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SUMMARY

Impairment of microglial clearance activity contributes to beta-amyloid (Ab) pathology in Alzheimer’s
disease (AD). While the transcriptome profile of microglia directs microglial functions, how the microglial transcriptome can be regulated to alleviate AD
pathology is largely unknown. Here, we show that injection of interleukin (IL)-33 in an AD transgenic
mouse model ameliorates Ab pathology by reprogramming microglial epigenetic and transcriptomic
profiles to induce a microglial subpopulation with
enhanced phagocytic activity. These IL-33-responsive microglia (IL-33RMs) express a distinct transcriptome signature that is highlighted by increased
major histocompatibility complex class II genes and
restored homeostatic signature genes. IL-33induced remodeling of chromatin accessibility and
PU.1 transcription factor binding at the signature
genes of IL-33RM control their transcriptome reprogramming. Specifically, disrupting PU.1-DNA interaction abolishes the microglial state transition and Ab
clearance that is induced by IL-33. Thus, we define
a PU.1-dependent transcriptional pathway that
drives the IL-33-induced functional state transition
of microglia, resulting in enhanced Ab clearance.
INTRODUCTION
Microglia, the primary innate immune cells in the brain, maintain
the immune homeostasis of the central nervous system (CNS)
milieu through immunosurveillance, neurotrophic support, and
synaptic pruning (Ransohoff and El Khoury, 2016; Schafer and
Stevens, 2015). Perturbation of CNS homeostasis due to the
accumulation of misfolded proteins, myelin debris, or apoptotic

cells triggers microglial activation. The activated microglia adopt
a phagocytic phenotype in order to restrain cytotoxicity and limit
damage to surrounding cells (Kierdorf and Prinz, 2013; Ransohoff and Perry, 2009; Song and Colonna, 2018). During neurodegeneration, genetic risk factors, systemic inflammation, and the
accumulation of aging-related factors in the CNS milieu impair
microglial homeostatic functions, which consequently contributes to the pathology of many neurodegenerative diseases,
including Alzheimer’s disease (AD) (Mosher and Wyss-Coray,
2014; Perry and Teeling, 2013).
AD, the most common form of dementia, is characterized by
extracellular protein deposits of misfolded beta-amyloid (Ab)
peptides and neurofibrillary tangles comprising hyperphosphorylated Tau protein. The deposition of Ab plaques triggers a
microglial response, wherein microglia migrate toward Ab plaques to initiate phagocytosis (Hansen et al., 2018; Meyer-Luehmann et al., 2008). However, as AD progresses, the microglia
become dysfunctional, resulting in impaired clearance of misfolded Ab peptides, inefficient barrier formation around Ab plaques, and increased secretion of amyloid-seeding factors (Condello et al., 2015; Mosher and Wyss-Coray, 2014; Perry and
Holmes, 2014; Wang and Colonna, 2019). In turn, these lead to
further accumulation of Ab plaques, concurrent with synaptic
impairment and neuronal death in AD (DiSabato et al., 2016).
Intriguingly, enhancing Ab clearance activity of microglia by
modulating cytokine milieus in the CNS—such as replenishing
interleukin (IL)-33 or inhibiting IL-10, IL-12/IL-23, or the NLRP3
inflammasome—results in reduced Ab pathology and improved
cognitive performance in AD transgenic mouse models (Vom
Berg et al., 2012; Fu et al., 2016; Guillot-Sestier et al., 2015; Heneka et al., 2013). Specifically, in Ab deposition mouse models,
IL-33 injection enhances Ab phagocytosis by microglia, reduces
the level of pro-inflammatory cytokines in the CNS milieu, and
improves cognitive performance (Fu et al., 2016).
Recent single-cell RNA-sequencing (scRNA-seq) analysis in
AD mouse models revealed that homeostatic microglia gradually
acquire the state of disease-associated microglia (DAMs) (also
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called neurodegenerative [MGnD] or activated-response microglial [ARM]; hereinafter referred to as ‘‘DAMs’’) (Keren-Shaul
et al., 2017; Krasemann et al., 2017; Sala Frigerio et al., 2019).
Transcriptome profiling has shown that this microglial subpopulation highly expresses genes associated with pattern recognition, lipid metabolism, and lysosomal pathways, including
Apoe, Axl, Cst7, Lpl, and Trem2 (Fourgeaud et al., 2016; Kim
et al., 2009; Ulrich et al., 2018; Wang et al., 2015). These pathways are crucial regulators of phagocytic processes, including
detection, engulfment, and degradation. While further studies
are required to determine how the transcriptome signature of
the DAM state drives functional impairment of microglia, particularly at different AD stages, manipulating microglial functions
through reprogramming its transcriptome signature is a potential
therapeutic strategy against AD. Indeed, both IL-33 injection and
NLRP3 inflammasome inhibition, which yield beneficial outcomes in AD mouse models, regulate the transcriptome signature of microglia (Fu et al., 2016; Heneka et al., 2013). However,
the molecular pathways that reprogram the dysregulated microglial phenotype in AD, resulting in beneficial outcome, remain
unclear.
In the present study, we show that IL-33 injection induces a
transcriptionally distinct DAM subpopulation that is characterized by the increased expression of major histocompatibility
complex class II (MHC-II) genes and the restored expression of
some homeostatic signature genes. This subpopulation of microglia, named IL-33-responsive microglia (IL-33RMs), exhibits
higher Ab phagocytic capacity and lysosomal activity than other
DAM subpopulations and, thus, contributes to the enhanced Ab
clearance in IL-33-injected AD transgenic mice. Epigenetic
profiling shows that the induction of IL-33RMs is controlled by
the remodeling of chromatin accessibility and PU.1 binding at
the signature genes of this microglial subpopulation. Together,
our findings demonstrate an IL-33-induced epigenetic and transcriptional regulation of microglial state transition that contributes to the alleviation of AD pathology.
RESULTS
IL-33 Enhances the Chemotactic Response of a
Microglial Subpopulation toward Ab Plaques in APP/PS1
Mice
IL-33 injection enhances the co-localization of microglia with Ab
plaques and promotes Ab clearance (Fu et al., 2016). To investigate how IL-33 regulates the dynamic interaction of microglia
with Ab plaques, we performed time-lapse in vivo two-photon imaging of microglia and Ab deposition in APP/PS1;Cx3cr1eYFP mice
(Figures 1A, 1B, and S1A). We first examined the chemotactic responses of microglia to Ab plaques by measuring the distance
they traveled and the change in distance relative to the nearest
Ab plaques. In vehicle-injected (Con) APP/PS1 mice, the microglia
remained relatively stationary over 12 h, traveling only 8.0 ± 0.5 mm
(Figure 1C), which is less than the average soma diameter of microglia (Kozlowski and Weimer, 2012). In contrast, IL-33 injection
increased the average mobility of microglia to 13.9 ± 0.5 mm (Figure 1C). Specifically, IL-33 induced a highly mobile microglial subpopulation (traveling R30 mm in 12 h) from 1.8% to 11.0% of the
total microglial population (Figure 1D). This highly mobile micro-
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glial subpopulation migrated closer to the nearby Ab plaques after
IL-33 injection (Figures 1E, 1F, and S1B). Meanwhile, the ramification of microglia, which indicates microglial projections surveying
the surrounding area (Madry et al., 2018), remained relatively unchanged in APP/PS1 mice following IL-33 injection (Figure S1C).
These findings demonstrate that IL-33 enhances the Ab chemotactic responses of a microglial subpopulation, resulting in their
recruitment to Ab plaques.
Upon recruitment to Ab plaques, microglia react with Ab
through barrier formation or phagocytosis—the latter of which
results in Ab clearance (Heneka et al., 2015). Recent studies
also revealed that Ab-plaque-associated microglia acquire a
distinct transcriptome profile characterized by the expression
of DAM markers (e.g., Cst7) (Keren-Shaul et al., 2017; Sala Frigerio et al., 2019). Consistently, our RNA fluorescence in situ hybridization (FISH) analysis showed that IL-33 injection increased
the number of DAMs (i.e., Cst7+ Cx3cr1+ cells) that were associated with Ab plaques by 17.7% (Figures 1G, 1H, S1D, and S1E).
IL-33 Induces a Microglial Subpopulation that Expresses
MHC-II and Homeostatic Signature Genes
The functions of microglia can be elucidated on the basis of their
transcriptome signature (Crotti and Ransohoff, 2016; Hickman
et al., 2013). Since IL-33 induces a subpopulation of microglia
with enhanced chemotactic and phagocytic activity, we examined the regulation of the microglial transcriptome in APP/PS1
mice upon IL-33 injection. Accordingly, we conducted scRNAseq analysis of the myeloid (i.e., CD11b+) cells in the forebrain
in APP/PS1 mice after IL-33 injection. Unsupervised clustering
of 15,041 CD11b+ cells using the t-Distributed Stochastic
Neighbor Embedding (t-SNE) algorithm identified seven unique
cell clusters based on transcriptome signatures: DAMs (Cst7+
and Igf1+), endothelial cells (Igfbp7+ and Ptprb+), granulocytes
(Camp+ and Ngp+), homeostatic microglia (Cilp2+ and Lrba+),
oligodendrocytes (Mobp+ and Tubb4a+), oligodendrocyte precursor cells (Mki67+ and Top2a+), and perivascular macrophages/monocytes (Cd209a+ and Mrc1+) (Figures 2A and 2B)
(Keren-Shaul et al., 2017; Li et al., 2019).
Next, we analyzed the transcriptome reprogramming of microglia upon IL-33 injection and found that IL-33 increased the
expression of genes that are associated with antigen presentation (e.g., Cd74, Ciita, H2-Aa, H2-Ab1, H2-DMa, H2-DMb1,
and H2-Eb1) and actin filament organization (e.g., Cap1) while
reducing those associated with lipid metabolism (e.g., Nrp1,
Spp1, and Lpl) in microglia in APP/PS1 mice (Figures 2C and
S2A). Some of these differentially expressed genes (DEGs)—
including Cap1, Fcrls, Mlph, Sft2d1, Lpl, Nrp1, and Spp1—
were dysregulated in APP/PS1 mice when compared to the
wild-type littermates (Figure S2B; Tables S1 and S2) (Butovsky
et al., 2014; Hickman et al., 2013; Kang et al., 2018; Ofengeim
et al., 2017). IL-33-induced transcriptional changes in the microglia of APP/PS1 mice were negatively correlated with the
changes in microglial gene expression induced by Ab deposition, suggesting that IL-33 was able to restore some of these
transcriptomic changes (Figure 2D; Table S2). Of note, the proportion of DAMs remained unchanged in APP/PS1 mice after
IL-33 injection (Figures S2C and S2D), showing that the restoration was not due to a decrease in the DAM proportion.

Figure 1. IL-33 Injection Enhances Chemotactic Response of a Specific Microglial Subpopulation in APP/PS1 Mice
(A–F) In vivo two-photon imaging of microglia and beta-amyloid (Ab) plaques in the cortices from APP/PS1;Cx3cr1eYFP/+ mice after interleukin (IL)-33 injection.
(A) Schematic diagram of experimental design.
(B–F) IL-33 injection increased microglial chemotaxis toward Ab plaques.
(B) Representative images showing the interaction between eYFP+ microglia and CRANAD-3-labeled Ab plaques 0.5 h before and 12 h after IL-33 injection.
Arrowheads denote the same microglia. Scale bar, 20 mm.
(C) Average distance traveled by microglia in 12 h (Con: n = 110 microglia from three mice; IL-33: n = 274 microglia from four mice; ***p < 0.001 versus Con, MannWhitney U test).
(D) Proportion of microglia binarized by mobility over 12 h.
(E) Displacement index of microglia that traveled R30 or <30 mm in IL-33-injected APP/PS1 mice. The displacement index was calculated as microglial
displacement divided by the distance traveled in 12 h (<30 mm: n = 244 microglia; R30 mm: n = 30 microglia from three mice; *p < 0.05 versus <30 mm, MannWhitney U test).
(F) Distance between high-mobility microglia (i.e., R30-mm migration distance in 12 h) and the nearest Ab plaques after IL-33 injection (n = 18 microglia from four
mice; *p < 0.05; **p < 0.01; ***p < 0.001 versus 0.5 h, repeated-measures one-way ANOVA).
(G and H) IL-33 increased the proportion of DAMs that interacted with 6E10+ Ab plaques in APP/PS1 mice. Representative fluorescence in situ hybridization
(FISH) images (G) and quantification (H) showing the associations of DAMs (i.e., Cst7+ Cx3cr1+ cells) and homeostatic microglia (i.e., Cst7 Cx3cr1+ cells) with
6E10+ Ab plaques in the cortices from APP/PS1 mice 48 h after IL-33 injection (Con: n = 4; IL-33: n = 4; ***p < 0.001 versus Con, Student’s t test). Arrowheads
denote Ab-plaque-associated DAMS. Scale bar, 20 mm. All data are presented as mean ± SEM.
See also Figure S1.
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To investigate the transcriptome reprogramming in specific
microglial subpopulations induced by IL-33, we compared
changes in the expression of IL-33-induced DEGs at the single-cell level. Analysis of the expression of homeostatic signature genes (i.e., Cap1, Fcrls, and Sft2d1) showed that IL-33
restored their expression levels in all microglia, including the
DAM subpopulation (Figures 2E and S2E). Thus, IL-33 restored
the expression of homeostatic signature genes while maintaining
the expression of DAM signature genes in the DAM subpopulation. Interestingly, IL-33 specifically induced the expression of
MHC-II genes (i.e., Cd74, H2-Ab1, and H2-Eb1) in a DAM subpopulation that co-expressed homeostatic signature genes (Figure S2E), which we termed IL-33RMs. This IL-33RM subpopulation is a transcriptionally distinct microglial subpopulation, when
compared to the other MHC-II+ microglia previously reported
(Mathys et al., 2017; Sala Frigerio et al., 2019). We then performed multiplex FISH analysis and confirmed that IL-33 injection increased the proportion of H2-Ab1+ Cst7+ Cx3cr1+ microglia (i.e., IL-33RMs) in the cerebral cortex of APP/PS1 mice
from 9% to 24% (Figures 2F and 2G). Our immunohistochemical
analysis showed that, while only few microglia that express surface MHC-II were found in the cerebral cortex of Con APP/PS1
mice, IL-33 injection significantly increased the proportion of
MHC-II+ microglia in the cerebral cortex of APP/PS1 mice by
10% (Figures 2H, 2I, and S2F). As MHC-II is a microglial activation marker (Hopperton et al., 2018), our single-cell transcriptome analysis shows that IL-33RMs represent a subpopulation
of activated DAMs that co-expresses homeostatic signature
genes.
IL-33RMs Exhibit Enhanced Ab Phagocytic
and Clearance Capacity
Next, we investigated whether IL-33RMs mediate the IL-33stimulated beneficial outcomes in APP/PS1 mice. We first

compared the transcriptome profile of IL-33RMs with that of
the MHC-II DAMs or homeostatic microglia in these mice
following IL-33 injection. The enriched genes in IL-33RMs were
associated with angiogenesis (e.g., Vegfa), antigen presentation
(e.g., H2-Aa and H2-Eb1), and endocytosis (e.g., Axl and Ctse)
(Figures 3A and 3B), highlighting its role in phagocytic response.
The Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING) analysis of the genes enriched in IL-33RMs, including
Axl, C3, Ciita, H2-Ab1, Ptgs2, Spp1, and Vefga, further revealed
that they belong to an interconnected gene network that co-regulates pathways highlighted in the Gene Ontology (GO) analysis
(Figures 3B and S3A). These highlighted pathways further support the notion that IL-33RMs adopt phenotypes characterized
by enhanced chemotaxis and phagocytosis; this is concordant
with the function of MHC-II in antigen presentation, in which
degraded proteins are presented on the cell surface after phagocytosis (Roche and Furuta, 2015).
Next, we investigated the interaction of IL-33RMs with Ab plaques in IL-33-injected APP/PS1 mice. Immunohistochemical
analysis revealed that most of the IL-33-induced MHC-II+ microglia were associated with Ab plaques in the cerebral cortex (Figures 3C, 3D, and S3B). Meanwhile, the proportion of Ab-plaqueassociated MHC-II microglia remained relatively unchanged in
APP/PS1 mice following IL-33 injection (Figures 3C and 3D). To
determine whether IL-33RMs mediate Ab phagocytosis in IL-33injected APP/PS1 mice, we examined their Ab uptake in vivo by
injecting mice with methoxy-X04 (MeX04; a brain penetrant Ab
dye) followed by flow cytometry. In Con APP/PS1 mice, the
MHC-II+ microglia only accounted for ~15% of Ab phagocytic
microglia (i.e., MeX04+ CD11b+ cells), whereas IL-33 injection
increased the proportion to ~60% (Figures 3E, 3F, S3C, and
S3D). Furthermore, in IL-33-injected APP/PS1 mice, the MHCII+ microglia exhibited increased Ab phagocytic capacity as indicated by a higher mean fluorescence intensity of MeX04 than

Figure 2. IL-33 Induces a Microglial Subpopulation that Highly Expresses MHC-II and Homeostatic Signature Genes in APP/PS1 Mice
(A–E) scRNA-seq analysis of CD11b+ cells in the forebrain in IL-33-injected APP/PS1 mice. CD11b+ cells were isolated from IL-33-injected APP/PS1 mice, DPBSinjected (Con) APP/PS1 mice, or Con wild-type (WT) mice.
(A and B) Cell-type heterogeneity analysis.
(A) t-Distributed Stochastic Neighbor Embedding (t-SNE) plot showing the seven unique CD11b+ cell clusters (DAM, disease-associated microglia; Endo,
endothelial cells; Granu, granulocytes; Homeo, homeostatic microglia; Oligo, oligodendrocytes; OPC, oligodendrocyte precursor cells; PVM/Mono, perivascular
macrophages/monocytes) in the CD11b+ cells from IL-33-injected APP/PS1, Con APP/PS1, and WT mice (n = 15,041 cells from three conditions, two mice per
condition).
(B) Heatmap showing the top 10 enriched genes in each cell cluster. Gene markers of each cell cluster are listed.
(C–E) IL-33 injection increased the expression of MHC-II and homeostatic signature genes in a microglial subpopulation that co-expressed DAM signature genes
in APP/PS1 mice.
(C) Volcano plot showing the differentially expressed genes (DEGs) in microglia (upregulated: 99; downregulated: 141) in IL-33-injected versus Con APP/PS1 mice
(Benjamini-Hochberg adjusted p < 0.1; log2 fold change > 0.56 or < 0.56).
(D) Correlations of changes in the microglial transcriptome profiles of IL-33-injected versus Con APP/PS1 mice and APP/PS1 versus WT mice (r = 0.37, p <
0.0001, linear regression).
(E) Dotplot showing the expression level of the 33 IL-33-induced DEGs including MHC-II genes (i.e., Cd74, H2-Ab1, and H2-Eb1) and homeostatic signature
genes (i.e., Cap1, Fcrls, H2-DMa, and Sft2d1) in microglia in each condition.
(F–I) Induction of the IL-33RM subpopulation in APP/PS1 mice upon IL-33 injection.
(F) Representative images of FISH analysis for H2-Ab1 (a MHC-II gene), Cst7 (a DAM marker), and Cx3cr1 (a microglial marker) in the cortices from IL-33-injected
and Con APP/PS1 mice. Arrowheads denote the DAMs in the insets. Scale bar, 10 mm.
(G) Proportions of H2-Ab1+ DAMs (indicated by Cst7+ Cx3cr1+) in the cortices from IL-33-injected and Con APP/PS1 mice (Con: n = 4; IL-33: n = 4; **p < 0.01
versus Con, Student’s t test).
(H and I) Representative images (H) and quantification (I) of immunohistochemical analysis for MHC-II and Iba1 (a microglial marker) in the cortices from IL-33injected and Con APP/PS1 mice (Con: n = 3, IL-33: n = 4; ***p < 0.001 versus Con, Student’s t test). Scale bar = 20 mm. All data are presented as mean ± SEM.
See also Figure S2.
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Figure 3. IL-33RMs Possess Enhanced Ab Clearance Capacity in APP/PS1 Mice
(A and B) Gene clustering analysis shows that IL-33RMs were associated with chemotactic and endocytic pathways.
(A) Heatmap showing the transcriptome profiles of IL-33RMs, DAMs, and homeostatic microglia in IL-33-injected APP/PS1 mice.
(B) Bar plot showing top GO pathways associated with each gene cluster.
(C and D) IL-33RMs were associated with Ab plaques.

(legend continued on next page)
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that in MHC-II microglia (Figure 3G). In addition, among
the Ab-plaque-associated microglial subpopulations, MHC-II+
microglia had higher CD68+ lysosomal content than MHC-II
microglia in both IL-33-injected and Con APP/PS1 mice (Figures
3H, 3I, S3E, and S3F). These findings demonstrate that IL33RMs possess higher Ab phagocytic capacity than that of the
other microglial subpopulations.
Remodeling of Chromatin Accessibility Regulates the
IL-33-Induced Cell State Transition in Microglia
In microglia, the reprogramming of transcriptome profile is regulated by the dynamic modulation of the epigenetic landscape
(Cheray and Joseph, 2018; Holtman et al., 2017). To understand
how the transcriptome profile of IL-33RMs is shaped, we
compared the chromatin accessibility landscape of IL-33RMs
with that of the other non-responsive microglia (i.e., MHC-II
CD11b+ CD45+ cells) in IL-33-treated APP/PS1 mice by using
the assay for transposase-accessible chromatin with
sequencing (ATAC-seq). In IL-33RMs, we identified 10,775 regions (increased: 6,159; decreased: 4,616) with differential chromatin accessibility (Figure 4A). The Genomic Regions Enrichment of Annotations Tool (GREAT) (McLean et al., 2010)
analysis showed that the regions with increased chromatin
accessibility were associated with pathways related to macrophage activation and myeloid differentiation (Figure 4B), consistent with their activated phenotypes (Figure 2). Next, we focused
our analysis on the signature genes of IL-33RMs (i.e., MHC-II
genes) and showed that IL-33RMs have a significantly increased
chromatin accessibility at the regulatory regions of MHC-II genes
compared to that of the non-responsive microglia (Figures 4C
and 4D). Indeed, these regions also showed increased chromatin accessibility in total microglia in IL-33-treated APP/PS1
mice (Figures S4A and S4B). These data together show that
the remodeling of chromatin accessibility in microglia correlated
with the transcriptome reprogramming upon IL-33 treatment.
To examine how the chromatin-accessible regions of DEGs
regulate gene expression, we used chromatin immunoprecipitation sequencing (ChIP-seq) to examine the genome-wide
H3K4me3 landscape, which marks active promoter regions
(Cedar and Bergman, 2009), in the microglia in IL-33-injected
APP/PS1 mice. Comparison of H3K4me3 signal intensity at all
transcription start sites, including the regulatory regions of the

DEGs (e.g., MHC-II genes), showed that the H3K4me3 landscape in microglia was not changed by IL-33, suggesting that
these microglial genes are already permissive for activation in
APP/PS1 mice (Figures 4E and S4C). Intriguingly, overlaying
the H3K4me3 landscape with the chromatin accessibility landscapes revealed that IL-33 injection increased the chromatin
accessibility at the active promoter regions of DEGs (Figures
4F and S4D). Taken together, our results show that IL-33 regulates the chromatin accessibility at the IL-33RM signature genes
according to their expression changes during the induction of IL33RMs.
IL-33 Regulates PU.1 Binding to MHC-II Genes
The modulation of chromatin accessibility at the gene regulatory regions alters the binding affinity of transcription factors
(TFs), thus regulating gene transcription (Klemm et al., 2019).
To investigate whether and how the IL-33-dependent remodeling of chromatin accessibility regulates the binding of TFs,
we first identified the 25,731 genomic regions that are both
chromatin accessible and enriched with H3K4me3 marks in
microglia in IL-33-injected APP/PS1 mice (Figure 5A). A de
novo motif search for the TF-binding sites in these sequences
showed that they were enriched with the Sfpi1/PU.1 motif (Figure 5B) (Heinz et al., 2010). PU.1 is a myeloid lineage-specific
TF that coordinates the transcriptional program during hematopoiesis, antigen presentation, and microglial development
(van den Elsen, 2011; Heinz et al., 2015; Kierdorf et al.,
2013; Kitamura et al., 2012). To investigate whether IL-33 remodels the PU.1-binding landscape in microglia in APP/PS1
mice, we used ChIP-seq to profile and compare the PU.1binding landscape in microglia in IL-33-injected and Con
APP/PS1 mice. While the binding pattern of PU.1 was largely
similar between microglia in IL-33-injected and Con APP/PS1
mice (80,726 overlapping regions), IL-33 injection increased
PU.1 binding together with chromatin accessibility at these regions (Figures 5C and 5D). GREAT analysis revealed that
these genomic regions with increased PU.1 binding upon IL33 injection were associated with genes that regulate phagocytosis and filopodium assembly, whereas the regions with
reduced PU.1 binding were associated with genes involved
in pathways of intrinsic apoptotic signaling and signaling
response to DNA damage (Figure S5).

(C) Representative images showing the interactions of MHC-II+ microglia with MeX04+ Ab plaques in the cortices from IL-33-injected and Con APP/PS1 mice.
Arrowheads denote MHC-II+ microglia. Scale bar, 10 mm.
(D) Proportions of MHC-II+ and MHC-II microglia that were associated with Ab plaques in the cortices from IL-33-injected and Con APP/PS1 mice (Con: n = 3;
IL-33: n = 4; ***p < 0.001 versus Con, Student’s t test).
(E–G) IL-33RMs exhibited enhanced Ab phagocytic capacity.
(E and F) Representative contour plots (E) and quantification (F) indicate the proportion of Ab-phagocytic (i.e., MeX04+) MHC-II+ microglia in the forebrains from
IL-33-injected and Con APP/PS1 mice (Con: n = 4; IL-33: n = 7; **p < 0.01, Student’s t test).
(G) Relative MeX04 mean fluorescence intensity (MFI) of MHC-II+ and MHC-II MeX04+ microglia in IL-33-injected APP/PS1 mice (indicating Ab phagocytic
capacity; IL-33: n = 7; **p < 0.01, paired Student’s t test).
(H and I) IL-33RMs that were associated with Ab plaques exhibited enhanced lysosomal activity in IL-33-injected APP/PS1 mice.
(H) Representative images showing the CD68+ lysosomal content in MHC-II+ and MHC-II microglia that were associated with Ab plaques in IL-33-injected and
Con APP/PS1 mice. Arrowhead denotes MHC-II+ microglia. Scale bar, 10 mm.
(I) Quantification of CD68+ lysosomal content per microglia, calculated as CD68+ lysosomal area divided by the corresponding Iba1+ microglial area (IL-33: MHCII+, n = 17 microglia; MHC-II, n = 65 microglia, from six mice; Con: MHC-II, n = 50 microglia from eight mice). ***p < 0.001 versus MHC-II, Mann-Whitney U test).
All data are presented as mean ± SEM.
See also Figure S3.
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Figure 4. Chromatin Accessibility Landscape Remodeling by IL-33 Is Correlated
with the Induction of IL-33RMs in APP/PS1
Mice
(A and B) IL-33RMs exhibit a distinctive chromatin
accessibility landscape compared to the nonresponsive microglia in IL-33-treated APP/PS1 mice.
(A) Heatmap showing the regions with differential chromatin accessibility (increased: 6,159;
decreased: 4,616) in IL-33RMs (i.e., MHC-II+
microglia) (p < 0.05).
(B) Highlighted GO pathways from GREAT analysis
of the differentially accessible regions are listed.
(C and D) IL-33RMs have increased chromatin
accessibility at the regulatory regions of MHC-II
genes.
(C) Quantification showing the normalized count
of ATAC-seq at the chromatin-accessible regions
associated with MHC-II genes (*p < 0.05, Student’s t test).
(D) Visualization of the chromatin accessibility
landscape at the regulatory regions of MHC-II
genes (i.e., H2-Aa, H2-Ab1, and H2-Eb1) in IL33RMs (i.e., MHC-II+ microglia) and non-responsive microglia (i.e., MHC-II microglia).
(E and F) IL-33 regulated chromatin accessibility at
the active promoter (i.e., H3K4me3-enriched) regions of IL-33 DEGs.
(E) Correlation of the H3K4me3 signal intensity at
all H3K4me3-enriched regions between microglia
in IL-33-injected and Con APP/PS1 mice. Regulatory regions of MHC-II signature genes are indicated by black dots.
(F) Visualization of the H3K4me3 landscape at the
regulatory regions of MHC-II genes (i.e., H2-Aa,
H2-Ab1, and H2-Eb1) in microglia in IL-33-injected
and Con APP/PS1 mice.
See also Figure S4.

Of note, the changes in PU.1 binding at the regulatory regions
of IL-33RM signature genes were positively correlated with their
gene expression changes upon IL-33 injection (Figures 2C and
5E). Specifically, for the MHC-II genes (i.e., Cd74, H2-Aa, H2Ab1, and H2-Eb1), IL-33 injection also increased the PU.1 binding at their regulatory regions (Figure 5F). Thus, our data show
that IL-33 regulates the binding of the PU.1 transcription factor
to IL-33RM signature genes and controls their expression during
IL-33RM induction.
PU.1 Activity Is Required for the IL-33-Induced
Microglial State Transition and Clearance Activity in AD
To determine how PU.1-depedent transcriptional regulation
controls the induction of IL-33RMs and subsequent Ab clearance in AD, we intracerebroventricularly injected APP/PS1
mice with DB2313, a small-molecule inhibitor that disrupts
PU.1-DNA interaction (Antony-Debré et al., 2017), before injecting IL-33. We first examined the effect of PU.1 inhibition
on the IL-33-induced reprogramming of the microglial transcriptome by conducting scRNA-seq. Unbiased t-SNE clustering identified different cell clusters, including DAMs and homeostatic microglia, on the basis of cell-type-specific marker
genes (Figures 2B and 6A). DB2313 treatment did not significantly alter the proportion of DAMs in IL-33-injected APP/
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PS1 mice (Figures 6B and 6C) but, interestingly, induced a
subset of KI+ DAMs (Figure S6A; Table S3). By comparing
the changes in the microglial transcriptome, we identified
337 DEGs in IL-33-injected APP/PS1 mice after PU.1 inhibition
(Figure 6D). Specifically, PU.1 inhibition downregulated the
genes that were upregulated by IL-33 in APP/PS1 microglia,
including MHC-II genes (i.e., Cd74, H2-Aa, H2-Ab1, and H2Eb1) and homeostatic signature genes (i.e., Cap1, Sft2d1,
and Zfp69) (Figures 6D and S6B). GO analysis further
revealed that these downregulated genes were associated
with chemotactic responses and antigen presentation, which
are, in turn, associated with the functions elicited by IL33RMs (Figure S6C). At the single-cell level, PU.1 inhibition
abolished the induction of the IL-33RM subpopulation
by IL-33 (Figure 6E). Furthermore, immunohistochemical
staining confirmed that PU.1 inhibition abolished the
induction of the IL-33RM subpopulation that associated with
Ab plaques in IL-33-injected APP/PS1 mice (Figures 6F and
6G). Consistently, knockdown of PU.1 by antisense oligonucleotides in the microglial cell line BV2 also attenuated the
increased expression of MHC-II genes induced by IL-33 (Figure S6D). Importantly, DB2313 treatment also attenuated the
IL-33-induced Ab clearance in APP/PS1 mice (Figures 6H
and 6I). Thus, our findings demonstrate that PU.1-dependent

Figure 5. IL-33 Injection Regulates PU.1
Binding to MHC-II Genes in Microglia in
APP/PS1 Mice
(A and B) The PU.1-binding motif was enriched in
active, chromatin-accessible promoter regions.
(A) Venn diagram showing the overlapping
regions between H3K4me3-enriched regions and
chromatin-accessible regions in IL-33-injected
APP/PS1.
(B) De novo motif search of the overlapping regions
showing the enrichment of the PU.1 binding motif
in these regions.
(C and D) IL-33 injection remodeled the PU.1binding landscape in microglia in APP/PS1 mice.
(C) Venn diagram showing PU.1-binding regions in
microglia in IL-33-injected and Con APP/PS1
mice.
(D) Heatmap of PU.1 chromatin immunoprecipitation sequencing (ChIP-seq) and ATAC-seq signals
at the regions ± 3 kb from the overlapping PU.1binding regions in microglia in IL-33-injected and
Con APP/PS1 mice.
(E and F) IL-33 injection remodeled PU.1 binding at
the regulatory regions of IL-33RM signature genes,
including MHC-II genes.
(E) Correlations of changes in PU.1 binding at the
regulatory regions of IL-33 DEGs with the corresponding expression changes in microglia upon
IL-33 injection (r = 0.125, p < 0.001, linear regression). Target genes are indicated by black dots.
(F) Visualization of the PU.1-binding landscape at
the regulatory regions of MHC-II genes (i.e., Cd74,
H2-Aa, H2-Ab1, and H2-Eb1) in microglia in IL-33injected and Con APP/PS1 mice. Regions with
increased PU.1 binding upon IL-33 injection are
highlighted in red.
See also Figure S5.

transcriptional reprogramming and functional remodeling of
microglia mediate Ab clearance upon IL-33 injection in AD.
DISCUSSION
The present study reveals an IL-33-PU.1 pathway of epigenetic
control in regulating the microglial transcriptome to induce a microglial subpopulation for enhanced Ab clearance. The induction
of the IL-33RM subpopulation is controlled through regulating
chromatin accessibility and binding the PU.1 transcription factor
of its signature genes upon IL-33 injection. This PU.1-dependent
transcriptome reprogramming is critical for the IL-33-stimulated
Ab clearance. To our knowledge, this study is the first to demonstrate the enhancement of Ab clearance through reprogramming
the epigenetic and transcriptomic profiles of a microglial subpopulation, leading to the amelioration of AD pathology.
Transcriptome profiling of the IL-33RM subpopulation reveals
that they express a unique transcriptome signature highlighted
by the co-expression of DAM signature genes, homeostatic

signature genes, and MHC-II genes, indicating that IL-33RMs
represent a distinct subset of activated DAMs (Keren-Shaul
et al., 2017; Sala Frigerio et al., 2019). Although the roles of
DAMs in AD remain controversial, studies have suggested that
DAMs exhibit differential phenotypes and functional properties
along AD progression. Specifically, the induction of DAMs at
the early stage of AD is beneficial to Ab pathology but becomes
detrimental upon disease progression (Deczkowska et al., 2018;
Jay et al., 2015; Parhizkar et al., 2019). The regulation of the DAM
transcriptome program along AD progression might reflect their
functional modulation. At the early AD stage, the DAM induction
is concomitant with a reduced expression of homeostatic signature genes, including purine receptor (P2ry12 and P2ry13), Fc receptor (Fcrls), and cytoskeletal-remodeling proteins (Cap1) (Butovsky et al., 2014; Keren-Shaul et al., 2017; Krasemann et al.,
2017). Meanwhile, at the later stage of AD, genes encoding
cell-adhesion molecules (e.g., Itgax) as well as genes involved
in phagocytosis (Cst7) and lipid metabolism (Lpl and Spp1) are
induced in DAMs (Kamphuis et al., 2016; Keren-Shaul et al.,
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Figure 6. The PU.1-Dependent Induction of IL-33RMs Is Required for IL-33-Stimulated Ab Clearance in APP/PS1 Mice
(A–E) PU.1 inhibition abolished the microglial state transition in APP/PS1 mice upon IL-33 injection. APP/PS1 mice were intracerebroventricularly administered
DB2313 (a small molecule inhibitor of PU.1) or artificial cerebrospinal fluid (Veh), followed by IL-33 injection 24 h later.
(A) t-SNE plot showing cell type heterogeneity.

(legend continued on next page)

10 Cell Reports 31, 107530, April 21, 2020

2017; Nishitsuji et al., 2011). Interestingly, IL-33 injection reduces
the expression of DAM signature genes that are induced at the
later stage of AD (i.e., Itgax, Lpl, and Spp1) and restores the
expression of homeostatic signature genes (i.e., Cap1 and Fcrls)
in IL-33RMs. Moreover, IL-33RMs recapitulate the enhanced Ab
clearance activity of ‘‘early-stage DAMs,’’ suggesting that they
transcriptionally and functionally resemble the early-stage
DAMs. Detailed studies on the functional roles of different microglial signatures will decipher the molecular mechanisms that
control the clearance activity of microglia in AD as well as other
neurodegenerative diseases.
Besides regulating the transcriptome changes in microglia
along AD progression, IL-33 injection specifically induces
MHC-II complexes in the IL-33RM subpopulation. In myeloid
cells, surface expression of MCH-II represents the end stage
of antigen presentation, a process in which exogenous proteins
are phagocytosed and the digested peptides are presented onto
the MHC-II machinery (Cella et al., 1997; Roche and Furuta,
2015). Indeed, our transcriptome analysis shows that this microglial subpopulation is enriched with the full spectrum of genes
involved in the machinery for antigen processing and presentation, including genes associated with vesicle transport (i.e., homeostatic signature genes including Cap1, Mlph, and Sft2d1)
(Lee et al., 2014; Matesic et al., 2001; Trost et al., 2009; Zhang
et al., 2013), non-classical MHC-II (e.g., H2-DMa and H2DMb1) (Alfonso and Karlsson, 2000; Mellins and Stern, 2014),
and the MHC-II complex itself (e.g., H2-Ab1 and H2-Eb1). This
suggests that MHC-II+ IL-33RMs can degrade phagocytosed
Ab. Furthermore, a recent study revealed that global ablation
of MHC-II exaggerates Ab pathology in an AD mouse model (Mittal et al., 2019), highlighting the involvement of MHC-II in Ab
clearance by microglia. Thus, the MHC-II complex might play
an important role in the enhanced Ab clearance activity of IL33RMs. Given that MHC-II is induced in microglia of AD patients
as well as mouse models of various neurodegenerative diseases
(Masuda et al., 2019; Mathys et al., 2017; Perlmutter et al., 1992;
Sala Frigerio et al., 2019), investigating the molecular and functional characteristics of the MHC-II+ microglia in AD patient
may provide insights into their roles along AD progression.
The induction of IL-33RMs depends on the microglial state
transition induced by IL-33, an endogenous cytokine found in
the brain that functions as an alarmin to stimulate the recruitment
of microglia upon injury (Gadani et al., 2015). The action of IL-33
is triggered by binding to its receptor, the growth stimulation

expressed gene 2 (ST2) (Cayrol and Girard, 2014; Schmitz
et al., 2005). We recently found that a subpopulation of microglia
expresses higher ST2 levels in both AD patients and AD transgenic mice (unpublished data). Therefore, injecting IL-33 might
stimulate the microglial state transition and, subsequently,
enhance Ab clearance activity through activation of the ST2
signaling in microglia. The expression of ST2 is regulated in
different cellular injury conditions, either through the negativefeedback mechanism triggered by IL-33 or through the alteration
of the proteasomal-dependent degradation pathway (Ciechanover and Kwon, 2015; Gadani et al., 2015; Zhao et al., 2012).
Indeed, perturbed activation of ST2 signaling, marked by
reduced IL-33 transcript levels and increased levels of the decoy
receptor, soluble ST2, is observed in patients with AD or mild
cognitive impairment (Chapuis et al., 2009; Fu et al., 2016).
Thus, it is of interest to investigate the molecular mechanism
that controls ST2 induction in microglia and the dysregulation
of IL-33/ST2 signaling during the onset/progression of AD.
How does activation of ST2 signaling lead to state transition of
microglia? In healthy and diseased conditions, the state transition of microglia is controlled through transcriptome reprogramming fine-tuned by the remodeling of the chromatin state
(Cheray and Joseph, 2018; Yeh and Ikezu, 2019). Therefore,
chromatin state remodeling is a critical epigenetic control for
the active transition of the microglial state (Ayata et al., 2018;
Datta et al., 2018). Although epigenetic control during microglial
development has been extensively investigated (Kierdorf and
Prinz, 2013; Kierdorf et al., 2013; Matcovitch-Natan et al.,
2016), it is unclear how microglial activation is regulated by
epigenetic remodeling in AD. In the present study, we show
that, during the IL-33-induced state transition of microglia, the
remodeling of chromatin accessibility regulates PU.1 binding at
IL-33RM signature genes and, thus, controls their gene transcription. Importantly, this IL-33-induced remodeling of the
PU.1-binding landscape is required for the IL-33-induced transcriptome reprogramming and state transition of microglia in
AD transgenic mice. PU.1 is a key transcription regulator of microglial state during differentiation and maturation (Kierdorf
and Prinz, 2013; Kierdorf et al., 2013). A recent study highlighted
that genetic variants of PU.1 are associated with the onset age of
AD and the reduced PU.1 expression in myeloid cells (Huang
et al., 2017). Thus, understanding the PU.1-dependent transcriptional control of microglial state transition may provide insights
into the development of therapeutic approaches for AD.

(B) t-SNE plots showing the CD11b+ cell clusters in DB2313- or Veh-injected APP/PS1 mice (DB2313: n = 1,629 cells; Veh: n = 2,718 cells).
(C) Bar plot showing the proportions of DAMs and homeostatic microglia in DB2313- and Veh-injected APP/PS1 mice in the presence of IL-33. (D and E) PU.1
inhibition abolished the induction of MHC-II genes and homeostatic signature genes in microglia in APP/PS1 mice upon IL-33 injection.
(D) Volcano plot showing the DEGs (upregulated: 248; downregulated: 88) in APP/PS1 mouse microglia after IL-33 injection with or without DB2313 administration (Benjamini-Hochberg adjusted p < 0.1; log2 fold change > 0.56 or < 0.56).
(E) Heatmap showing the expression of MHC-II genes (i.e., Cd74, H2-Aa, H2-Ab1, and H2-Eb1), homeostatic signature genes (i.e., Cap1, Sft2d1, and Zfp69), and
DAM signature genes (i.e., Apoe, Cst7, and Lpl) in microglia in both conditions.
(F and G) PU.1 inhibition abolished the induction of IL-33RMs, which were associated with Ab plaques, upon IL-33 injection. Representative images (F) and
quantification (G) of Ab-plaque-associated IL-33RMs in the cortices from DB2313- or Veh-injected APP/PS1 mice after IL-33 injection (Veh: n = 3; DB2313: n = 4;
***p < 0.001 versus Veh, Student’s t test). Arrowheads denote MHC-II+ microglia. Scale bar, 10 mm.
(H and I) PU.1 inhibition attenuated the IL-33-stimulated decrease of Ab deposition in APP/PS1 mice. Representative images (H) and quantification (I) of 6E10+ Ab
plaques in the cortices from DB2313- or Veh-injected APP/PS1 mice after IL-33 injection (for Con: Veh, n = 7; DB2313, n = 7; for IL-33: Veh, n = 7; DB2313, n = 7;
**p < 0.01; n.s. = not significant, two-way ANOVA). Scale bar, 200 mm. All data are presented as mean ± SEM.
See also Figure S6.
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Nonetheless, an intriguing question remains: how does IL-33
precisely remodel the chromatin state at the regulatory regions
of IL-33RM signature genes? We hypothesized that the specificity
of chromatin remodeling is determined by IL-33 signal-dependent
TFs such as nuclear factor kBs (NF-kBs) (Carriere et al., 2007).
Activation of NF-kBs by IL-33/ST2 signaling triggers the nuclear
translocation of the NF-kBs (Schmitz et al., 2005). Once inside
the nucleus, NF-kBs can bind to genomic regions containing their
binding motifs and further recruit nucleosome-remodeling proteins to modify the chromatin accessibility at these regions
(Sima et al., 2018). Therefore, it would be interesting to determine
how IL-33 signal-dependent TFs recruit nucleosome-remodeling
proteins to remodel the chromatin accessibility landscape in microglia and thus facilitate PU.1 binding. Furthermore, given the
ability of PU.1 to interact with other TFs to regulate transcriptome
profiling in microglia (Glass and Natoli, 2016; Heinz et al., 2010),
PU.1 might function with other TFs downstream of IL-33 to control
the induction of IL-33RMs.
Although there is currently no effective therapy for AD, the past
decade of AD research has demonstrated that innate immunity
plays a pivotal role in AD pathogenesis. While transcriptional reprogramming of microglia and their impaired clearance activity is
believed to contribute to the disease pathology, it remains unclear whether and how regulation of the microglial state can alleviate AD pathology. Our study demonstrates that the IL-33-PU.1
pathway enhances the Ab clearance activity of the DAM subpopulation through remodeling of its epigenetic landscape and PU.1
transcriptional control. Thus, our findings provide new insights
into the AD therapeutic potential of modulating microglial functional state by reprogramming their epigenetic and transcriptome profile.
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Materials Availability
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Data and Code Availability
The accession number for the single-cell RNA-sequencing, ATAC-sequencing, anti-PU1, and anti-H3K4me3 ChIP-sequencing datasets reported in this paper is GEO repository: GSE147495.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
All mice were housed at the Hong Kong University of Science and Technology (HKUST) Animal and Plant Care Facility, and all
animal experiments were performed in accordance with protocols #2017046 and #2017048, which were approved by the Animal
Care Committee of HKUST. Mice of the same sex were housed four per cage with a 12-h light/dark cycle, and food and water ad
libitum. All experiments were performed on sex- and age-matched (10–12 months old) groups. Mice of both genders were used
for experiments. The mice were randomized to the experimental conditions. Sample sizes were chosen primarily on the basis of
experience with similar types of experiments.
APP/PS1 transgenic mice, which were generated by incorporating a human/murine APP construct bearing the Swedish double
mutation and the exon-9–deleted PSEN1 mutation (APPswe + PSEN1/dE9), were obtained from the Jackson Laboratory (B6C3Tg[APPswe, PSEN1dE9]85Dbo). Cx3cr1eYFP mice, in which eYFP expression is controlled by a microglia-specific promoter, were
also obtained from the Jackson Laboratory (B6.129P2[Cg]-Cx3cr1tm2.1[cre/ERT2]Litt). Genotypes were confirmed by PCR analysis of
ear biopsy specimens.
METHOD DETAILS
Reagents
Murine recombinant IL-33 (580506) was obtained from Biolegend. CRANAD-3 was kindly provided by Chongzhao Ran’s laboratory at
Massachusetts General Hospital and Harvard Medical School. DNase I (LS002140) and Papain (LS003126) were obtained from
Worthington Biochemical. Iba1 antibody (019-19741) was obtained from Wako. Pacific blue-conjugated CD11b (clone M1/70.15;
RM2828) antibody was obtained from Life Technologies. Alexa Fluor 488-conjugated CD11b antibody (clone M1/70; 53-0112-82)
antibody, FITC-conjugated CD45 antibody (clone 30-F11; 11-0451-85), PE-conjugated CD68 antibody (clone FA-11; 12-0681-82),
and PE-Cyanine5-conjugated MHC Class II antibody (I-A/I-E; clone M5/114.15.2; 15-5321-81) were obtained from eBioscience.
PU.1 antibody (2258) was obtained from Cell Signaling Technology. H3K4me3 antibody (39159) was obtained from Active Motif.
Alexa Fluor 488-conjugated monoclonal Ab antibody (clone 6E10; 803013), Alexa Fluor 647-conjugated monoclonal Ab antibody
(clone 6E10; 803021), and MHC class II I-A/I-E antibody (clone M5/114.15.2; 107601) were obtained from Biolegend. MethoxyX04 (MeX04; 4920) was obtained from Tocris Bioscience. Mouse FcR blocking reagent (130-092-575) was obtained from Miltenyi
Biotec. DB2313 (GLXC-11111) was obtained Glixx Laboratories.
In vivo experiments
Mice (10–12 months old) were intraperitoneally injected with 200 ng murine recombinant IL-33 for 2 consecutive days and sacrificed
on day 3, except for in vivo imaging experiments and experiments involving PU.1 inhibition; for in vivo imaging experiments, a single
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injection of IL-33 was administered during the imaging session. To analyze Ab phagocytosis by microglia in vivo, the mice were intraperitoneally injected with MeX04 10 mg/kg 3 h before sacrifice on day 3. For PU.1 inhibition studies, 10 mM DB2313 stock solution
was prepared by dissolving DB2313 in DMSO; 170 mM working DB2313 solution was prepared by diluting the stock solution in artificial cerebrospinal fluid (119 mM NaCl, 2.5 mM KCl, 2.5 mM CaCl2$2H2O, 1 mM NaH2PO4$2H2O, 1.3 mM MgCl2$6H2O, 26.2 mM
NaHCO3, and 11 mM D-glucose). DMSO (same volume as the stock solution) diluted in artificial cerebrospinal fluid was used as
vehicle control (Veh). APP/PS1 mice were intracerebroventricularly injected with 2.5 mL 170 mM working DB2313 solution or Veh
at 0.2 mL/min at the following coordinates relative to the bregma: anteroposterior, 0.3 mm, mediolateral; +1.2 mm; and dorsoventral:
2.3 mm. IL-33 was injected intraperitoneally 24 h later, and mice were sacrificed 15 h later.
In vivo two-photon imaging of microglia
In vivo imaging was performed with a home-built two-photon microscopy system as previously described (Chen et al., 2018). In brief,
10- to 12-month-old APP/PS1;Cx3cr1eYFP/+ mice were used. Mice were anesthetized with isoflurane and subsequently underwent
thin-skull surgery 24 h before imaging. A small region 1.0 mm in diameter centered at 2 mm lateral and 3 mm posterior to the bregma
was thinned down to 40–50 mm thickness. A plastic head plate was placed over the center of the region to be mounted on the skull for
head fixation during in vivo imaging. Postoperatively, the mice were transferred to a 37 C heating plate and returned to their home
cages after fully recovering. CRANAD-3 (an infrared-red Ab dye) (Zhang et al., 2015) was injected into the tail vein at 2 mg/kg 3 h
before IL-33 (200 ng) injection. Images were acquired 0.5 h before and every 1.5 h after injection for 12 h. The animals were under
isoflurane (0.5%–1.5%) anesthesia during all imaging sessions, with a heating pad set at 37 C to maintain body temperature. The
laser was tuned to 960 nm to excite both eYFP and CRANAD-3, and the optical power was kept below 80 mW to prevent photo-damage to the brain tissue. Two fluorescent channels—525 ± 25 and 650 ± 30 nm—separated by a dichroic mirror (T560lpxr, Chroma)
were used to collect the fluorescence signals of eYFP and CRANAD-3, respectively. After the imaging experiment, the mice were
allowed to recover from anesthesia and returned to their home cages.
For data analysis, the migration distance of microglia and their relative distance to Ab plaques were determined by Imaris (Bitplane). For Figure 1F, some high-mobility microglia were excluded from analysis because of the ambiguity of which Ab plaque
was nearest. The ramification index of microglia was determined using ImageJ and MATLAB scripts as previously described (Madry
et al., 2018).
In situ hybridization by RNAscope
Adult mice were deeply anesthetized using isoflurane, and their brains were isolated and frozen immediately on dry ice. Fresh frozen
sections (16 mm) were prepared using a cryostat. In situ hybridization was performed using an RNAscope Multiplex Fluorescent Reagent Kit v2 (323100) according to the manufacturer’s instructions. The RNAscope probes targeting Cx3cr1, Cst7, Fcrls, and H2-Ab1
were purchased from Advanced Cell Diagnostics. Microglial subpopulation proportions and RNA puncta were quantified manually
using ImageJ. We considered a cell to be positively expressing our target genes when they had at least four puncta for the corresponding gene.
Flow cytometry and fluorescence-activated cell sorting
Adult mice were deeply anesthetized using isoflurane and perfused with ice-cold DPBS. The forebrain was isolated, minced into
small pieces, dissociated enzymatically in papain (5 U/mL) and DNase I (50 U/mL) for 30 min at 37 C, and then triturated gently. A
Percoll gradient (30%; Sigma-Aldrich) was used to remove myelin. The resultant mononuclear cell suspensions were used for cell
sorting in a BD Influx cell sorter or flow cytometry analysis in a BD FACSAria III. Unstained controls were used to identify cell populations. Clear subpopulations of microglia were visualized on scatterplots, and the purity of microglial isolation was routinely >90%
according to re-analysis of the sorted cells. Data were analyzed using FlowJo software (TreeStar).
scRNA-seq library preparation
scRNA-seq libraries were generated using the Chromium Single Cell 30 Library Kit v2 (120237; 10x Genomics) according to the manufacturer’s instructions. In brief, sorted myeloid cells were washed once and counted on a hemocytometer. Single-cell suspensions
(300–1,000 cells/mL) were mixed with reverse-transcription reagent mix and loaded into the chip for single-cell encapsulation. Encapsulated cells were immediately incubated on a thermocycler for reverse transcription. Barcoded cDNA was obtained and used for
library construction according to the manufacturer’s instructions. The concentrations of the final libraries were quantified by Qubit
(Thermo Fisher), and fragment lengths were quantified by Fragment Analyzer (Advanced Analytical). Libraries were paired-end
sequenced on a NextSeq 500 according to the manufacturer’s instructions.
scRNA-seq analysis
The sequencing data were aligned, quantified, and clustered using Cell Ranger (version 3.0) as previously described (Zheng et al.,
2017). Seurat (version 3.0) (Butler et al., 2018) was used for the initial quality control for t-SNE clustering. Re-clustering was performed
using the Cell Ranger pipeline. Next, t-SNE plots were generated, and the DEGs (adjusted p value <0.1, log2 fold change >0.56 or
<0.56) were identified using Seurat (version 3.0). Cell type identification analysis showed that ~95% of the CD11b+ cells were
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myeloid cells (Figure S2G). Gene expression at the single-cell level was determined using cellrangerRkit and visualized with
Morpheus and Seurat DotPlot function. DEGs were functionally annotated by GO and STRING.
Immunohistochemistry
Adult mice were deeply anesthetized using isoflurane and perfused with ice-cold DPBS. Their brains were isolated and fixed overnight in 4% PFA. Then, 50-mm floating sections were prepared using a vibratome.
To study the induction of IL-33RM, their localization with Ab plaques and lysosomal activities were examined. Ab was labeled in vivo
with MeX04 (2 mg/kg) 3 h before sacrifice. Floating sections (50 mm) were blocked with 1% BSA, 4% horse serum, and 0.4% Triton
X-100 in Dulbecco’s PBS (DPBS) at room temperature for 30 min and then incubated with PE-conjugated CD68 (1:1,000 dilution),
Iba1 (1:500 dilution), and MHC-II (1:300 dilution) overnight at 4 C. After washing, sections were incubated with respective secondary
antibodies (all at 1:1,000 dilution) at room temperature for 2 h. Confocal images were acquired using a Leica TCS SP8 confocal
microscope or a Zeiss LSM880 confocal microscope. ImageJ and LAS X (Leica) were used to quantify cells and CD68/Iba1 area.
To study the Ab plaque load in APP/PS1 mice, 6E10 immunostaining was performed. First, antigen retrieval was performed by incubating sections in sodium citrate buffer (10 mM trisodium citrate and 0.5% Tween-20 in H2O [pH 6.0]) at 80 C for 10 min. The sections
were blocked with 1% BSA, 4% horse serum, and 0.4% Triton X-100 in DPBS at room temperature for 30 min, followed by incubation
with Alexa Fluor 488-conjugated monoclonal 6E10 antibody (1:1,000 dilution) overnight at 4 C.
Imaging was performed using a Leica DM6000 B compound microscope system. Representative images were taken using Zeiss
LSM880 confocal microscope. The area of Ab plaques in the cortex in the brain coronal sections was analyzed using the Analyze
Particles function of ImageJ. Three brain sections per mouse (~200–300 mm apart near the hippocampus) were analyzed, and the
average percentage of the cortical area occupied by Ab plaques was calculated.
ATAC-seq library preparation
ATAC-seq libraries were generated as previously described with minor modifications (Buenrostro et al., 2013). In brief, approximately
50,000 sorted cells were washed once with ice-cold DPBS. Nuclei were extracted using 50 mL ice-cold lysis buffer (10 mM Tris$Cl [pH
7.4], 10 mM NaCl, 3 mM MgCl2, and 0.1% [v/v] Igepal CA-630). The extracted nuclei were tagmented by incubation with Tn5 transposase (Illumina) for 30 min at 37 C. Tagmented genomic DNA was then amplified by PCR for 15 cycles. The libraries were sizeselected (100–600 bp) by Ampure XP beads (Beckman Coulter). The concentrations of the final libraries were quantified by Qubit
(Thermo Fisher), and fragment lengths were quantified by Fragment Analyzer (Advanced Analytical). The pooled libraries were
paired-end sequenced on a NextSeq 500.
ChIP-seq library preparation
The cells were fixed immediately after staining and then subjected to sorting. The cell pellets were fixed with 1% PFA at room
temperature for 10 min and quenched with 0.125 M glycine at room temperature for 5 min. The fixed cells were washed once,
and microglia were sorted as described above. Sorted microglia were then snap-frozen in liquid nitrogen and stored at 80 C until
use. ChIP-seq libraries were constructed using ChIPmentation, which is an optimized method for low-input ChIP-seq library preparation (Schmidl et al., 2015). In brief, approximately 200,000–300,000 sorted cells were resuspended in 0.25% SDS sonication buffer
with protease inhibitors. Genomic DNA was sonicated into 200–700-bp fragments using a Covaris S220 focused-ultrasonicator system (Covaris). Fragmented genomic DNA was diluted 1:1.5 in equilibration buffer (10 mM Tris, 233 mM NaCl, 1.66% Triton X-100,
0.166% sodium-deoxycholate [Na-DOC], 1 mM EDTA, and protease inhibitors) and incubated with antibodies targeting PU.1
(3 mL) or H3K4me3 (2 mg) overnight at 4 C. Protein A Dynabeads (Thermo Fisher) were washed twice and incubated with 0.1%
BSA/RIPA overnight at 4 C. After overnight blocking, 10 mL pre-blocked beads was added to each sample and incubated at 4 C
for 2 h. Protein-bound beads were then washed twice with ice-cold RIPA-LS buffers (10 mM Tris-HCl [pH 8.0], 140 mM NaCl,
1 mM EDTA [pH 8.0], 0.1% SDS, 0.1% Na-DOC, and 1% Triton X-100), twice with ice-cold RIPA-HS buffer (10 mM Tris-HCl [pH
8.0], 500 mM NaCl, 1 mM EDTA [pH 8.0], 0.1% SDS, 0.1% Na-DOC, and 1% Triton X-100), twice with ice-cold RIPA-LiCl buffer
(10 mM Tris-HCl [pH 8.0], 250 mM LiCl, 1 mM EDTA [pH 8.0], 0.5% NP-40, and 0.5% Na-DOC), and twice with ice-cold 10 mM
Tris (pH 8.0) buffer on a pre-cooled magnetic stand. ChIP products were tagmented on beads with Tn5 transposase (Illumina) at
37 C for 5 min. Tagmented ChIP products were washed once with ice-cold RIPA-LS buffer and once with ice-cold TE buffer
(10 mM Tris-HCl [pH 8.0] and 1 mM EDTA [pH 8.0]). After washing, tagmented ChIP products were reverse-crosslinked with proteinase K (NEB) in ChIP elution buffer for 1 h at 55 C and then for 6 h at 65 C. DNA was purified using a QIAGEN MinElute Kit (28004).
Purified DNA was subsequently amplified by PCR for 17–20 cycles, and the final libraries were size-selected (100–600 bp) by Ampure
XP beads (Beckman Coulter). The concentrations of the final libraries were quantified by Qubit (Thermo Fisher), and fragment lengths
were quantified by Fragment Analyzer (Advanced Analytical). Pooled libraries were single-end sequenced on a NextSeq 500.
ATAC-seq and ChIP-seq analyses
For sequencing alignment and duplicate removal, sequencing data were mapped to the mm10 mice genome assembly by using the
Burrows–Wheeler Aligner’s bwa-mem function (Li and Durbin, 2009). Duplicates were marked and removed using the Picard tools
MarkDuplicates function with the parameter, REMOVE_DUPLICATES = TRUE. For peak identification, the HOMER (Heinz et al.,
2010) maketagdirectory function was used to combine sequencing data from the biological replicates, and the findPeaks function
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was used to identify binding/accessible regions with the following parameters: -style factor (for PU.1 ChIP-seq), -style histone (for
H3K4me3 ChIP-seq), and -style histone -minDist 200 (for ATAC-seq). Regions were annotated by the annotatePeaks.pl function.
Read count in the binding/accessible regions was quantified by the bedtools (Quinlan and Hall, 2010) multicov function. Differential
binding/accessible regions (p < 0.05) were calculated using an R script developed in house. The HOMER mergePeaks function was
used to search for overlapping regions, which were visualized using Venn diagrams. To search for the enriched motifs in the targeted
regions over the genome, the HOMER findMotifsGenome.pl function was used for the de novo motif search. To visualize mapped
reads, bigWig files were generated using the deepTools (Ramı́rez et al., 2016) bamCoverage function and visualized in igv browser
(Robinson et al., 2011).
PU.1 knockdown in BV2 cells by antisense oligonucleotides
BV2 cells were expanded in DMEM supplemented with 10% FBS, penicillin/streptomycin, and GlutaMAX (Thermo Fisher Scientific)
and maintained in a humidified incubator containing 5% CO2 at 37  C. Cells were pre-treated with 300 nM of antisense oligonucleotides (50 -TTTGCACGCCTGTAACATCCAGCTGACCTC-30 ) (Celada et al., 1996) targeting translation start site of PU.1 mRNA transcript for 24 h, and followed by 30 ng/mL IL-33 treatment for 12 h. Sense oligonucleotides were treated as control.
For qRT-PCR, RNA was extracted using Nucleospin Kit (Macherey Nagel) and quantified using a BioDrop mLITE microvolume
spectrophotometer. Equivalent amounts of RNA were reverse-transcribed using the PrimeScript RT-PCR Kit (TaKaRa). The PCR
amplification and real-time detection of PCR products were performed using TaqMan gene expression assay (Applied Biosystems)
and Premix Ex Taq qPCR assay (TaKaRa). The copy numbers for samples were averaged across duplicates. The mRNA expression
values were normalized to the level of b-actin. The following TaqMan probes were used: H2-Ab1 (Mm00439216_m1) and Actb
(Mm02619580_g1).
QUANTIFICATION AND STATISTICAL ANALYSIS
For scRNA-seq, differential analysis was calculated by Seurat FindMarker function and the threshold for calling statistical significance was adjusted p value < 0.1. For ATAC-seq and ChIP-seq, differential analysis was calculated by Student’s t test in R and
the threshold for calling statistical significance was p value < 0.05. The rest of the statistical analyses were performed using Graphpad
PRISM 8.0. All the statistical details were described in the figure legends.
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Figure S1. Interleukin-33 injection enhances the interaction of a microglial
subpopulation with beta-amyloid plaques in APP/PS1 mice.
(A) Representative images showing the morphology of eYFP+ microglia and their
interaction with CRANAD-3+ beta-amyloid (Aβ) plaques at each imaging timepoint after
interleukin (IL)-33 injection. Arrowheads denote the same microglia. Scale bar = 20 µm.
(B) Displacement index was positively correlated with microglial mobility upon IL-33
injection (DPBS-injected (Con): n = 110 microglia from three mice, IL-33: n = 274
microglia from four mice; linear regression). (C) Quantification of microglial ramification
index at different timepoints in APP/PS1 mice with or without IL-33 injection (Con: n = 32
microglia from three mice, IL-33: n = 33 microglia from three mice). (D, E) IL-33 injection
increased disease-associated microglia (DAM) interaction with 6E10+ Aβ plaques. (D)
Proportions of Aβ plaque-associated microglia (i.e., Cx3cr1+ cells) in IL-33–injected and
Con APP/PS1 mice (Con: n = 4, IL-33: n = 4; *p < 0.05 vs. Con, Student’s t-test). (E)
Proportion of DAM (i.e., Cst7+ Cx3cr1+ cells) among Aβ plaque-associated microglia in
IL-33–injected and Con APP/PS1 mice (Con: n = 4, IL-33: n = 4). All data are represented
as mean ± SEM.

Figure S2. IL-33 reverses the microglial transcriptomic responses to Aβ.
(A) Pathway analysis of differentially expressed genes (DEGs) induced by IL-33 injection
in microglia in APP/PS1 mice. (B) Heatmap showing the top 70 enriched genes in DAM
and homeostatic microglia. (C, D) IL-33 injection did not regulate the proportion of DAM
in APP/PS1 mice. (C) t-distributed stochastic neighbor embedding (t-SNE) plots showing
the seven identified cell clusters in IL-33–injected APP/PS1 mice, Con APP/PS1 mice,
and Con WT mice. (D) Proportions of DAM among the total microglia in each condition.
(E) Heatmap showing the expression of MHC-II genes (i.e., Cd74, H2-Ab1, and H2-Eb1),
homeostatic signature genes (i.e., Cap1, Fcrls, Sft2d1, and Zfp69), and DAM signature
genes (i.e., Apoe, Cst7, Itgax, Lpl, and Nrp1) in microglia in each condition. (F)
Representative images showing MHC-II+ myeloid cells near choroid plexus in Con
APP/PS1 mice. Scale bar = 40 µm. (G) Bar plot showing the proportion of different cell
types in the scRNA-seq analysis.

Figure S3. Functional characterization of IL-33RM in IL-33–injected APP/PS1 mice.
(A) STRING analysis of IL-33RM signature genes identified pathways associated with
endocytosis and chemotaxis. Network analysis of IL-33RM-enriched genes. (B)
Proportion of IL-33RM that associated with Aβ plaques in the cortices from IL-33–injected
APP/PS1 mice (IL-33: n = 4). (C) Representative contour plots showing the MeX04 signal
in IL-33–injected and Con APP/PS1 mice. WT mice was included as a baseline reference.
(D) The proportions of Aβ-phagocytic microglia. Bar plot showing the proportions of Aβphagocytic microglia (i.e., MeX04+ CD11b+ cells) in the forebrain from IL-33–injected and
Con APP/PS1 mice (Con: n = 4, IL-33: n = 7). (E, F) IL-33 increased the proportion of Aβ
plaque-associated microglia with high CD68+ lysosomal content in APP/PS1 mice. (E)
Proportion of Aβ plaque-associated microglia binarized by CD68+ lysosomal content (Con:
n = 50 microglia from 6 mice; n = 76 microglia from 8 mice). (F) Proportion of Aβ plaqueassociated microglia with high (≥40%) CD68+ lysosomal content after IL-33 injection in
APP/PS1 mice (Con: n = 6, IL-33: n = 8; *p < 0.05 vs. Con, Student’s t-test). All data are
represented as mean ± SEM.

Figure S4. IL-33 regulates chromatin accessibility at the active promoters of IL-33
DEGs in APP/PS1 microglia.
(A–B) IL-33 injection regulated the chromatin accessibility of DEGs in microglia, which
was positively correlated with their gene expression changes. (A) IL-33 injection
increased chromatin accessibility at the regulatory regions of IL-33RM signature genes in
microglia in APP/PS1 mice. Correlations between the changes in ATAC-seq signal
intensity at the promoter regions of IL-33 DEGs and their gene expression changes upon
IL-33 injection. (B) Visualization of the chromatin accessibility landscape at the regulatory
regions of MHC-II genes in IL-33-treated and Con APP/PS1 mice. (C, D) Regions in which
chromatin accessibility was modulated by IL-33 were enriched with H3K4me3, which
indicates active promoter regions. (C) Visualization of the H3K4me3 landscape at the
promoter regions of IL-33–upregulated genes (i.e., Cap1 and Fcrls) and IL-33–
downregulated genes (i.e., Ccr6 and Lpl). (D) Heatmap showing H3K4me3 signals at
regions ±3 kb from sites with differential chromatin accessibility upon IL-33 injection in
APP/PS1 mice. All data are represented as mean ± SEM.

Figure S5. IL-33 injection regulates the PU.1-binding landscape in microglia in
APP/PS1 mice.
(A) Heatmap showing the regions with differential PU.1 binding in APP/PS1 microglia
upon IL-33 injection (p < 0.05; log2 fold change >0.263 or <−0.263). Highlighted MSigDB
terms from GREAT analysis of the differential binding regions are listed.

Figure S6. PU.1 inhibition reverts the IL-33–induced gene expression changes in
microglia in APP/PS1 mice.
(A) t-SNE plots showing the expression of KI in microglia of each condition. (B) Dotplot
showing the expression changes of all IL-33 DEGs in IL-33–injected APP/PS1 mice upon
DB2313 administration. (C) Pathway analysis of the DEGs in APP/PS1 mouse microglia
after IL-33 injection with or without DB2313 administration. (D) Bar plot showing the
expression change of H2-Ab1, a MHC-II gene, in BV2 cells after co-treatment of IL-33
and PU.1 antisense oligonucleotide.

