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TECHNICAL ADVANCES AND RESOURCES

Multi-omic comparison of Alzheimer’s variants in
human ESC–derived microglia reveals convergence
at APOE
Tongfei Liu1*, Bing Zhu1*, Yan Liu1*, Xiaoming Zhang1*, Jun Yin1*, Xiaoguang Li1, LuLin Jiang1, Andrew P. Hodges1, Sara Brin Rosenthal6,
Lisa Zhou1, Joel Yancey1, Amanda McQuade2,3,4, Mathew Blurton-Jones2,3,4, Rudolph E. Tanzi5, Timothy Y. Huang1, and Huaxi Xu1

Variations in many genes linked to sporadic Alzheimer’s disease (AD) show abundant expression in microglia, but relationships
among these genes remain largely elusive. Here, we establish isogenic human ESC–derived microglia-like cell lines (hMGLs)
harboring AD variants in CD33, INPP5D, SORL1, and TREM2 loci and curate a comprehensive atlas comprising ATAC-seq, ChIP-
seq, RNA-seq, and proteomics datasets. AD-like expression signatures are observed in AD mutant SORL1 and TREM2 hMGLs,
while integrative multi-omic analysis of combined epigenetic and expression datasets indicates up-regulation of APOE as a
convergent pathogenic node. We also observe cross-regulatory relationships between SORL1 and TREM2, in which SORL1R744X

hMGLs induce TREM2 expression to enhance APOE expression. AD-associated SORL1 and TREM2 mutations also impaired hMGL
Aβ uptake in an APOE-dependent manner in vitro and attenuated Aβ uptake/clearance in mouse AD brain xenotransplants.
Using this modeling and analysis platform for human microglia, we provide new insight into epistatic interactions in AD
genes and demonstrate convergence of microglial AD genes at the APOE locus.

Introduction
Alzheimer’s disease (AD) is associated with cognitive decline;
and while Aβ metabolism and neuronal dysfunction are etio-
logically fundamental events in AD pathogenesis, contributing
events from other cell types such as astrocytes and microglia are
also crucial. Interestingly, genome-wide association studies
have identified numerous polymorphisms linked to elevated AD
risk in genes that are highly expressed in microglia, including
noncoding polymorphisms in CD33 (rs3865444) and INPP5D
(rs35349669), as well as TREM2R47H (rs75932628) and SORL1
R744X and A528T (rs2298813) coding mutations (Harold et al.,
2009; Jansen et al., 2019; Kunkle et al., 2019; Lambert et al.,
2009, 2013; Raghavan et al., 2018; Vardarajan et al., 2015). Ad-
ditionally, many AD-associated loci are enriched in microglia-
specific enhancer regions, further implicating a vital role for
microglia in AD pathogenesis (Nott et al., 2019). How microglia-
associated AD risk variants contribute to AD remains unclear.

Numerous AD risk genes feature overlapping signaling
pathways in microglia. TREM2 ligand engagement results in

recruitment and phosphorylation of immunoreceptor tyrosine-
based activation motifs within the TREM2 coreceptor, DAP12
(Bouchon et al., 2001), resulting in downstream activation of Syk
and phosphoinositide 3-kinase (PI3K) to facilitate phagocytic
actin rearrangement and cytokine expression (Bakker et al.,
1999; Paloneva et al., 2000; Rougerie et al., 2013). SHIP1 (SH2-
containing inositol 59 phosphatase, encoded by INPP5D) and
CD33, a glycosylated transmembrane protein, can both antago-
nize TREM2 signaling through the inactivation of Syk/PI3K
(Del-Aguila et al., 2019; Malik et al., 2015). SORLA (sortilin-
related receptor with A-type repeats; encoded by SORL1) is a
transmembrane receptor originally identified as a potential
blood biomarker in AD patients (Scherzer et al., 2004), which
limits amyloidogenic APP (Aβ precursor protein) processing in
neurons by trafficking APP to the Golgi (Andersen et al., 2005)
or cell surface (Huang et al., 2016). Although a role for SORLA
has been extensively characterized in neurons, SORLA ex-
pression has been found to be comparatively high in microglia

.............................................................................................................................................................................
1Neuroscience Initiative, Sanford Burnham Prebys Medical Discovery Institute, La Jolla, CA; 2Institute for Memory Impairments and Neurological Disorders, University of
California, Irvine, Irvine, CA; 3Department of Neurobiology and Behavior, University of California, Irvine, Irvine, CA; 4Sue and Bill Gross Stem Cell Research Center,
University of California, Irvine, Irvine, CA; 5Department of Neurology, Massachusetts General Hospital and Harvard Medical School, Charlestown, MA; 6Center for
Computational Biology and Bioinformatics, University of California, San Diego School of Medicine, La Jolla, CA.

*T. Liu, B. Zhu, Y. Liu, X. Zhang, and J. Yin contributed equally to this paper; Correspondence to Huaxi Xu: huaxi.xu@molecularneurodegeneration.org; Timothy Y. Huang:
thuang@sbpdiscovery.org.

© 2020 Liu et al. This article is distributed under the terms of an Attribution–Noncommercial–Share Alike–No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms/). After six months it is available under a Creative Commons License (Attribution–Noncommercial–Share Alike 4.0
International license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

Rockefeller University Press https://doi.org/10.1084/jem.20200474 1 of 21

J. Exp. Med. 2020 Vol. 217 No. 12 e20200474

https://orcid.org/0000-0002-3553-6871
https://orcid.org/0000-0002-1975-6065
https://orcid.org/0000-0003-2654-3620
https://orcid.org/0000-0002-6548-9658
https://orcid.org/0000-0002-9554-5315
https://orcid.org/0000-0002-2909-7630
https://orcid.org/0000-0002-7770-7157
https://orcid.org/0000-0002-7032-1454
https://orcid.org/0000-0001-7031-7853
mailto:huaxi.xu@molecularneurodegeneration.org
mailto:thuang@sbpdiscovery.org
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1084/jem.20200474
http://crossmark.crossref.org/dialog/?doi=10.1084/jem.20200474&domain=pdf


compared with other cell types in the central nervous system
(CNS) and is enriched in aged human microglia (Olah et al.,
2018; Zhang et al., 2016), suggesting that SORLA may also be
vital to microglia function. The APOEε4 variant is currently the
strongest genetic-risk factor for sporadic, late-onset AD de-
scribed thus far. Pathogenic induction of APOE in microglia has
been shown to enhance AD progression (Shi et al., 2019). Im-
portantly, APOE status has been shown to clinically alter
TREM2R47H-dependent AD pathogenesis; in some instances,
presence of the APOEε4 allele may be required to trigger AD
onset in TREM2R47H carriers (Kunkle et al., 2019; Murray et al.,
2019). In further support of APOE as a pathogenic driver in AD,
viral-mediated expression of APOEε4 can increase extracellular
amyloid β (Aβ) levels and enhance Aβ plaque load (Hudry et al.,
2013; Zhao et al., 2014), whereas APOE deletion can reduce
plaque burden in AD mouse brain (Irizarry et al., 2000; Ulrich
et al., 2018).

To date, characterizing the contribution of microglia to AD
pathogenesis has been problematic, as microglia in mouse
models may not accurately model microglial behavior and
function in humans. Given that human and mouse TREM2 fea-
tures only ∼77% sequence identity, nonconserved regions in
TREM2 could potentially modulate ligand repertoire, ligand
binding affinity, and confer differing effects in homologous
human and mouse AD mutations (Song et al., 2018). For exam-
ple, the TREM2R47H mutation was previously observed to down-
regulate TREM2 mRNA levels in mouse microglia, but not in
human induced pluripotent stem cell (iPSC)–derived microglia
models and AD cases carrying the TREM2R47H mutant allele
(Xiang et al., 2018). Although, iPSC-derived microglia-like cells
may be useful in modeling human microglia (Abud et al., 2017;
McQuade et al., 2018; Speicher et al., 2019), variables derived
from genetic variation and epigenetic memory may render
complexities in comparing effects of AD mutations in non-
isogenic settings (Kim et al., 2010; Polo et al., 2010). Further,
characterization of microglia so far has been largely limited to
singular profiles at transcriptomic or epigenetic levels (Ayata
et al., 2018; Gosselin et al., 2017), thus potentially limiting our
analyses to either expression or epigenetic datasets.

To address limitations with respect to nonisogenic variation
and singular analyses, we describe a systematic analysis pipeline
using a human embryonic stem cell (ESC) line (H9) to isogeni-
cally integrate AD-associated gene variants in CD33, INPP5D,
TREM2, and SORL1 by CRISPR-Cas9 editing and characterize
effects of these variants in mature human ESC–derived
microglia-like cells (hMGLs). Integrated analysis of assay for
transposase-accessible chromatin sequencing (ATAC-seq), chro-
matin immunoprecipitation sequencing (ChIP-seq), RNA sequenc-
ing (RNA-seq), and proteomic datasets from the mutant hMGL
panel reveal convergence at APOE in TREM2 and SORL1mutant
hMGLs. Transcriptomic analysis indicates that TREM2R47H and
SORL1R744X (“KO”) hMGLs manifest AD-like microglial sig-
natures (including up-regulation of APOE, LPL, GPNMB, and
SPP1), indicating that these mutations may confer an “AD-
primed” microglial state, while TREM2 KO hMGLs show
reversed expression trends. Expression analysis indicates cross-
regulation between SORL1, TREM2, and APOE, where SORL1 KO

and TREM2R47H hMGLs show induced APOE expression. Epistasis
modeling and validation suggests that SORL1 KO up-regulates
TREM2 to up-regulate APOE expression. Further, AD-primed
TREM2R47H and SORL1 KO hMGLs feature defects in Aβ uptake
in vitro in an APOE-dependent manner, while xenotransplantation
of AD-primed hMGLs in AD mouse brain revealed impaired
Aβ uptake/clearance in vivo. Together, our results demon-
strate APOE up-regulation as a convergence point for AD-
priming mutations such as TREM2R47H and SORL1 KO. Use of
this isogenic human ESC–derived modeling platform, AD
mutant lines, and the multi-omic dataset provided here will
expand our capacity to understand how ADmutations interact
epistatically, modulate microglial function, and enhance AD
pathogenesis.

Results
Establishing isogenic hMGLs harboring AD-associated genetic
variants
CD33, TREM2, and SORLA are all type I transmembrane com-
ponents highly expressed inmicroglia, where CD33, TREM2, and
the microglial cytosolic protein INPP5D converge at the Syk–
PI3K signaling axis (Malik et al., 2015; Fig. 1 A). To characterize
effects of these AD-associated variants in microglia, we inte-
grated these mutations into the human H9 ESC line by CRISPR-
Cas9 editing (Fig. S1 A), and designed an analysis scheme to
characterize epigenetic and expression profiles of the hMGL
panel, verify functional characteristics of mature hMGLs in
vitro, and compare potential effects of AD mutations on hMGL
behavior in vivo (Fig. 1 B and Fig. S1 B). Integrity of potential
CRISPR-Cas9 off-target sites were validated by Sanger se-
quencing for each edited ESC line (Table S1 and Fig. S1, C and D).
Edited H9 cell lines were then differentiated into mature hMGLs
through a ∼38-d differentiation protocol (Fig. 1 C; McQuade
et al., 2018), resulting in CD43/TREM2/PU.1/TMEM119/CX3CR1/
Iba1-positive hMGLs (Fig. 1 C and Fig. S1 E). Transcriptomic
profiles of WT hMGLs closely resemble mRNA expression in
iPSC-derived microglia-like cells (iMGLs; GSE117829; Abud
et al., 2017) as well as acutely isolated human microglia (Gosselin
et al., 2017; Fig. 1 D). Principal-component analysis (PCA) revealed
that hMGLs (purple) resemble iMGLs (dark and turquoise blue),
fetal microglia (green), and adult microglia (light blue) but
appear markedly different from other myeloid cells (light yel-
low or gold; Fig. 1 E).

To functionally characterize hMGLs in vitro, we assayed
hMGL response to various physiological and pathological stim-
uli. We applied an increasing voltage cell ramp (−160 mV to −60
mV) in the presence or absence of Cs+ to block K+-mediated
inward currents and characterized changes in inward current at
varying holding voltage steps in whole-cell patch-clamp re-
cordings (Fig. S1 F). We observed a proportional increase in
inward current in hMGLs, which was largely blocked with Cs+

(Fig. S1 F). Stimulation of hMGLs with proinflammatory cyto-
kines such as IL-1β or IFN-γ showed significant cytokine in-
duction (Fig. S1 G). Further, hMGLs also demonstrated positive
purinergic chemotactic response toward an ATP source (Fig.
S1 H and Video 1) and showed a typical calcium transient
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Figure 1. Integrating AD-associated genetic variations into an hMGL model. (A) Schematic depiction of AD-associated risk variants characterized. SNP
variants for CD33 and INPP5D, as well as R47H, A528T, and R744X coding variants for TREM2 and SORL1 (SORLA) are marked in red. ITIM, immunoreceptor
tyrosine-based inhibitory motif. (B) Workflow pipeline, for generating and characterizing AD-associated mutations in hMGLs. AD-associated coding or non-
coding SNPs are introduced into corresponding genomic loci in human H9 ESC lines by CRISPR-Cas9 editing. Each line was characterized for targeted mu-
tations and off-targeting variation before differentiation and maturation into hMGLs. hMGLs were subjected to multi-omic (RNA-seq, ATAC-seq, ChIP-seq, and
label-free proteome) analysis, and functional characterization as indicated. (C) Isogenic microglial differentiation scheme used in this study. ESCs were
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response in response to purinergic stimulation (Fig. S1 I; Brawek
et al., 2014; Konttinen et al., 2019). We observed robust uptake of
Aβ (fluorescently labeled HiLyte Fluor 555-Aβ or 555-Aβ
hereon) in hMGLs; Fig. S1 J); cumulative phagocytic index (PI)
was calculated by progressive uptake with 555-Aβ exposure as a
function of normalized fluorescence intensity (Fig. S1 J, right
graph). Together, these results demonstrate utility of hMGLs as
a versatile cellular model that can recapitulate physiological and
pathological microglial behavior.

Comparison of epigenetic and expression landscapes in AD
mutant hMGLs reveal APOE as a convergent pathogenic node
To establish and compare epigenetic and expression profiles in
AD mutant hMGLs, we performed RNA-seq, ATAC-seq, H3K27
acetylation (H3K27ac), and H3K4 trimethylation (H3K4me3) by
ChIP-seq and label-freemass spectrometry analysis of our hMGL
panel. TREM2R47H hMGLs featured the highest degree of change
at both epigenetic (ATAC- and ChIP-seq; Fig. S2 A) and tran-
scriptomic levels compared to WT (Fig. S2 B). However, pro-
teomic profiles from SORL1A528T hMGLs specifically showed the
highest degree of change compared with other hMGL lines (Fig.
S2 B). While significant overlap in differentially expressed
proteins (DEPs) in SORL1 KO and A528T lines was observed (Fig.
S2, C and D), unique DEPs in SORL1A528T may suggest abnor-
malities in protein stability or turnover associated with
SORL1A528T hMGLs. As a component of the endosomal retromer
complex (Fjorback et al., 2012; Huang et al., 2016), which regu-
lates trafficking of various protein substrates from the endosome
to the lysosome (Van Acker et al., 2019), mutations in the cargo-
binding SORLA VPS10 domain (such as A528T) may impair
SORLA-dependent protein homeostasis. In agreement with this,
Gene Ontology (GO) cellular component (CC) analysis of up-
regulated DEPs in the SORL1A528T hMGL proteome indicates en-
richment of components at the cell surface (CC: 0009986, “Cell
surface”) and early endosome (CC: 0005769, “Early endosome”;
Fig. S2 E), while down-regulated DEPs showed enrichment in
KEGG (Kyoto Encyclopedia of Genes and Genomes) lysosome
pathways (KEGG hsa04142: “Lysosome”; Fig. S2 F) and CC en-
dosome categories (CC: 0005768, “Endosome”; Fig. S2 G). These
results suggest that SORL1A528T mutation manifests accumulation
of cell surface/early endosomal components, while down-
regulating lysosome and endosomal components.

Although we observed correlative epigenetic (H3K27ac ChIP-
seq, H3K4me3 ChIP-seq, and ATAC-seq) and transcriptional
(RNA-seq) overlap in most lines, we found that due to marked
elevation in epigenetic and transcriptomic gene signatures,
TREM2R47H hMGLs showed the greatest degree of overlap (Fig.
S2 H). Overall, these results indicate that TREM2R47H hMGLs

exhibit significant alterations in epigenetic and transcriptional
signatures. We used the OmicsIntegrator software package
(Tuncbag et al., 2016) to perform combinatorial analyses using
epigenetic and expression datasets to identify potential over-
lapping pathways or convergent hubs within the mutant hMGL
panel. As mild differences were observed with CD33 and INPP5D
single-nucleotide polymorphisms (SNP; in comparison to WT)
within the hMGL panel, we excluded datasets from these hMGL
lines in our analysis. First, we constructed individual integrated
multi-omic network maps for TREM2 KO, TREM2R47H, SORL1 KO,
and SORL1A528T hMGLs (datasets compared with WT; Fig. S2,
I–L). To further elucidate and identify commonly affected
pathways and processes by each cell line, we combined indi-
vidual OmicsIntegrator network nodes and edges (Fig. S2, I–L)
and identified APOE as a shared network node in these hMGL
lines (Fig. 2, A–D). Comparison of networks identified in TREM2
KO, TREM2R47H, SORL1 KO, and SORL1A528T hMGLs reveal sig-
nificant convergent intersection at the APOE locus reiterated in
one or more “-omics” dataset (Fig. S2 M), further implicating
APOE dysregulation in TREM2 and SORL1 mutant hMGLs.

Characterizing AD-associated microglial gene signatures in
mutant hMGLs
PCA of the hMGL panel demonstrated separation of WT hMGLs
from CD33 SNP, TREM2 KO, TREM2R47H, SORL1 KO, and SOR-
L1A528T hMGLs (Fig. 3 A and Fig. S3 A). Surprisingly, we observed
a high degree of separation between TREM2 KO and TREM2R47H,
which formed clusters distinct fromWT, INPP5D SNP, CD33 SNP,
SORL1 KO, and A528T hMGLs (Fig. 3 A and Fig. S3 A). Given the
separation between TREM2 KO and TREM2R47H hMGLs (Fig. 3 A),
we compared and characterized up-regulated and down-
regulated differentially expressed genes (DEGs) in TREM2 KO
and TREM2R47H RNA-seq datasets (Fig. 3, B and C). We observed
some overlap between up-regulated/down-regulated TREM2 KO
and TREM2R47H DEGs; 453 DEGs were found to overlap between
TREM2 KO (1,519 DEGs) and TREM2R47H (4,419 DEGs) RNA-seq
datasets (Fig. 3, B and C). Although APOE nodes were consis-
tently present in multi-omic network maps in TREM2 KO,
TREM2R47H, SORL1 KO, and SORL1A528T hMGLs, it remains unclear
whether APOE and its associated pathways are up-regulated or
down-regulated in these cell lines. GO analysis of genes with
opposing up-regulatory/down-regulatory trends in TREM2 KO
and TREM2R47H hMGLs showed enrichment of GO biological
process (BP) components in “inflammatory response” (GO BP:
0006954) and “negative regulation of inflammatory response”
(GO BP: 0050728) categories (Fig. 3 D). Interestingly, APOE was
found to be down-regulated in TREM2 KO and up-regulated in
TREM2R47H hMGLs (Fig. 3 D). KEGG pathway analysis also

differentiated into HPCs for 10 d, where CD43+ iHPCs are sorted (FACS plots) and cultured in serum-free media with MCSF, IL-34, TGF-β, and insulin; CD43
(green), CX3CR1 (red), Iba1 (purple), and DAPI (blue) staining is shown for HPCs at 10 d in vitro (DIV). Cells were differentiated to microglia for an additional
25 d, whereby maturation was induced by the addition of CD200 and CX3CL1. hMGLs were stained for TREM2 (red), CD43 (green), Iba1 (purple), and DAPI (blue)
and compared with HPCs (bottom panels), or TMEM119 in hMGLs (red, bottom right) as indicated. Scale bars represent 100 µm (H9, left panel), 50 µm (mature
hMGLs, right panel), and 20 µm (all fluorescence images). (D) Heatmap depicting RNA-seq profiles from human microglia (red; Galatro et al., 2017; GSE99074,
red), hMGLs from this study (purple), iMGLs (Abud et al., 2017; GSE117829, green). (E) 3D PCA of hMGLs (this study, purple), iMGLs (GSE117829, turquoise;
GSE89189, dark blue), human fetal microglia (GSE89189, green), human adult microglia (GSE89189, light blue), myeloid dendritic cells (GSE89189, light yellow),
monocytes (GSE89189, gold). PCA reveals that hMGLs cluster closely with iMGLs and human adult/fetal microglia, and are distinct from myeloid cells.
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Figure 2. Integrative multi-omic analysis demonstrates convergence at the APOE locus in mutant hMGLs. (A–D) APOE pathway network in individual
hMGL lines. OmicsIntegrator network branches containing APOE is depicted from multi-omic TREM2 KO (A), TREM2R47H (C), SORL1 KO (B), and SORL1A528T (D)
hMGL datasets. Color scheme for nodes identified by a particular analytical dataset is shown in A; node and font size are scaled according to identification
across multi-omic datasets. APOE is intentionally marked with an increased font size, and adjacent nodes are highlighted. Gray nodes depict node inserts
applied by the OmicsIntegrator algorithm to connect adjacent networks.
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revealed enrichment of up-regulated AD-associated gene com-
ponents, including APOE and LPL in TREM2R47H DEGs (Fig. 3 E);
SORL1 KO and SORL1A528T also increased APOE and APOC1
(Fig. 3 F). Comparing DEGs identified from bulk or single-cell
transcriptomic profiles in AD (Abud et al., 2017; Gosselin et al.,
2017; Mathys et al., 2019; McQuade et al., 2018) and disease-
associated microglial (DAM) signatures (Hickman et al., 2013;
Kamphuis et al., 2016; Keren-Shaul et al., 2017; Krasemann et al.,
2017; Yin et al., 2017), we found that genes such as APOE, APOC1,
SPP1, and PTPRG were down-regulated in TREM2 KO and sig-
nificantly up-regulated in TREM2R47H, SORL1 KO, and A528T
(Fig. 3 F and Fig. S3 B; Harold et al., 2009; Hollingworth et al.,
2011; Jansen et al., 2019; Kunkle et al., 2019; Lambert et al., 2009,
2013). Similarly, numerous DAM-induced genes previously de-
scribed in AD mouse brain such as APOE, GPNMB, LPL, and SPP1
were also down-regulated in TREM2 KO and up-regulated in
TREM2R47H hMGLs (Fig. S3, C and D). Interestingly, GPNMB and
LPL were previously shown to be induced in microglia in an
APOE-dependent manner (Krasemann et al., 2017; Fig. S3, E and
F). These results suggest that within this hMGL panel, two dis-
tinct transcriptomic profiles are apparent: an AD-primed hMGL
group in which induced AD-genes are up-regulated (TREM2R47H,
SORL1 KO, and A528T) and TREM2 KO, which conversely shows
silencing of these induced AD-related gene signatures. Impor-
tantly, microglial APOE up-regulation is observed in human AD
(Mathys et al., 2019), mouse microglia models of neurodegeneration
(Krasemann et al., 2017), and mouse AD brain (Keren-Shaul
et al., 2017; Fig. S3 F). Thus, reciprocal expression of AD-
associated microglial signatures in TREM2 KO and TREM2R47H

hMGLs implicates induction of an AD-primed state in TREM2R47H,
SORL1 KO, and A528T, potentially triggering pathogenic effects
through APOE induction.

We also note interesting differences in cytokine induction
profiles in TREM2 KO (non-AD) and AD-primed (TREM2R47H,
SORL1 KO, and A528T) hMGLs. Specifically, we observed that
AD-primed TREM2R47H, SORL1 KO, and A528T hMGLs showed
enhanced IFN-γ–induced TNF-α secretion compared with WT,
while TREM2 KO hMGLs showed little or no TNF-α induction
in response to IFN-γ (Fig. S3, G and H). Similarly, we also see
attenuated IFN-γ–induced hepatocyte growth factor (HGF) in-
duction in TREM2 KO hMGLs, but not in other hMGL lines
(Fig. S3, G and H). This suggests that alterations in DAM AD
signatures are potentially associated with changes in IFN-
γ–induced cytokine response; TREM2 KO hMGLs feature an
impaired response, whereas AD-primed microglia show a nor-
mal (HGF) or enhanced (TNFα) cytokine response compared to
WT hMGLs.

A SORL1-TREM2-APOE regulatory axis regulates microglial
phagocytosis
Next, we searched for cross-regulatory trends that may indicate
epistatic relationships between genes within the hMGL panel;
SORL1 levels were significantly up-regulated in TREM2R47H

hMGLs, while TREM2 levels were also up-regulated in SORL1 KO
and A528T hMGLs (Fig. S3 B). This suggests that either SORL1
modulation (KO or A528T) may up-regulate TREM2, or alter-
natively, TREM2 modulation (R47H) may up-regulate SORL1 to

induce APOE/DAM signatures. It is unlikely that SORL1 up-
regulation downstream of TREM2 KO/R47H alterations up-
regulates AD signatures such as APOE, since SORL1 deletion
rather than induction drives APOE up-regulation (Fig. 3 F).
Given that SORL1 KO and TREM2R47H hMGLs both showed sig-
nificant up-regulation of AD/DAM signatures such as APOE,
GPNMB, LPL, APOC1, and SPP1 by RNA-seq and quantitative RT-
PCR analysis (qRT-PCR; Fig. 3 F; Fig. S3, A–E; and Fig. S4 A), we
propose an epistasis model where SORL1 deficiency up-regulates
TREM2 to induce AD-associated gene signatures such as APOE
(Fig. 4 A).

We confirmed down-regulation of APOE in TREM2 KO
hMGLs and up-regulation of APOE in TREM2R47H and SORL1 KO
hMGLs by proteomic analysis (Fig. S4 B). We also performed
immunoblot analysis of lysates from two independent clones in
our hMGL panel (Fig. 4 B). Comparing APOE levels in WT,
heterozygous TREM2R47H, and TREM2R47H hMGL lines, we ob-
served dose-dependent expression of APOE in relation to
TREM2R47H (Fig. S4 C). Similar dose-dependent trends were also
observed for LPL, GPNMB, SPP1, APOC1, and LGALS3 (Fig. S4 D).
Next, we determined whether downstream TREM2 induction
was required for APOE up-regulation in SORL1 KO hMGLs. We
found that TREM2 siRNA transfection abrogated APOE up-
regulation in SORL1 KO hMGLs (Fig. 4 C). Conversely, we
found that SORL1 siRNA had little or no effect on APOE levels in
TREM2 KO and TREM2R47H hMGLs (Fig. 4 D), indicating that
SORL1 is likely not a downstream (but rather an upstream) ef-
fector for TREM2 function. These results are in agreement with
our proposed epistasis model, implicating APOE induction as a
convergent pathogenic factor for SORL1 and TREM2 (Fig. 4 A).

The APOEε4 allele is a significant risk factor for sporadic AD,
in which excessive expression of APOE has been shown to ag-
gravate Aβ-plaque deposition in AD mouse models. Together,
this suggests that up-regulation of APOEε4, and perhaps to a
lesser extent, APOEε3may impair phagocytic uptake in response
to Aβ (Shi et al., 2019; Ulrich et al., 2018). To test this, we de-
termined whether recombinant human APOEε3 or APOEε4
could alter Aβ binding/uptake in our hMGL panel. Using real-
time Aβ binding/uptake assays (Fig. S1 J), we compared uptake
of fluorescent Aβ oligomers in WT, TREM2, and SORL1 mutant
hMGLs (Fig. S4 E). Similar to our previous observations with
Trem2 KOmousemicroglia (Zhao et al., 2018), TREM2 KO hMGLs
showed little or no defect in Aβ binding/phagocytosis (Fig. S4 E).
Interestingly, we observed that AD-primed (TREM2R47H, SORL1
KO, and A528T) hMGLs all showed defects in Aβ binding/uptake
in vitro (Fig. S4 E). We also observe that TREM2R47H hMGLs
feature defects in binding/uptake of oligomeric tau, while
TREM2 KO, SORL1 KO, and A528T showed little or no difference
in tau uptake compared to WT hMGLs (Fig. S4 F). This suggests
that SORL1 deficiency causes specific defects in Aβ binding/
uptake, while TREM2R47Hmay be associated with alterations that
affect both Aβ and tau binding and/or internalization.

While the presence of APOEε3 inhibited Aβ binding/uptake
to some extent, APOEε4 showed enhanced inhibition of Aβ
binding/uptake in almost all hMGL lines (Fig. 4 E and Fig. S4 G).
Given that APOEε4 showed equivalent effects on Aβ phagocy-
tosis in TREM2 KO/R47H and SORL1 KO/A528T hMGLs (Fig. 4 E),
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it seems that APOEε4 can inhibit hMGL Aβ uptake regardless of
TREM2 or SORL1 status. However, we observed that reduced Aβ
uptake in TREM2R47H and SORL1 KO hMGLs appeared to be at
least in part, APOE dependent; APOE siRNA restored Aβ binding/
uptake in these hMGL lines (Fig. 4 F). Given that the parental H9
cell line comprises an APOEε3/ε4 genotype, we isogenically
corrected each line within our mutant panel from APOEε3/ε4 to
APOEε3/ε3. We observed that conversion to APOEε3/ε3 restored

Aβ binding/uptake in INPP5D SNP, TREM2R47H, and SORL1 KO
and A528T hMGLs (Fig. 4 G and Fig. S4 G). In agreement with
our results indicating that SORL1 dysfunction (KO) can impair
phagocytic uptake (Fig. 4 E), SORL1 siRNA also reduced Aβ
phagocytosis in WT hMGLs (Fig. 4 H). Consistent with our
epistasis model (Fig. 4 A), SORL1 siRNA transfection did not
impair Aβ binding/uptake in TREM2 KO hMGLs, suggesting that
defects in phagocytic uptake with SORL1 suppression are TREM2

Figure 3. AD-related transcriptomic signatures are altered in mutant hMGLs. (A) PCA plots derived from RNA-seq profiles in mature CD33 SNP (n = 2,
red), INPP5D SNP (n = 2, orange), TREM2 KO (n = 8, yellow), TREM2R47H (n = 7, green), SORL1 KO (n = 7, purple), and SORL1A528T (n = 7, blue) and WT (n = 7, black)
hMGLs. Log2-transformed transcripts per million values were used in the PCA after adjusting for batch effect. (B–F) Transcriptomic analysis reveals divergence
of TREM2 KO and R47H hMGLs. (B) Volcano plot depicting significantly up-regulated (red) and down-regulated (blue) differentially regulated genes (DEGs, q <
0.1) in TREM2 KO (yellow) and TREM2R47H hMGLs; log10 q-values (y axis) and log2 fold change (x axis) are plotted for individual DEGs. (C) Venn diagram depicts
overlapping DEGs in TREM2 KO and R47H hMGL lines with matched up- or down-regulatory trends. GO analysis of 408 DEGs showing opposing up- or down-
regulatory expression trends demonstrate enrichment in BP categories including “inflammatory response” (D, top) and “negative regulation of inflammatory
response” (D, bottom). GO analysis of TREM2R47H hMGLs indicate enrichment of DEGs related to KEGG “Alzheimer’s disease” pathways (E). (F) Analysis of RNA-
seq trends in microglial genes previously shown to be altered in human AD in hMGLs. Heatmaps in D–F indicate log2 fold change (blue/red; top) and q-value
(red/yellow; bottom); arrows indicate AD-associated DEGs with opposing trends in TREM2 KO and R47H hMGLs.
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Figure 4. Epistatic analysis of hMGL mutations and characterization of a SORL1–TREM2–APOE regulatory axis in Aβ phagocytosis in microglia. (A)
Epistasis model: TREM2 KO down-regulates APOE and other induced AD-associated DEG signatures (yellow box). SORL1 KOmay up-regulate TREM2; TREM2R47H

may induce APOE and other APOE-responsive or AD-related microglial DEGs (gray box). (B) SORLA, TREM2, and APOE levels in the hMGL lines indicated were
detected by immunoblot; relative SORLA, TREM2, and APOE levels were normalized to actin and quantified by densitometry in the lower graphs. All values
were normalized toWT hMGLs (set to 1.0). (C)WTor SORL1 KO hMGLs were transfected with 25 nM control (con) or TREM2-targeting siRNAs, and lysates were
immunoblotted for the components indicated. Graphs depict SORLA, TREM2, and APOE levels individually normalized to actin in WT (black bars) and SORL1
hMGLs (purple); values were compared to WT in control or TREM2 siRNA groups (set to 1.0). (D)WT, TREM2 KO or R47H hMGLs were transfected with 25 nM
control or SORL1-targeting siRNAs, and lysates were subsequently immunoblotted for the components indicated. Graphs depict SORLA, TREM2, and APOE
levels individually normalized to actin in WT (black bars), TREM2 KO (yellow bars), and TREM2R47H hMGLs (green bars); values were compared with WT in
control or SORL1 siRNA groups (set to 1.0). (E–G) Characterizing effects of modulating APOE on hMGL-dependent Aβ binding and uptake. (E) WT or mutant
hMGLs were treated with 5 µg/ml recombinant human APOEε3 or APOEε4 or left untreated (control) in the presence of 555-Aβ1-42 oligomers. Phagocytosis of
555-Aβ1-42 oligomers was measured in real time, and phagocytic index (PI) was determined by measuring average fluorescence intensity in individual hMGL
lines in comparison to the 15-min time point and normalized to WT at the 15 min time point (set to 1.0). Values represent mean ± SEM from n = 3 independent
experiments. Mean phagocytotic index values for each hMGL line was quantified at the 3 h time point, as shown in the bar graph. (F) Mutant hMGL lines
transfected with 25 nM control or APOE siRNAs were assayed for Aβ phagocytosis as in E. (G) Mutant hMGL lines with endogenous APOEε3/ε4 allele
combinations, or edited APOEε3/ε3 alleles were assayed for Aβ phagocytosis as in E. (H) WT, TREM2 KO, or R47H hMGL lines were transfected with 25 nM
control or SORL1 siRNA oligos, and assayed for Aβ phagocytosis as in E. In B–H, analyses were validated using two independently derived hMGL clones;
individual plots in B–D represent results from independent experiments (B, n = 4; C and D, n = 3), and plots in E–H represent phagocytosis results from
averages of three replicate values from each independent experiment. All graphs depict mean ± SEM. Statistical significance in B and D were calculated using
one-way ANOVA with Tukey’s multiple comparison; statistical significance in E–H was determined by two-way ANOVA with Dunnett’s multiple comparison
(*, P < 0.05; **, P < 0.01; ***, P < 0.001); and statistical significance in C was determined by Student’s t test (*, P < 0.05; **, P < 0.01; ***, P < 0.001). Gray
asterisks in E, F, and H depict statistical differences between WT control, as determined by two-way ANOVA with Bonferroni–Dunn correction (*, P < 0.05; **,
P < 0.01; ***, P < 0.001).
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dependent (Fig. 4 H). However, reduced Aβ binding/uptake in
TREM2R47H hMGLs was not further perturbed by SORL1 siRNA
(Fig. 4 H), suggesting that TREM2R47H-dependent phagocytic
impairment occurs independently of SORL1. Together, these
results indicated APOE induction triggers impaired Aβ binding/
uptake in TREM2R47H and SORL1 KO hMGLs.

We next investigated whether TREM2R47H and SORL1 KO may
affect Aβ uptake in vivo. To this end, we generated fluorescent
hMGL reporter lines through insertion of a viral 2A-EGFP se-
quence following the last exon of CX3CR1 by homologous re-
combination in WT, TREM2R47H, and SORL1 KO hMGLs. Since
integrity of the endogenous CX3CR1 protein is maintained
through cleavage of the 2A linker, this method is preferable to
GFP gene replacement strategies at the CX3CR1 gene locus (Ito
et al., 2016; Jung et al., 2000; Parkhurst et al., 2013). To de-
termine graft efficiency and survival rate of hMGLs in mouse
brain, we stereotactically injected hMGLs into immunodefi-
cient human M-CSF (hMCSF) knockin mouse brain. We ob-
served little difference in hMGL number by hNuclei staining, or
activated caspase-3 staining between 6 h and 1 d after stereo-
tactic hMGL injection (Fig. 5 A). We then xenotransplanted
hMGL reporter lines into mouse brain and tracked hMGL
homing to fluorescently labeled Aβ aggregates. Over a 7-d pe-
riod, we observed trends similar to our results in vitro; WT
hMGLs were able to track and internalize Aβ, whereas
TREM2R47H and SORL1 KO hMGLs showed reduced Aβ uptake
(Fig. S5, A and B). Moreover, to examine hMGL-dependent Aβ
clearance in vivo, we xenotransplanted WT, TREM2R47H, and
SORL1 KO hMGLs into 3-mo-old APP transgenic (TgCRND8)
mouse hippocampus (Chishti et al., 2001) and measured human
Aβ42 levels in interstitial fluid (ISF) by microdialysis sampled
over a course of 6–18 h (Fig. 5 D; Brody et al., 2008; Kang et al.,
2009; Yan et al., 2009). Although we observed significant re-
duction in ISF Aβ42 levels with WT hMGL xenotransplantation,
we observed significant impairment in Aβ clearance with xen-
otransplantation of TREM2R47H or SORL1 KO hMGLs (Fig. 5 B).
Following microdialysis, TgCRND8 mice were processed for
histological analysis, and we compared plaque association inWT,
TREM2R47H, and SORL1 KO hMGLs (Fig. 5, C and D). We observed
that significantly fewer TREM2R47H or SORL1 KO hMGLs associ-
ated with Aβ plaques in TgCRND8 animals (Fig. 5 D), further
indicating that TREM2R47H or SORL1 KO mutations can render
defects in microglial plaque association in vivo.

Together, these results indicate that AD-associated hMGLs
show varied effects on Aβ uptake in vitro, and AD-primed
hMGLs such as TREM2R47H and SORL1 feature impaired Aβ up-
take and clearance in vitro and in vivo.

APOE is up-regulated through activating epigenetic pathways
To gain insight into alterations within the epigenetic landscape
in our mutant hMGLs, we performed transcription factor
binding motif analysis within active chromatin regions de-
marcated with enriched ATAC, H3K4me3, and H3K27ac sig-
nals. Interestingly, we identified enrichment of several PU.1:
IRF8 binding motifs in TREM2 KO/R47H and SORL1 KO/A528T
hMGLs (Fig. S5 D). This supports recent observations that
increased IRF8 expression can drive microglial AD-related

signatures in AD patients and in AD TREM2R47H carriers
(Zhou et al., 2020).

We hypothesized that opposing APOE/AD-related gene sig-
natures in TREM2 KO, in constrast to TREM2R47H and SORL1 KO
hMGLs may also be derived from chromatin-associated epige-
netic/transcription activation mechanisms. We therefore char-
acterized transcriptional/epigenomic changes at APOE, LPL,
APOC1, GPNMB, and SPP1 loci using peak scans from RNA-seq or
ATAC-seq/ChIP-seq datasets (Fig. 6, A–C; and Fig. S5 C). As
expected, APOE, LPL, APOC1, GPNMB, and SPP1 transcripts were
reduced in TREM2 KO/elevated in TREM2R47H, SORL1 KO, and
A528T hMGLs compared with WT (Fig. 6, A–C; and Fig. S5 C).
ATAC-seq/ChIP-seq peaks, for the most part matched RNA-seq
transcripts (Fig. 6, A–C; and Fig. S5 C), where TREM2R47H hMGL
peaks showed the most dramatic up-regulation at APOE (Fig. 6 A
and Fig. S5 C). We searched for transcription factor motifs at the
APOE locus matching up-regulated ATAC-seq peaks (APOE
[Chr19]: 44905612–44905838 and 44906516–44906648) using
the online transcription factor motif search tool, PROMO
(http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.
cgi?dirDB=TF_8.3; Fig. 7 A). We also performed upstream tran-
scription factor analysis to characterize transcription factors
that drive changes in global expression in TREM2 KO, TREM2R47H,
and SORL1 KO and A528T hMGLs (Table S2 and Table S3). While
numerous transcription factors were identified to overlap, we
were interested to see that overlapping CEBPB (CCAAT enhancer–
binding protein β [CEBPB hereon]) and NR3C1 (glucocorticoid
receptor α) transcriptional pathways were observed between
TREM2R47H and SORL1 KO hMGLs (Fig. 7, A and B; and Table S2).
Interestingly, CEBPB appeared multiple times among TREM2 and
SORL1 mutant hMGLs (Fig. 7 B and Table S2), indicating that
CEBPB may play a role in driving APOE expression in TREM2R47H

hMGLs. At this point, it is unclear how TREM2R47H can mediate
transition between inactive and active chromatin states at loci
such as APOE. Thus, further mechanistic insight will be re-
quired to define alterations in epigenetic modification mecha-
nisms associated with TREM2R47H in microglia models and
human TREM2R47H carriers.

Together, these results suggest that TREM2R47H feature en-
hanced chromatin activation signatures and demonstrates a
unique epigenetic mechanism for APOE up-regulation through
an AD-associated risk variant.

Discussion
We generated a comprehensive data resource comprising an
expanded blueprint of microglial AD risk variants and their
characterization at multiple genomic and biological levels that
may be leveraged by the community to understand how differ-
ing risk factors can feature convergent mechanisms in AD
pathogenesis. Importantly, this also provides a new research
paradigm to study and compare pathogenic roles of disease-
associated variants identified by genome-wide association
study analyses, which allows us to surpass limitations from
single -omics or function-based studies. Given that SORLA is
also expressed in human astrocytes and neurons, this resource
can also be repurposed to characterize AD genes in other cell
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types within the CNS. Further, use of an isogenic system enables
an accurate comparison of genomic and functional effects de-
rived from a single gene variant within a mutant panel; similar
studies derived from human iPSCs may be complicated by
variations in genetic background and are limited to isogenic
correction studies. Moreover, our platform may facilitate char-
acterization of rare AD variants, such as TREM2R47H, where
tissue sources may be difficult to obtain. Lastly, identification of
enriched IRF8 motifs in TREM2R47H hMGLs in our study here
faithfully recapitulates in IRF8 previously observed in human
AD samples (Zhou et al., 2020), demonstrating good translat-
ability between our H9 ESC model system and human AD. At
this point, use of the H9 system derived from female origin and
heterozygous for APOE ε3/ε4 in our genomic/expression
analysis leaves important questions as to how other funda-
mental factors in AD such as sex and various APOE isotypes may
interact with AD risk variants in microglia. Although we caution
that our global expression and epigenetic analyses were

performed using a single clonal cell line, we have verified ef-
fects of APOE on AD-associated modulation of Aβ binding/up-
take using two independently derived mutant hMGL cell lines.
We anticipate that future studies in alternate ESC or iPSC
models will confirm our findings here and elaborate how
gender and APOE variants may further interact with AD risk
variants in other human-derived microglia models. Altogether,
the availability of these ESC lines combined with methodologies
described here for differentiating hMGLs, and searchable da-
tabases comprising genomic profiles for each of these lines will
greatly facilitate and enhance our understanding of how AD
risk variants may alter cell function and enhance AD patho-
genesis in the CNS.

Our study has also uncovered some fundamental findings
with respect to striking dissimilarities in SORL1 KO, SORL1A528T,
TREM2R47H, and TREM2 KO gene signatures that manifest dif-
ferences in phagocytosis. Despite indication that these hMGL
lines converge at the APOE locus by multi-omic analysis, these

Figure 5. Characterizing xenotransplanted hMGLs in mouse brain. (A) Histological analysis of 2 × 105 hMGLs stereotactically injected into hippocampus of
human MCSF knockin mouse (Rag2−/−; γc−/−; CSF1h/h); brain tissue was processed/imaged following injection (6 h, left) or after 1 d (day 1, right). Brain tissue
sections were stained for Iba1 (purple), human nuclei (hNuclei, green), active caspase-3 (casp3, red), and DAPI (blue). Scale bars, 200 µm. (B) Human Aβ1-42
levels measured in ISF from TgCRND8 mouse brain xenotransplanted with WT, TREM2R47H, and SORL1 KO hMGLs as determined by ELISA. Statistical sig-
nificance was determined by two-way ANOVA with Dunnett’s multiple comparison (**, P < 0.01; ***, P < 0.001); graph depicts mean ± SEM, n = 4 animals for
each group with duplicate ELISA replicate readings from each animal. (C) 3-mo-old TgCRND8 mouse brain xenotransplanted with WT hMGLs into the left
hippocampal hemisphere was stained with antibodies to detect human cytoplasm (STEM121, green), Iba1 (red), or ThioS to detect Aβ plaques (blue). Magnified
images show that WT hMGLs (green) were able to fully encapsulate plaques in WT (top panel). Scale bar, 20 µm. (D) Phagocytosis of Aβ in xenotransplanted
hMGLs is quantified in C. Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparison (***, P < 0.01). Data were derived from
n = 3–5 animals for each group; 6–10 sagittal brain sections (30 µm) per animal were subjected to immunostaining analysis. Graph depicts mean ± SEM; data
points represent averages from two or three images per animal. Images in A and C are representative images from three independent experiments.
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hMGL cell types are seen to segregate into two signature classes
according to their AD-associated (DAM) gene profiles. Specifi-
cally, TREM2R47H and SORL1 KO render hMGLs into an AD-
primed microglial state (where an AD state or environment
can prime a particular microglial state as indicated by DAM-like
expression profiles), while TREM2 KO shows an inverse gene
profile. Loss-of-function mutations in TREM2 or its obligate
coreceptor, DAP12, results in Nasu–Hakola disease (NHD), which
manifests in early-onset dementia, bone cysts, and death by age
∼40 yr (Nakamagoe et al., 2011), whereas TREM2R47H carriers
feature significantly increased risk of AD onset (Jonsson et al.,
2013). Although NHD and AD both manifest in dementia-like
symptoms, NHD results in early-onset dementia with minimal
or no Aβ plaque pathology, while sporadic AD is a late-onset (age
≥65 yr) Aβ-dependent disorder with no bone pathology. This
clinical divergence between NHD and AD can be partially ex-
plained by opposing expression profiles between TREM2 KO and
R47H. As the TREM2R47H confers increased risk of AD onset with

a potency comparable to the APOEε4 allele (Guerreiro et al.,
2013; Jonsson et al., 2013; Najm et al., 2019), induced APOE lev-
els and iteration of AD-primed gene signatures in TREM2R47H

hMGLs implicate a direct association between TREM2R47H and
APOE-dependent AD pathogenesis, which may explain why
TREM2R47H and APOEε4 variants confer comparable clinical odds
ratios. Although previous studies provide correlative evidence
that the APOEε4 allele may be required to trigger AD onset in
TREM2R47H carriers (Kunkle et al., 2019; Murray et al., 2019), a
direct role for downstream APOE induction in TREM2R47H-
dependent AD pathogenesis had not been previously demon-
strated until now. Our results indicate that microglial APOE
induction in TREM2R47H carriers may be critical in triggering
AD onset, which suggests that suppression of a TREM2/APOE
pathogenic axis may be protective.

As the R47H mutation within the TREM2 ectodomain was
previously shown to impair interactions with extracellular li-
gands such as APOE, LDL, clusterin, and Aβ (Atagi et al., 2015;

Figure 6. TREM2R47H enhances APOE expression through chromatin modulation. (A–C) Genome browser schematic and peak scans comparing mRNA
levels and genomic epigenetic modification at the APOE (A), LPL (B), and APOC1 (C) locus; RNA-seq and normalized signals for ATAC-seq, H3K4me3, and
H3K27ac ChIP-seq are shown in representative assays from hMGL as indicated. Chr, chromosome.
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Yeh et al., 2016; Zhao et al., 2018), TREM2R47H was speculated to
render TREM2 loss of function. Indeed, heterozygous expression
of Trem2R47H in AD mouse models appeared to phenocopy Trem2
haploinsufficiency, where Trem2R47H expression or Trem2 het-
erozygous deletion resulted in impaired microglial association
with Aβ plaques and reduced plaque burden (Cheng-Hathaway
et al., 2018). Moreover, human TREM2R47H expression in a
combined Trem2 KO/5xFAD mouse model failed to restore mi-
croglial activation and microglial plaque homing defects ob-
served with murine Trem2 deletion (Song et al., 2018), further
suggesting that Trem2R47H may primarily confer loss of function.
However, we uncover striking dissimilarities in TREM2 KO and
R47H gene signatures that may manifest differences in phago-
cytosis in mouse brain through their opposing expression pro-
files with respect to genes modulated with phagocytic uptake of
apoptotic neurons (Krasemann et al., 2017). Opposing effects
on APOE expression may be critical to TREM2 KO or R47H-
dependent predisposition to NHD or AD; this suggests that
APOE modulation could be a critical factor in triggering AD
onset. Thus, while TREM2 KO may confer deficiencies in mi-
croglial function, lack of APOE up-regulation may drive Aβ-
independent pathogenic effects in NHD.

Although APOE is primarily expressed in astrocytes in brain,
microglial APOE induction has also been observed in human AD
(Mathys et al., 2019), implicating a role for microglial APOE up-
regulation in enhancing AD progression (Huynh et al., 2019; Shi
et al., 2019). While it remains unclear at this point how an AD-
induced microglial APOE pool can differ pathogenically from

constitutive astrocytic APOE, it appears that APOE-immunoreactive
microglia are often clustered within APOE-labeled senile plaques,
while astrocytic process are often located distally to plaque
cores (Uchihara et al., 1995). Thus, it may be conceivable that an
induced, local microglial APOE pool potentially drives local
pathogenic events at Aβ plaques. Given that both TREM2
and SORLA have been shown to interact with APOE (Yajima
et al., 2015; Yeh et al., 2016), it is tempting to speculate that
AD-associated defects in Aβ clearance may result from dys-
regulation of a SORL1–TREM2–APOE regulatory axis, thereby
manifesting defects in physiological Aβ uptake/homeostasis
pathways. Together, our results suggest that various risk fac-
tors for sporadic AD may demonstrate convergent overlapping
mechanisms for AD pathogenesis through APOE up-regulation
in microglia.

Although our hMGLs exhibit good semblance to human mi-
croglia with respect to global expression profiles and functional
response, including membrane depolarization kinetics, Ca2+

homeostasis, and cytokine release, use of this analytical system
may yet require further development with respect to recapitu-
lating microglial interactions within an aged AD environment in
human brain. Combined use of human astrocytes and neurons in
3D organoid co-culture models may also be useful in defining
molecular events during AD onset (Gerakis and Hetz, 2019). Our
xenotransplantation experiments comprised short-term inte-
gration of hMGLs in immunodeficient hMCSF mouse brain.
Survivability of hMGLs may be improved in the presence of
hCSF1; using these hMCSF mouse models, we are interested in

Figure 7. Modulation of transcription networks in AD-associated hMGLs. (A) Two transcriptionally active regions within the APOE locus identified by
ATAC-seq were characterized for transcription factor (TF) motifs using PROMO. TFs were plotted for the two ATAC-seq peaks (nucleotides [nts] 1–227, Chr19:
44905612; nts 1–133, Chr19:44906516) depicted in green. Number of predicted TFs in these two regions is indicated in the pie chart. (B) Upstream tran-
scription factors with targets significantly enriched for genes dysregulated in all four -omics analytical datasets were plotted on the network map shown. Cell
line–specific transcription factors are annotated by circles, and cell lines are annotated by squares in the network diagram. Shared transcription factors are
connected to each cell line in which they are enriched. Some transcription factors are enriched in a single cell line (small yellow nodes), while others are
enriched in two cell lines (light green), three cell lines (teal), or all four cell lines (dark purple). PU.1, NR3C1, and CEBPB are marked in large font on the
Cytoscape map.
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characterizing long-term effects of AD mutant hMGL xeno-
transplantation. Moreover, current hybrid xenotransplantation
models in mouse brain cannot distinguish effects from trans-
planted human and endogenous mouse microglia (Hasselmann
et al., 2019; Mancuso et al., 2019). Thus, it will be of interest in
future study to adapt our experimental platform to facilitate
long-term changes in hMGL xenotransplants in the absence of
mouse microglia, and monitor effects of AD-related variants on
interactions with Aβ.

Epigenetic regulation is essential to many key cellular pro-
cesses, and an increasing number of studies suggest that epi-
genetics plays an important role in AD, indicating that targeting
epigenetic mechanisms may be effective therapeutically
(Chatterjee et al., 2018; Dubey et al., 2018). Indeed, we show that
epigenetic alterations in TREM2R47H hMGLs at the APOE locus
increase chromatin accessibility to induce pathogenic APOE ex-
pression. Using WebGestalt and PROMO bioinformatic analysis
platforms, our results suggest that transcription factors such as
CEBPB potentially induce APOE up-regulation in microglia,
which may potentiate AD onset by triggering pathogenic path-
ways in microglia. This may be especially relevant in the context
of TREM2R47H carriers which exhibit enhanced chromatin acces-
sibility within the APOE locus. Thus, it may be interesting in fu-
ture studies to determinewhether AD-associated CEBPB induction
can mediate pathogenic effects in an APOE-dependent manner.

In conclusion, we provide a resource comprising an ex-
panded blueprint of microglial AD risk variants and their
characterization at multiple genomic and biological levels that
may allow us to understand how differing risk factors can have
convergent mechanisms in AD pathogenesis. We provide ex-
pansive bioinformatic, methodological, and characterized AD
mutant ESC-based resources that will facilitate future studies
focused on elucidating mechanisms underlying AD pathogene-
sis. Our model system may also be repurposed and adapted to
drug screening platforms in future drug discovery efforts (So
et al., 2019). Significantly, our results identify TREM2R47H and
SORL1 KO as AD-priming mutations that induce AD-related
signatures such as APOE and manifest defects in Aβ uptake.
This suggests that an ordered, convergent mechanism for
TREM2, SORL1, and APOE may be involved in AD pathogenesis.

Materials and methods
Experimental model and subject details
Generation of isogenic human ESC lines and CX3CR1-2A-EGFP
reporter lines
Single-guide RNAs (sgRNAs) and primers for PCR amplification
and detection of off-target sites were designed using the Zhang
laboratory CRISPR design tool (http://crispr.mit.edu) or Bench-
ling (Biology Software 2019; https://benchling.com). sgRNA se-
quences targeting genes or SNP loci (Table S1) were cloned into
PX458 (Addgene; plasmid ID 48138) as previously described
(Ran et al., 2013). 100-nt single-stranded oligodeoxynucleotide
(ssODN) repair templates (PAGE purified; Integrated DNA
Technology) were designed with homologous genomic se-
quences flanking the predicted CRISPR-Cas9 cleavage site
(Table S1).

Human ESC H9 cells were transfected with PX458 containing
sgRNAs and ssODNs. FACS isolation of human ESC clones, ge-
nomic DNA extraction, clone screening, and off-target analysis
was performed as described previously (Ran et al., 2013). All
CRISPR-Cas9 modifications converted H9 genome sequences to
homozygous AD-associated variants for CD33 SNP, INPP5D SNP,
TREM2 KO, TREM2R47H, SORL1R744X, and SORL1A528T. H9 was en-
dogenously heterozygous for the INPP5D G/A polymorphism and
was converted homozygously to the “A” allele. A sgRNA was
designed to target a site proximal to the CX3CR1 stop codon,
thereby generating a double-stranded break. Double-stranded
breaks were repaired through homologous recombination of
the donor plasmid, resulting in an in-frame insertion of 2A-
EGFP downstream of the CX3CR1 terminal exon. Using control,
isogenic TREM2R47H, and SORL1R744X lines, we created three GFP-
expressing reporter lines specifically suited for live two-photon
microscopy.

Cell culture and hMGL cell differentiation
Human ESC H9 cells (WA09) used in this study was purchased
from the WiCell Research Institute. Undifferentiated human
ESCs were maintained using the Feeder Independent Culture
Platform TeSR-E8/Matrigel. Human ESC–derived hMGLs were
generated using recently published protocols (McQuade et al.,
2018). Differentiation of parental H9 to CD43+ primitive hema-
topoietic progenitor cells (HPCs) was performed using the Stem
Cell Technologies STEMdiffTM Hematopoietic Kit (catalog no.
05310). H9 cells were seeded into 35-mm wells with mTeSR-E8
medium at a density of 60 100-cell colonies. On day 0, cells were
switched from STEMdiff Hematopoietic Kit (Stem Cell Tech-
nologies) to medium A. On day 3, cell colonies were changed to
medium B for 7 additional days, during which time HPCs sepa-
rated from the colonies. At day 11, HPCs were collected and
plated at a density of 10,000 cells/cm2 onto 1 mg/ml Matrigel-
coated plates. Microglial differentiation was induced over 28 d
by feeding the HPCs every other day with differentiation me-
dium (DMEM/F12, 2× insulin-transferrin-selenite, 2× B27, 0.5×
N2, 1× GlutaMAX, 1× nonessential amino acids, 400 mM mon-
othioglycerol, and 5 mg/ml human insulin freshly supplemented
with 100 ng/ml IL-34, 50 ng/ml TGF-β1, and 25 ng/ml M-CSF
[Peprotech]). During the final 3 d of differentiation, 100 ng/ml
CD200 (Novoprotein) and 100 ng/ml CX3CL1 (Peprotech) were
added to mature microglia to mimic a brain-like environment.

All experimental procedures for ESCs were approved by the
Sanford Burnham Prebys Medical Discovery Institute Ethics
Committee.

Aβ preparation
Aβ1-42 and HiLyte Fluor (555)-Aβ1-42 (AnaSpec; AS-60480-01)
oligomers or fibrils were prepared as described previously
(Stine et al., 2011).

Electrophysiology
Electrophysiological recordings were taken from at least six
independent microglial cultures. Data were collected and
analyzed in a double-blinded fashion. 1 d before recording,
hMGLs were seeded on coverslips precoated with Tropoelastin
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(50 μg∼125 µg/ml; Advanced Biomatrix; catalog no. 5052) and
collagen I (100 µg/ml to ∼125 µg/ml; Advanced Biomatrix; cat-
alog no. 5007) for 1 h, and screened/assayed on an ECM Select
Array Kit Ultra-36 (Sigma; 5170). Cells were recorded under
whole-cell patch-clamp configurations as previously described
(Zhao et al., 2018). Briefly, patch pipettes with a tip resistance of
5–8 MΩ were pulled from borosilicate glass capillaries (Sutter;
B150-86-10) using a laser micropipette puller (Sutter; P-2000).
Patch pipettes were filled with an intracellular solution with the
following composition (in mM): K-gluconate 123, KCl 6, CaCl2 1,
MgCl2 4.6, EGTA 10, HEPES 10, Na2-GTP 0.4, and Na2-ATP 4.0,
pH 7.3 adjusted with KOH (290 mOsm). Extracellular recording
was performed in basal hMGL medium. A series of depolarizing
voltage steps from −160 mV to −60 mV (Δ = 10 mV) was applied
using a computer-controlled patch-clamp amplifier (Molecular
Devices; Axopatch 200B) connected to an analog to digital con-
verter (Molecular Devices; Digidata 1440A). Whole-cell capaci-
tance was measured under voltage clamp configuration by
applying a 5-mV pulse from a membrane potential of −60 mV.

Micropipette assay for ATP-induced chemotaxis
hMGLs on coverslips coated with fibronectin (Sigma-Aldrich;
F4759,) were placed in a temperature-controlled stage incubator
at 33°C in basal hMGL medium. A picoliter volume of 1 mM
ATPγS was repetitively injected through a micropipette with an
∼2-µm tip using an electrically gated pressure application sys-
tem (Parker; Picosprizer III) at pulses of 3 psi for a duration of
20 ms using clampex software. Cells were exposed to a che-
motactic gradient generated by the slow release of ATPγS from
the micropipette tip placed at the center of the imaging field.
Serial brightfield images of cell migration toward the pipette tip
were recorded every minute for up to 30min using an Optronics
MicroFire Microscope Camera (Wu et al., 2014).

Calcium imaging
Intracellular Ca2+ concentration was quantified using Fluo-4
(Thermo Fisher Scientific; F14201). In brief, hMGLs were seeded
on coverslips precoated with poly-L lysine 1 d before imaging.
hMGLs were incubated in basal hMGL medium with F-127
(Thermo Fisher Scientific; P6866) and 2.5 µM Fluo-4 for 30 min.
Cells were washed with basal hMGL medium without Fluo-4
and incubated for an additional ∼30 min before imaging. A
baseline fluorescent signal was recorded for 1 min for each well.
Basal hMGL medium containing 100 µM ATP was then added,
and fluorescence was recorded for an additional 9 min. Images
were acquired at 2 s per frame. Traces shown represent aver-
aged values from 20–40 single cells from at least three inde-
pendent experiments. All image acquisition was performed
using a Zeiss confocal microscope (LSM 880).

Multiplex cytokine and chemokine assay
hMGLs were washed and replaced with basal media for 2 h prior
to stimulation with IL-1β (20 ng/ml) and IFN-γ (20 ng/ml) for 24
h, as described previously (Abud et al., 2017). Conditioned media
from each treatment group were processed and analyzed using
the Q-Plex Human Arrays kit (Quansys) according to the man-
ufacturer’s specifications.

Aβ and tau binding/uptake
To image and quantify Aβ phagocytosis in hMGLs, cells were
seeded at a density of 50,000 cells per well in 24-well plates.
Prior to experimentation, cells were replaced with hMGL
growth medium containing 555-Aβ (200 nM) or 5 µg/ml re-
combinant human APOEε3 or APOEε4 and incubated in a hu-
midity- and CO2/O2-controlled chamber optimized for long-term
live-cell imaging applications. A fixed area in each well was
serially imaged every 15 min using a Nikon N-SIM microscope.
Serial confocal images were acquired for 10 h, and Aβ intensity/
area was quantified. Fluorescence intensity was normalized to
microglia cell number using automated IMARIS imaging soft-
ware (Bitplane); fluorescence thresholds for 555-Aβwere set to a
value of 10, and individual cells were identified by differential
interference contrast imaging. Fluorescence measurements
normalized to cell number from hundreds of microglia/confocal
imaging field were acquired from nine total confocal images
from three independent batches/experiments (three indepen-
dent wells per batch) at time points ranging from 15 to 180 min
(for all experiments). The PI for varying time points (Fig. S1 J) or
at terminal endpoints (180 min; Fig. 4, E–H) was then calculated
using the following formula: PI = It / I15, where It represents
averaged fluorescence intensity at various time points and I15
represents fluorescence intensity at 15 min following addition of
555-Aβ. The resulting value reflects fold change of 555-Aβ flu-
orescence over the 15 min time point for each hMGL line. Ratios
were then normalized to the PI value in WT hMGLs under
control conditions at 15 min (where WT hMGLs under control
conditions/15 min will be set to 1.0) for each experiment.

To assay hMGL-dependent binding/uptake of tau oligomers,
purified recombinant 2N4R human tau 1–441 (AnaSpec; 500 µg/
ml, catalog no. AS-55556-50) was preincubated with 30 µM
heparin (StemCell Technologies, Inc., catalog no. 07980), and
allowed to oligomerize for 24 h. Tau oligomers were subse-
quently conjugated to Alex555 using an Alexa Fluor 555 Mi-
croscale Protein Labeling Kit (Thermo Fisher Scientific; catalog
no. A30007) according to the manufacturer’s instructions.
Binding/uptake of tau-Alexa Fluor 555 in hMGLs was measured
in real time at a final concentration of 10 µg/ml as described for
555-Aβ above; calculations for PI and normalization to WT
hMGLs at the 15-min time point were identical to methods used
for 555-Aβ uptake. For experiments involving APOE or SORL1
siRNA before Aβ uptake, hMGLs were transfected with 25 nM
control (Thermo Fisher Scientific; catalog no. AM4611), APOE
(Thermo Fisher Scientific; catalog no. 4392420, assay ID S1495),
or SORL1 siRNA (Thermo Fisher Scientific; catalog no. 4390824,
assay ID S13282) using Viromer Blue (BioNTech; #VB-01LB-00)
for 48 h before live-cell imaging for 555-Aβ binding/uptake.

hMGL xenotransplantation and microdialysis in mouse brain
2 × 105 hMGLs (TREM2WT/TREM2R47H/SORL1KO genotypes) or
vehicle control was injected into the left hippocampus of im-
munodeficient human MCSF knockin (hMCSF) or TgCRND8
mice anesthetized using avertin (tribromoethanol). To facilitate
injection, a small 0.8-mm hole was stereotactically drilled into
the skull (coordinates, −3.1 mm bregma, +2.5 mm lateral), where
the injection needle was then inserted into the hole at a 12° angle
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at an angular depth of 1.7 mm. Following injection, the needle
was slowly removed from themouse brain. In vivomicrodialysis
was performed to sample brain ISF and quantify hippocampal
Aβ1–42 in freely moving mice; microdialysis procedures were
performed as previously described (Kang et al., 2009). After
microglia xenotransplantation, a guide cannula (Harvard Ap-
paratus; CMA 7) was cemented into the guide hole at an angular
depth of 1.2 mm. After cannulation, mice were allowed to re-
cover for 24 h, and monitored for abnormal behavior or
discomfort.

2.0-mm microdialysis probes with a 6-kD molecular weight
cutoff were inserted through the guide cannula, and membranes
were inserted into the hippocampus (Harvard Apparatus; CMA
7). Mice were transferred to microdialysis cages, and ISF was
sampled by microdialysis at a constant flow rate of 0.5 µl/min.
Samples were collected every 2 h using a refrigerated fraction
collector (Amuza; FC-90) in polypropylene 96-well plates, and
human Aβ1–42 was quantified by ELISA. Histological analysis of
mouse brain is described below. All animal procedures described
in this study, including animal husbandry and surgery, were
performed under the guidelines of the Institutional Animal Care
and Use Committee at Sanford Burnham Prebys Medical Dis-
covery Institute.

Histological staining and imaging following hMGL
xenotransplantation in mouse brain
GFP-expressing WT, TREM2R47H, and SORL1 KO hMGLs lines
(derived from CX3CR1-2A-GFP ES lines) were xenotransplanted
in hMCSF knockin mouse brain cortex and coinjected with 555-
Aβ oligomers (10 µM). Mice were anesthetized with isoflurane
and intracardially perfused with PBS. Brain tissues were har-
vested and fixed in 4% paraformaldehyde at 4°C for 48 h. Tissues
were washed in PBS and cryoprotected in PBS containing 30%
sucrose. Tissues were embedded in optimal cutting temperature
compound containing 30% sucrose (at 1:1 vol/vol), and free-
floating coronal brain cryostat slices (30 µm) were sectioned.

Brain sections were washed in PBS and counterstained using
standard immunostaining procedures. For detection of Iba1 and
human cells, brain slices were stained using goat anti-Iba1
(Abcam; 1:400, ab5076) and rabbit anti-GFP (Cell Signaling
Technology; 1:100, 2956S). Alexa Fluor 488 or 647 secondary
antibodies were used, and DAPI counterstains were applied to
the sections. Aβ was visualized using an Alexa Fluor 594 anti-
β-amyloid, 1–16 antibody (BioLegend; catalog no. 803019) to
amplify the HiLyte Fluor 555 label. Z-stack images were ac-
quired from multiple sections (up to 15 z-stack images/field)
from each animal using a Zeiss confocal microscope (LSM 880).
To quantify hMGLs in proximity to Aβ, GFP-positive cells were
manually counted at a distance radius of 100 µm from Aβ.
Histological analysis of TgCRND8 animals following hMGL in-
jection/microdialysis was performed by intracardial perfusion
of anesthetized animals, followed by fixation of the tissue brain
tissue and sectioning as described with human MCSF mouse
brain. Sections were stained with Iba1, and STEM121 (Takara;
human cytoplasm, catalog no. Y40410) antibodies, as well as
Thioflavin-S (Sigma-Aldrich; catalog no. T1892) to visualize
plaques.

RNA extraction, RNA-seq library preparation, and analysis
After washing with cold PBS, hMGLs were lysed using TRIzol
Reagent (Thermo Fisher Scientific; catalog no. 15596026) and
stored at −80°C for RNA extraction. Total RNA was extracted
using the RNeasy Plus Micro Kit (Qiagen; 50, #74034), following
manufacturer’s recommendations with slight adjustment.
Briefly, 200 µl chloroform was added to the TRIzol extraction
solution/cells, mixed, and centrifuged. RNA was then extracted
from the aqueous phase according to the manufacturer’s rec-
ommendations. RNA was quantified using a NanoDrop spec-
trophotometer, and RNA integrity numbers were assessed using
an Agilent TapeStation 4200 system; all samples used for sub-
sequent analysis showed a minimum RNA integrity number of 9
or 10. For each replicate, RNA-seq libraries were prepared from
500 ng of purified total RNA using the NEBNext Ultra II Di-
rectional RNA Library Prep Kit for Illumina (NEB) following the
manufacturer’s recommendations and sequenced on an Illumina
HiSeq platform as paired-end 150-bp reads (Genewiz). An av-
erage sequencing depth of 45.13 M (±3.6 M) was obtained from
the hMGL samples, with minimum and maximum values of 39.2
and 64.6 M.

ATAC-seq library preparation and sequencing
ATAC-seq analysis was performed using the Omni-ATAC-seq
protocol (Corces et al., 2017). Briefly, 80,000 viable hMGLs per
line were sorted using BD FACSAriaIIu 16-color high-speed cell
sorter. Cells were lysed in 50 µl ATAC-Resuspension buffer
containing 0.1%NP-40, 0.1% Tween-20, and 0.01% digitonin and
incubated on ice for 3 min. After washing with ATAC-RSB buffer
(without NP-40), nuclei were pelleted by centrifugation and
incubated in a 50-µl transposition mixture (25 µl 2 × TD buffer
[Illumina; reference 15027866], 2.5 µl transposase [Illumina,
reference 15027865], 16.5 µl PBS, 0.5 µl 1% digitonin, 0.5 µl 10%
Tween-20, and 5 µl H2O) at 37°C for 30 min. Transposed DNA
was purified using a Zymo DNA clean and concentrator-5 kit
(Zymo Research; catalog no. D4014). Purified DNAwas subjected
to PCR amplification using the NEBNext High-Fidelity 2 × PCR
Master Mix (NEB; catalog no. M0541s) system for eight cycles.
Primer adapters were synthesized by Integrated DNA Technol-
ogy. Libraries were purified using a Zymo DNA clean and
concentrator-5 kit, size selected using AMPure XP beads,
quantified using an Agilent 2100 Bioanalyzer, and pooled/se-
quenced using a NextSeq 500/550 High Output v2 kit using
paired-end reads on a NextSeq 500 platform (Illumina).

ChIP-seq library preparation
Chromatin precipitation, library preparation, and sequencing
was performed using the iDeal ChIP-seq kit for Histones (Dia-
genode; catalog no. C01010059), MicroPlex Library Preparation
Kit v2 (Diagenode; catalog no. C05010012), and NextSeq 500/
550 High Output v2 kit (75 cycles; Illumina; catalog no. FC-404-
2005) kits, respectively following the manufacturer’s protocols.
Briefly, hMGLs were detached by accutase digestion and rinsed
twice with PBS. Cells were pelleted in 1.5 ml Eppendorf tubes
and fixed using 1 ml 1% formaldehyde (Sigma-Aldrich; F8775)
diluted in PBS at room temperature for 10 min. Formalde-
hyde was quenched by adding a glycine solution to a final
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concentration of 125 mM and incubated for 5 min at room
temperature. After washing twice with 1 ml PBS, 1 ml cell lysis
buffer was added to the cell pellet, incubated for 10 min on ice,
and further lysed in lysis buffer (iL2). Chromatin was re-
suspended in 130 µl Shearing buffer and sheared using a Co-
varis S220 sonicator to 200–500 bp (duty cycle 2% for 10 min)
in an M220 microTUBE (Covaris; 520077). Equal aliquots of
sonicated chromatin were used per immunoprecipitation re-
action comprising 2 µl H3K27ac antibody (Abcam; Ab4729),
H3K4me3 antibody (Millipore; 07–472), or 2 µl rabbit IgG
control antibody (Diagenode) and 1 µl sheared chromatin as
input. The total volume of each ChIP reaction was 300 µl and
included 6 µl 5% BSA, 1.5 µl 200× protease inhibitor cocktail,
56 µl 5× buffer iC1, 20 µl magnetic beads, 2 µl antibody, and
sonicated chromatin. ChIP reactions were incubated overnight
at 4°C with constant rotation. Magnetic beads (conjugated with
antibody-histone-DNA) were washed with 350 µl buffer iW1,
iW2, iW3, and iW4. Precipitated chromatin was eluted in 100 µl
elution buffer iE1 for 30 min at room temperature with con-
stant agitation and transferred into a 200-µl tube. Chromatin
cross-links were uncoupled by adding 4 µl elution buffer iE2
and incubating for 4 h at 65°C. DNA was isolated using IPure
beads v2 and eluted in 25 µl elution buffer. 10 µl precipitated
DNA was further processed for template preparation, library
synthesis, and library amplification. Amplified products were
purified, and size selected using AMPure XP beads (Beckman
Coulter; A63880). All libraries were quantified using an Agilent
2100 Bioanalyzer, pooled and sequenced with a NextSeq 500/
550 High Output v2 kit using single-end reads on a NextSeq
500 platform (Illumina).

Sample preparation for proteomic analysis and liquid
chromatography–tandem mass spectrometry
hMGLs were resuspended in buffer containing 8 M urea and
50 mM ammonium bicarbonate. Protein concentration was de-
termined by BCA assay (Thermo Scientific) according to the
manufacturer’s instructions. Cells were lysed, and proteins were
precipitated in 90% methanol (final concentration), followed by
centrifugation (16,000 g for 5 min). Proteins were then reduced
by the addition of 5 mM tris(2-carboxyethyl) phosphine (TCEP)
at 30°C for 60 min, followed by alkylation of cysteines with
15 mM iodoacetamide for 30 min in the dark at room temper-
ature. Urea was diluted to a final concentration of 1 M with
50 mM ammonium bicarbonate. Samples were digested over-
night with Lys-C/trypsin (Promega) at room temperature with
constant agitation at a 1:25 enzyme/protein ratio. Following di-
gestion, samples were acidified using 0.1% formic acid (FA) and
desalted using AssayMap C18 cartridges mounted on an Agilent
AssayMap BRAVO liquid handling system. Cartridges were se-
quentially conditioned with 100% acetonitrile (ACN) and 0.1%
FA; samples were then loaded, washed with 0.1% FA, and eluted
with 60% ACN, 0.1% FA. Peptide concentration was determined
using a NanoDrop spectrophotometer (Thermo Fisher Scientific).

Samples were subjected to mass spectrometry analysis using
an EASY nanoLC system (Thermo Fisher Scientific). Buffer A
consisted of H2O/0.1% FA, and buffer B consisted of 80% ACN/
0.1% FA. Samples were separated over a 4 h gradient of

increasing buffer B on a 25-cm column packed in-house with 1.7
µm bridged-ethylene hybrid packing material (Waters). The
Orbitrap Lumos mass spectrometer was operated in positive,
data-dependent mode. An Orbitrap MS1 scan was performed at
120, 000 resolution with 1e6 accumulation gain control, with a
scan range of 350–1,400 m/z. MS/MS analysis was performed
by high collision dissociation in the ion trap using the rapid
scan rate, an accumulation gain control target of 2e4 and a
maximum injection time of 18 ms. Data were acquired using a
cycle time of 1 s. Dynamic exclusion was set to 20 s, with a 10-
ppm high/low mass tolerance.

Multiomic data analyses with customized
bioinformatic pipelines
RNA-seq analysis
Adapter remnants from sequencing reads were removed using
cutadapt v1.18 (Martin, 2011). RNA-seq sequencing reads were
aligned using STAR aligner version 2.7 (Dobin et al., 2013).
Human genome version 38 and Ensembl gene annotation ver-
sion 84 were used in the alignment and quantification. Quanti-
fication was performed based on RSEM v1.3.1 (Li and Dewey,
2011). Estimated read counts from RSEM were compared using
the R Bioconductor package DESeq2 following generalized linear
model based on negative binomial distribution. Genes with
Benjamini-Hochberg–corrected P value <0.1 were selected as
significantly differentially expressed genes.

ChIP-seq and ATAC-seq
Adapter remnants of sequencing reads were removed using
cutadapt v1.18 (Martin, 2011). ChIP-seq and ATAC-seq sequenc-
ing reads were aligned using STAR aligner version 2.7 to Human
genome version 38 (Dobin et al., 2013). Homer v4.10 (Heinz
et al., 2010) was used to call peaks from ChIP-seq and ATAC-
seq samples, annotate peaks to human genes, and quantify
reads count to peaks. The raw reads count for different peaks
were compared using DESeq2 (Love et al., 2014) based on a
generalized linear model adjusting for batch effect. Peaks with
a P value <0.05 and fold change ≥1.5 or ≤0.6667 were selected as
significantly differentially marked (DM) peaks. Genes associ-
ated with any DM peaks at exon, intron, promoter, transcrip-
tion termination site, and closest intergenic region were
investigated for GO and pathway functional enrichment tests.

Proteomic data analysis
Raw files were searched with MaxQuant (version 1.5.5.1; Cox
and Mann, 2008) using the Andromeda search engine (Cox
et al., 2011). Spectra were searched against the UniProt human
database, including contaminants. Precursor mass tolerance was
set to 20 ppm, and product ions were searched with a mass
tolerance of 0.35 daltons. Oxidation of methionine and protein
N-terminal acetylation were set as variable modifications, and
carbamidomethylation of cysteines was set as a fixed modifica-
tion. Cleavage specificity was set to trypsin, with up to two
missed cleavage sites. The target-decoy–based false discovery
rate (Elias and Gygi, 2007) was set to 1% at the spectrum and
protein level. Data were further processed using the MSstats
software package in R (Choi et al., 2014). Proteins with
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Benjamini–Hochberg–corrected P value <0.05 and fold change
≥1.5 or ≤0.6667 were selected as significantly DEPs.

Network analysis methods
Individual cell line network integration
The Forest tool from the OmicsIntegrator suite (Tuncbag et al.,
2016) was used to integrate data layers for each cell line indi-
vidually. This tool uses an algorithm to solve the Prize Collecting
Steiner Forest problem, to identify the relevant neighborhoods
of altered genes to interpret underlying biological and processes
affected by the genetic variant. The algorithm inputs gene sets of
interest and optimally connects them using edges from an input
interactome. Genes may be added to the final network which
were not in the input set if they form bridges between sets of
input genes. These added genes represent genes which are
predicted to be functionally relevant by the algorithm. Genes
which were identified as dysregulated by RNA-seq (Benjamini–
Hochberg adjusted P < 0.005), or by proteomics analysis
(Benjamini–Hochberg adjusted P < 0.05), when compared with
WT, were used as input to the Forest tool. A more stringent
P value was applied to the RNA-seq dataset due to the large
number of DEGs (thousands) since the OmicsIntegrator tool
optimally operates when the input gene sets are on the order of
hundreds, thereby producing results with greater specificity.
Input datasets comprising thousands of genes make up a large
fraction of the genome, and thus are not specific to the phe-
notype of interest. The absolute value of the log fold change be-
tween genetic variants and WT was used as the prize value for the
algorithm. This process was repeated for each of TREM2KO vs.WT,
TREM2R47H vs. WT, SORL1 KO vs. WT, and SORL1A528T vs. WT. The
STRING high-confidence interactome (Szklarczyk et al., 2017), a
database of known and predicted protein–protein interactions, was
used as the source of gene–gene interactions for the algorithm.
Parameters for Forest were optimized as recommended by the tool
documentation (Kedaigle and Fraenkel, 2018; Tuncbag et al., 2016),
by choosing parameterswhich resulted in a final graph thatwas not
dominated by hub nodes (where a single node was connected to
more than 25% of the other network nodes), and the final networks
contained a large ratio of input nodes to nodes added by the algo-
rithm. Resulting individual cell line networks were additionally
integrated with the genes identified by differential ChIP-seq and
ATAC-seq analysis. Nodes in the network were color-coded by data
type. Nodes affected inmultiple datatypes were visualized using pie
charts and by mapping the node size and label font size to the
number of datatypes in which they are affected. Network visuali-
zation was conducted using Cytoscape (Shannon et al., 2003).

Each individual cell line network was further analyzed by
dividing the full network into branches by removing the root
node, identified by betweenness centrality, resulting in ∼10
connected components for each cell line, representing different
perturbed biological pathways. The branches containing APOE
are visualized in Fig. 2. The full set of branches for each network
are visualized in Fig. S2, I–L.

Genes commonly altered across individual cell line networks
We filtered this combined network by genes which were found
in at least three out of the four networks (Fig. S2 M). A pie chart

was mapped to the node color to indicate the cell line networks
in which the gene was found. Similarly, edges which connect
nodes in multiple cell line networks are visualized as multi-
edges, using the same color scheme as the nodes. Because the
OmicsIntegrator algorithm returns networks with edges opti-
mally connecting input genes, it is possible to have two nodes
present in the same sets of cell lines but with different sets of
edges connecting them. In general, if a group of nodes is found in
the same sets of cell line networks, and if this group of nodes has
similar sets of connecting edges, it likely represents a commonly
perturbed pathway or process.

Upstream transcription factor analysis
Overrepresentation analysis was used to identify transcription
factors with target genes significantly enriched for genes altered
by each of the cell line knockouts, using the WebGestalt R in-
terface (Wang et al., 2017). The union of genes identified by each
differential -omics analysis (RNA-seq, proteomics, ChIP-seq, and
ATAC-seq) was used as the input set for the over-representation
analysis. WebGestalt uses the transcription factor-target inter-
actions defined in MSigDB (Liberzon et al., 2011). Transcription
factors with targets significantly overlapping with the input sets
(Benjamini–Hochberg adjusted P < 0.05) were retained for
further analysis. A bipartite network was used to visualize the
results, with transcription factors annotated by circles, and cell
lines in which they are enriched annotated by squares in the
network. Transcription factors are connected to each cell line in
which they are enriched. Some transcription factors are en-
riched in just a single cell line (small yellow nodes), while others
are enriched in two cell lines (light green), three cell lines (teal),
or all four cell lines (dark purple; Fig. 7 B, Table S2, and
Table S3).

Quantification and statistical analysis
All statistical analysis in this study was performed using
GraphPad Prism (version 8) software and RStudio. Data were
collected and analyzed in a double-blind fashion; no data were
excluded. SEMwas used in this study. Differences were assessed
by paired or unpaired t tests, or one-way or two-way ANOVA
where appropriate. P < 0.05 were considered as statistically
significant. All experiments in figures (including supplemental
figures) were repeated at least three times (independent ex-
periments) unless specified otherwise in the figure legends.

Data availability
All sequencing data acquired in this study have been deposited
in the Gene Expression Omnibus under accession number
GSE153658. Proteomics data included in this study have been
deposited in the ProteomeXchange database under accession
number PXD020240.

Online supplemental material
Fig. S1 includes schematics outlining CRISPR-Cas9 targeting of
the AD-associated loci, validation of targets, and characteriza-
tion of differentiated WT hMGLs. Fig. S2 presents analytical
summaries of changes in AD-associated hMGL mutants as de-
tected by epigenetic, transcriptomic, and proteomic analysis,
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analysis of DEPs in SORL1 mutant hMGLs, overlap between up-
regulated and down-regulated components at epigenetic, mRNA,
and protein expression within each mutant hMGL line, and
multi-omic analysis summaries using OmicsIntegrator. Fig. S3
shows MA plot distribution of DEGs in mutant hMGLs identified
by RNA-seq analysis, and mRNA expression profiles of micro-
glial genes related to AD risk, modulated in human AD brain, and
modulated in AD or neurodegenerative mouse models in mutant
hMGL lines; and also shows changes in cytokine profiles in
hMGL lines at steady-state and under induced conditions. Fig. S4
presents qRT-PCR validation of transcripts differentially ex-
pressed in hMGLs and proteomic profiles of AD risk genes
characterized in this study in the hMGL panel. It compares ex-
pression of gene targets in TREM2R47H homozygous and heter-
ozygous hMGL lines, shows kinetics of real-time Aβ binding/
uptake in TREM2 and SORL1 mutant hMGLs, and compares Aβ
uptake in WT and mutant CD33, INPP5D hMGLs with APOE
modulation. Fig. S5 compares Aβ uptake in WT, TREM2R47H, and
SORL1 KO hMGLs following xenotransplantation inmouse brain,
genomic track scans obtained from RNA-seq, ATAC-seq, and
ChIP-seq analysis at GPNMB and SPP1 loci, and PU.1 motif en-
richment in hMGL lines identified by ATAC-seq or H3K27ac
ChIP-seq analysis. Video 1 shows chemotaxis of WT hMGLs to-
ward an ATP gradient (1 mM) leaking from amicropipette. Table
S1 summarizes primers, sgRNAs, and off-target analyses to
generate mutant hMGLs described in this study. Table S2 lists
shared upstream transcription factor motifs enriched in the
mutant hMGL lines. Table S3 lists all upstream transcription
factor motifs identified in individual hMGL lines. Data S1 is an
expanded dataset related to Fig. S2, showing an overview of
epigenetic, transcriptomic, and proteomic changes and the cor-
relation between epigenetic and transcriptomic signatures and
integrative multi-omic analysis of gene landscapes in mutant
hMGLs.
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Figure S1. Gene targeting and experimental strategy for hMGL differentiation and characterization. (A) Schematic representation of the genomic
location and intron/exon schematic of AD risk SNPs CD33, INPP5D, TREM2, and SORL1 in this study. (B) Schematic diagram of the analytical workflow for this
study. RNA-seq datasets from the hMGL lines (1) are analyzed for cross-regulatory interactions to generate an epistatic model (2) and identify potential
pathogenic effectors or signatures. hMGL lines are characterized for physiological microglial function (3) and interactions with Aβ in immunodeficient human
MCSF knockin mouse brain xenotransplants (4). (C) Representative sequences of various isogenic clones in AD-associated mutant ESC lines and H9-WT
sequences. Repair single-strand donor (ssODN) templates, sgRNA (gray), corresponding amino acids, DNA directionality (arrow, 59 to 39) and nucleotide
substitutions are shown. For TREM2R47H, two synonymous mutations were introduced in the repair ssODN, generating a new HindIII restriction site (lowercase)
for consequent clone screening. (D) Sanger sequencing and validation of CD33 SNP, INPP5D SNP, TREM2 KO, TREM2R47H, SORL1 KO, and SORL1A528T lines and
isogenic controls (nontargeting sgRNA). The WT H9 ESC line is heterozygous for G/A INPP5D SNPs; CRISPR-Cas9 editing was performed to convert H9 ho-
mozygously to the INPP5D “A” allele. All other modifications were converted homozygously in the H9 ESC lines. (E) After maturation induced by exposure to
CD200 and CX3CL1, hMGLs were stained for CX3CR1 (red), CD43 (green), Iba1 (purple), and DAPI (blue) as indicated. Scale bar, 20 µm. (F) Representative
inward currents from WT hMGLs; hyperpolarizing voltage steps from −160 mV to −60 mV were applied in the absence (top) or presence of Cs+ (bottom). At
right panel, quantification of inward currents as measured in the absence (black) or presence of Cs+ (gray). (G) Induction of cytokines and chemokines in WT
hMGLs stimulated with IL-1β (20 ng/ml) and IFN-γ (20 ng/ml) as determined by ELISA multiplex assay. Heatmaps indicate log2 fold change of cytokines/
chemokines indicated (MCP-1, GPOa, HGF, TNFα) above vehicle treatment. Results are from three replicate cultures in three independent experiments.
(H) Representative time-lapse images showingWT hMGLmigration toward to ATP source (a pipette tip). (I) Representative images of calcium imaging over the
time periods as indicated with 100 µM ATP stimulation. Scale bar, 25 µm. Graphs (right) depict Ca2+ traces depicting changes in Fluo-4 fluorescence over the
baseline (ΔF/F0) in response to 100 µM ATP in the WT hMGLs. Results are derived from averaged values in three replicate cultures and three experiments.
(J) Representative time-lapse images of fluorescent Aβ1-42 oligomers (red) bound to WT hMGLs, imaged by automated live-cell microscopy. In the adjacent
graph, phagocytosis of Aβ1-42 oligomers in WT hMGLs over time was quantified, as depicted on the left. PI was determined by measuring average fluorescence
intensity at each time point in comparison to the 15-min time point (set to 1.0). Images in E–J are representative of three independent experiments. Values
represent mean ± SEM from n = 3 independent experiments.
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Figure S2. Overview of epigenetic, transcriptomic, and proteomic changes; correlation between epigenetic and transcriptomic signatures; and
integrative multi-omic analysis of gene landscapes in mutant hMGLs. (A and B) Overall total number of DM gene-associated peak signals by ATAC-seq,
and ChIP-seq (A) DEGs (q < 0.1), and DEPs by RNA-seq/proteomic analysis, respectively (B), in hMGLs generated and characterized in this study (black bars).
Numbers of up-regulated (middle graphs, red bars) and down-regulated (right graphs, blue bars) DEGs, DEPs, and DM-associated genes are also presented as
indicated. (C–G) Analysis of DEPs in SORL1A528T hMGLs, showing Venn overlap analysis between up-regulated (C) and down-regulated (D) DEPs in SORL1 KO
(purple) and A528T hMGLs (blue). GO DAVID analysis of up-regulated SORL1A528T DEPs show enrichment in “cell surface” and “early endosome” CCs (E),
whereas down-regulated SORL1A528T DEPs feature enrichment in lysosome-associated KEGG pathways (F) and endosome components (G). (H) Correlation of
overlapping DM-associated epigenetic signatures (heatmaps, left). Heatmap depicting relative overlap between down-regulated and up-regulated ChIP-seq
and ATAC-seq DM-associated peak signatures in hMGL lines, as calculated from overlapping components from ChIP-seq and ATAC-seq datasets (left heat-
maps). Correlation of overlapping DM-associated epigenetic and transcriptomic signatures (heatmaps, right). Heatmap depicting relative overlap between
down-regulated and up-regulated DEGs (RNA-seq) and epigenetic DM-associated peak profiles. Pairwise correlation ratios in Venn overlap diagrams (see H in
Data S1; top heatmaps) are ratios of overlapping up-regulated, down-regulated, or total signatures over the total signatures (for each pairwise category)
observed in each line (XhMGL line value for each hMGL line); ratios are normalized by dividing each XhMGL line value over the sum of all XhMGL line values for up-
regulated, down-regulated, or total signatures. Heatmaps for three-way overlap (bottom heatmap) are ratios of down-regulated, up-regulated, or total
overlapping signatures observed in all three epigenetic datasets over the total number of signatures for each hMGL line (YhMGL line value). Normalized values
were established by dividing YhMGL line values from each line over the total of all YhMGL line values. Normalized correlation ratios were calculated for epigenetic/
RNA-seq heatmaps in right heatmaps, as described for left heatmaps (ChIP-seq/ATAC-seq correlation). (I–L) Full molecular pathway analyses of TREM2 KO,
TREM2R47H, SORL1 KO, and SORL1A528T hMGLs through integrative multi-omic analysis (OmicsIntegrator). Complete map of genes dysregulated in the mutant
TREM2 KO (I), TREM2R47H (J), SORL1 KO (K), and SORL1A528T (L) hMGL lines compared toWT. Branches were defined in the OmicsIntegrator network by removing
the root node. Resulting branches are displayed in a grid layout, with the most central gene highlighted with large font and labeled adjacently for each cy-
toscape network group with significantly centralized nodes. Node color schemes defined by various analytical platforms are indicated in I as red (RNA-seq),
orange (proteomics), yellow (H3K27ac ChIP-seq), green (H3K4me3 ChIP-seq), blue (ATAC-seq), and gray (inserted by the OmicsIntegrator algorithm). See
extended Data S1 for enlarged network diagrams for I–L. (M) The network of gene commonly altered across multiple cell lines. Integrative analysis implicate
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dysregulation of APOE in TREM2 KO and R47H, and SORL1 KO and A528T hMGL lines. Genes depicted within the Cytoscape network map were affected in one
or more analytical dataset by at least three out of the four TREM2/SORL1mutant hMGL cell lines compared toWT. Colored pie charts comprising network nodes
indicate hMGL lines dysregulated at particular nodes; larger nodes indicate genes modulated in all four hMGL lines. AD-related genes of particular interest
(APOE, APOC1, and APOC2) were intentionally highlighted with an enlarged font size. Edge colors indicate an edge identified within the multi-omic network for a
particular hMGL line; a color scheme for nodes and edges within the network is shown (TREM2 KO, yellow; TREM2R47H, green; SORL1 KO, purple; SORL1A528T,
blue).
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Figure S3. Transcriptomic analysis of mutant hMGLs. (A)MA plots depicting differential gene expression in the different hMGL lines characterized by RNA-
seq analysis. Log2 fold change (y axis) and log2 mean normalized counts (x axis) are shown. Red (up-regulated) and green (down-regulated) components, and
DEG counts are indicated with at a q-value cutoff of q < 0.1. (B) Characterizing human AD-associated transcriptomic gene profiles in hMGLs. Heatmap profiles
depicting log2 fold change (red/blue) and q-value (red/yellow) of DEGs related to microglial genes potentially linked AD risk (upper graph), and differentially up-
regulated (lower left) or down-regulated (lower right) in human AD previously characterized by single cell RNA-seq (Mathys et al., 2019). (C) Homeostatic or
DAM transcriptomic gene profiles of hMGLs. Up-regulated or down-regulated DEG profiles and q-values for the hMGL panel were plotted as indicated for
homeostatic, DAM-induced, or DAM-suppressed microglial DEG profiles (RNA-seq) previously characterized in ADmice. Color scale represents log2 fold change
(blue/red) or q-value (red/yellow). (D) hMGL RNA-seq profiles were characterized for up-regulated inflammatory components identified in various neuro-
degenerative mouse disease models (Krasemann et al., 2017). Arrows in B–D mark genes down-regulated in TREM2 KO and up-regulated in TREM2R47H hMGLs.
(E) hMGL RNA-seq profiles were characterized for genes induced (upper left) and suppressed (upper right) in phagocytically active microglia. hMGL RNA-seq
profiles were also characterized for microglia genes induced by phagocytosis only in the presence of APOE (APOE-dependent genes induced by phagocytosis;
Krasemann et al., 2017). Genes down-regulated in TREM2 KO and up-regulated in TREM2R47H hMGLs are marked by arrows. (F) Genes from human AD and AD/
phagocytic microglia mouse models down-regulated in TREM2 KO and up-regulated in TREM2R47H hMGLs; APOE is shared among all three groups. (G) Secretion
of cytokines and chemokines in hMGLs stimulated with Aβ1-42 oligomers (1 µM), IL-1β (20 ng/ml), and IFN-γ (20 ng/ml) as determined by ELISA multiplex assay
(mean± SEM). Statistical analyses were determined by two-way ANOVA with Dunnett’s multiple comparison. *, P < 0.05; **, P < 0.01; and ***, P < 0.001 were
derived by comparing each genotype vs. WT under different stimuli. #, P < 0.05; ##, P < 0.01; and ###, P < 0.001 were derived by comparing different stimuli
vs. vehicle within the same genotype. (H) Induction of cytokines and chemokines in hMGLs stimulated with Aβ1-42 oligomers (1 µM), IL-1β (20 ng/ml), and IFN-γ
(20 ng/ml) as determined by ELISA multiplex assay. Heatmaps indicate log2 fold change of cytokines/chemokines indicated (MCP-1, GPOa, HGF, and TNF-α)
above vehicle treatment. Results from G and H are derived from three replicate cultures in n = 3 independent experiments.
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Figure S4. Analysis of expression and epigenetic profiles at AD and DAM-associated gene loci. (A) qRT-PCR validation of AD/DAM-related targets. AD-
related components up-regulated in TREM2 KO/R47H and SORL1 KO/A528T (left), or down-regulated in TREM2 KO/up-regulated in TREM2R47H hMGLs by RNA-
seq analysis were verified in hMGLs by qRT-PCR analysis (normalized over actin, and compared with WT, set to 1.0). One representative experiment is shown
(mean ± SEM, n = 3 replicates). Heatmap of relevant targets from RNA-seq analysis is shown (right). (B) Evaluation of hMGL genes (left) and AD/DAM-related
targets in the hMGL lines by label-free proteomic analysis. (C) SORLA, TREM2, and APOE levels were characterized in TREM2 KO; TREM2R47H homozygous
(HOMO) and heterozygous (HET) hMGLs were compared with WT by immunoblot analysis. Western blot shown is representative of three independent ex-
periments. (D) AD/DAM-related targets were quantified in TREM2 KO (yellow bars), TREM2R47H homozygous (HOMO, dark green), and heterozygous (HET,
lighter green) hMGLs by qRT-PCR analysis. Graphed results are from n = 3 independent experiments. (E and F) Phagocytosis of Aβ1-42 (555-Aβ; E) or tau (555-
tau; F) oligomers in WT and AD-variant hMGLs over time. PI was determined by measuring average fluorescence intensity in individual hMGL lines in com-
parison to the 15 min time point, and normalized to WT at the 15 min time point (set to 1.0). Values represent mean ± SEM from n = 3 replicate wells. Mean
phagocytotic index values for the hMGL lines was quantified at the 3 h time point, and shown in the adjacent bar graph (mean ± SEM). (G)WTor mutant hMGLs
were treated with 5 µg/ml recombinant human APOEε3 or APOEε4 or left untreated (control), together with 555-Aβ1-42 oligomers (left graph). Phagocytosis of
555-Aβ1-42 oligomers was measured in real time, and PI was determined by measuring average fluorescence intensity in individual hMGL lines in comparison to
the 15 min time point, and normalized to WT at the 15 min time point (set to 1.0). Values represent mean ± SEM from n = 3 independent experiments. Mean PI
values for the hMGL lines was quantified at the 3-h time point, and shown in the bar graph. Middle graph: mutant hMGL lines transfected with 25 nM control or
APOE siRNAs were assayed for Aβ phagocytosis. Right graph: Mutant hMGL lines with endogenous APOEε3/ε4 allele combinations or edited APOEε3/ε3 alleles
were assayed for Aβ phagocytosis. In G, analyses were assays were validated using two independently derived hMGL clones. Individual plots represent three
replicates in n = 3 independent experiments. Graph depicts mean ± SEM of averaged values from independent experiments. Statistical significance was
determined by one-way ANOVA with Tukey’s multiple comparison (*, P < 0.05; **, P < 0.01). Black significance values indicate significance within treatments
within one hMGL line, and gray significance values indicate differences between like treatments between different hMGL lines.
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Figure S5. In vivo Aβ uptake and chromatin profiles in various AD mutant hMGLs. (A) GFP-expressing WT, TREM2R47H, and SORL1 KO hMGLs lines
(derived from CX3CR1-2A-GFP ES lines; see Materials and methods) xenotransplanted in human MCSF knockin mouse brain cortex and coinjected with 555-Aβ
oligomers were stained with antibodies to detect GFP (green), Iba1 (purple), Aβ (red, 555-Aβ) and DAPI (blue). Magnified images indicate intracellular Aβ in WT
hMGLs (green), where TREM2R47H hMGLs largely failed to show overlap in hMGL/intracellular Aβ staining, while SORL1 KO hMGLs also showed incomplete
overlap. Scale bar, 50 µM. (B) Phagocytosis of Aβ in xenotransplanted hMGLs were quantified in A. Statistical significance was determined by one-way ANOVA
with Tukey’s multiple comparison (**, P < 0.01). Graph represents n = 3–5 animals for each group (each data point represents averages from 6–10 sagittal brain
sections (30 µm) per animal; mean ± SEM) as determined by analysis of images from immunostained sections. (C) Epigenetic analysis of hMGL lines. The
genome browser schematic and peak scans comparing mRNA levels and genomic epigenetic modification at GPNMB and SPP1 loci (duplicate scans) for WT,
TREM2 KO, TREM2R47H, SORL1 KO, and SORL1A528T hMGLs. RNA-seq and normalized signals for ATAC-seq, H3K4me3, and H3K27ac ChIP-seq are shown in
representative assays from hMGLs as indicated. (D) PU.1:IRF8 binding motifs identified by ATAC-seq (left) and anti-H3K27ac ChIP-seq (right) are quantified for
significance (q-value), frequency, and percent relative frequency (% targets).
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Video 1. Chemotactic migration of WT hMGLs toward an ATP gradient (1 mM) leaking from a micropipette. hMGLs were exposed to 1 mM ATPγS from
a pipette tip. Images were acquired every minute for 30 min, and the video shown depicts migration at 6 frames/s.

Provided online are three tables. Table S1 summarizes primers, sgRNAs, and off-target analyses associated with the generation of
mutant hMGLs described in this study. Table S2 lists shared upstream transcription factor motifs enriched in the mutant hMGL
lines. Table S3 lists all upstream transcription factor motifs identified in individual hMGL lines.

Data S1 provides an overview of epigenetic, transcriptomic and proteomic changes; correlation between epigenetic and
transcriptomic signatures; and integrative multi-omic analysis of gene landscapes in mutant hMGLs, related to Fig. S2. (H) Venn
diagram of up-regulated and down-regulated DM-associated peaks and DEGs (q < 0.1) identified in CD33 (red), INPP5D (orange),
TREM2 KO, (yellow), TREM2R47H (green), SORL1 KO (purple), and SORL1A528T (blue) hMGLs normalized to WT hMGLs. Total number of
DEG/DM-associated peaks are shown in brackets. (I–L) Full molecular pathway analyses of TREM2 KO, TREM2R47H, SORL1 KO, and
SORL1A528T hMGLs through integrative multi-omic analysis (OmicsIntegrator). Complete map of genes dysregulated in the mutant
TREM2 KO (I), TREM2R47H (J), SORL1 KO (K), and SORL1A528T (L) hMGL lines compared to WT. Branches were defined in the
OmicsIntegrator network by removing the root node. Resulting branches are displayed in a grid layout, with the most central gene
highlighted with large font and labeled adjacently for each Cytoscape network group with significantly centralized nodes. Node
color schemes defined by various analytical platforms are indicated in I as red (RNA-seq), orange (proteomics), yellow (H3K27ac
ChIP-seq), green (H3K4me3 ChIP-seq), blue (ATAC-seq), and gray (inserted by the OmicsIntegrator algorithm).
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