months (A-D) or 6 months (E-H) of age. Naïve 
age-matched mice were used as control. Representative sections showing 
Iba-1 (A, E) and GFAP (B, F) staining in the cortex of mice. Immunoreactivity 
was quantified using ImageScope analysis from cortex and hippocampus 
and depicted in panel below. Scale, 50 μm. n = 6–11 mice.

Supplementary Material 6: Additional File 6: Suppl. Fig. S6. AAV-Il10 
or AAV-sIl10R expression does not alter pathology in female JNPL3 mice. 
A-B. Neonatal JNPL3 mice were injected with AAV-Il10 or AAV-sIl10R and 
brains were harvested at onset of paralysis. Naïve age-matched mice were 
used as control. Kaplan Meier graph depicting lifespan of JNPL3 express-
ing different recombinant constructs (A). n = 8–20 female mice. Represen-
tative sections showing CP13 (pSer202) in three brain regions (forebrain, 
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Immunoreactivity was quantified using ImageScope analysis from cortex 
and hippocampus and depicted in panel below. Insets from each panel 
are zoomed and depicted immediately in the lower panel. Scale– 250 μm, 
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Supplementary Material 7: Additional File 7: Suppl. Fig. S7. Effect 
of sIl4R expression on astrogliosis in wild type mice and TgCRND8 mice. 
(A) Neonatal mice TgCRND8 mice were injected with AAV-sIl4R and brains 
were harvested at 3 months of age. Naïve age-matched mice were used 
as control. Immunoblot and quantitative analysis of Iba-1 (mean ± sem) 
from AAV-sIl4R and Control mice following normalization to housekeep-
ing gene GAPDH. Molecular weight markers in kDa are shown on the left 
of each immunoblot. n = 5 mice/group. Unpaired 2-tailed t test, *p < 0.05. 
(B) Representative immunostaining and quantitative analysis of Cd68 and 
Tmem119 staining intensity from AAV-sIL4R and Control mice. n = 5 mice/
group. Scale − 50 μm. (C) Immunoblot and quantitative analysis of GFAP 
(mean ± sem) from AAV-sIl4R and Control mice following normalization to 
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housekeeping gene (actin). Molecular weight markers in kDa are shown 
on the left of each immunoblot. n = 5 mice/group. Unpaired 2-tailed t test, 
*p < 0.05. (D) 6-mo old TgCRND8 mice were injected stereotaxically in the 
hippocampus with AAV-EGFP, AAV-sIl4R or sIl10R and analyzed for Cd68 
and Tmem119 at 9-months of age. Representative immunohistochemical 
images in the vicinity of the injection site and quantitative analysis Cd68 
and Tmem119 staining intensity from 9-mo old TgCRND8 mice was dem-
onstrated by respective antibodies. n = 6 mice/group. 1-way Anova.
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