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Abstract

Common genetic variants in more than forty loci modulate risk for Alzheimer’s disease (AD). AD
risk alleles are enriched within enhancers active in myeloid cells, suggesting that microglia, the
brain-resident macrophages, may play a key role in the etiology of AD. A major genetic risk factor
for AD is Apolipoprotein E (APOE) genotype, with the e4/e4 (E4) genotype increasing risk for
AD by approximately 15 fold compared to the most common €3/ €3 (E3) genotype. However, the
impact of APOE genotype on microglial function has not been thoroughly investigated. To address
this, we cultured primary microglia from mice in which both alleles of the mouse Apoe gene

have been humanized to encode either human APOE 3 or APOE e4. Relative to E3 microglia,

E4 microglia exhibit altered morphology, increased endolysosomal mass, increased cytokine/
chemokine production, and increased lipid and lipid droplet accumulation at baseline. These
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changes were accompanied by decreased translation and increased phosphorylation of elF2a and
elF2a-kinases that participate in the integrated stress response, suggesting that E4 genotype leads
to elevated levels of cellular stress in microglia relative to E3 genotype. Using live-cell imaging
and flow cytometry, we also show that E4 microglia exhibited increased phagocytic uptake of
myelin and other substrates compared to E3 microglia. While transcriptomic profiling of myelin-
challenged microglia revealed a largely overlapping response profile across genotypes, differential
enrichment of genes in interferon signaling, extracellular matrix and translation-related pathways
was identified in E4 versus E3 microglia both at baseline and following myelin challenge.
Together, our results suggest E4 genotype confers several important functional alterations to
microglia even prior to myelin challenge, providing insight into the molecular and cellular
mechanisms by which APOE4 may increase risk for AD.
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Alzheimer’s disease; APOE genotype; Microglia; Phagocytosis; Interferon signaling; elF2
signaling; Translation inhibition; Lipid accumulation; Lipid droplets; Myelin

Introduction

Alzheimer’s disease (AD) is a devastating neurodegenerative disorder and the most common
cause of dementia in the elderly, affecting approximately 5.8 million Americans. Due to

an aging population and the absence of an effective treatment or prevention strategy, this
number is projected to increase to 13.8 million by 2050, thus representing an urgent public
health crisis (Alzheimer’s Association, 2021; Hebert et al., 2013). AD is characterized by
severe neurodegeneration, abnormal deposition of extracellular amyloid-g (Ap) plaques, and
widespread formation of intracellular neurofibrillary tangles. In addition to these classical
neuropathological hallmarks, glial activation (gliosis) and lipid accumulation (lipidosis) have
also been described (Foley, 2010).

Most AD cases are classified as late-onset AD (LOAD) and have a complex genetic
architecture (Neuner et al., 2020; Zhang et al., 2020). Large-scale genome-wide association
studies (GWAS) have so far identified 40 genomic regions associated with LOAD (Andrews
et al., 2020). The strongest association with AD risk and age at onset is consistently
observed on chromosome 19 in the genomic region harboring the apolipoprotein E (APOE)
gene. The association between APOE genotype and AD risk was first identified using
linkage studies in families with multiple instances of LOAD (Corder et al., 1993) and it

has since been replicated in multiple large-scale analyses (Reiman et al., 2020). APOE is a
secreted glycoprotein that binds cholesterol and other lipids to form lipoproteins, facilitating
lipid transport in plasma and brain interstitial fluid (Ulrich et al., 2013). In humans, there
are three major APOE isoforms designated as APOE2, APOE3 and APOE4 that are encoded
by three common alleles (e2, €3, and 4, respectively). These isoforms differ at only two
amino acid residues; APOES3 has a cysteine at position 112 and arginine at position 158,
while APOE4 has two arginines and APOE2 has two cysteines at these positions (Mahley
etal., 2009). APOE e4increases risk in a semi-dominant manner, with one copy increasing
risk ~3 fold and two copies increasing risk ~15 fold relative to the £3/e3 genotype (Genin et
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al., 2011), which is the most common in all populations studied (Farrer et al., 1997; Liu et
al., 2013). In contrast, individuals with two copies of the e2 allele exhibit an approximately
seven-fold decreased risk for AD (Farrer et al., 1997; Liu et al., 2013; Reiman et al., 2020).

Given the strong link between APOE genotype and AD risk, a better understanding of how
the different APOE isoforms promote or protect against the disease is critical. Multiple
studies have shown that APOE4 can exacerbate AP aggregation (Bales et al., 2009; Liao et
al., 2018), reduce A clearance in mice (Castellano et al., 2011), and that APOE genotype
is associated with the onset and extent of Ap deposition in humans (Holtzman et al., 2012).
However, it is likely that the role of APOE in disease pathogenesis extends beyond its

effect on amyloid accumulation (Guerreiro et al., 2012). Post-GWAS studies have strongly
implicated myeloid cells such as microglia in the etiology of LOAD (Huang et al., 2017;
Nott et al., 2019). Coding variants in genes that are specifically expressed in myeloid

cells including microglia (e.g., TREMZ, PLCGZ, and ABI3) have been associated with AD
(Guerreiro et al., 2013; Jonsson et al., 2013; Sims et al., 2017). Further, AD risk alleles

have been shown to be enriched in active enhancers specific to monocytes, macrophages and
microglia, suggesting that gene expression regulation in these myeloid cell types may be
critical to modifying disease susceptibility (Huang et al., 2017; Nott et al., 2019; Novikova
etal., 2021). While APOE is primarily produced by astrocytes in the brain, it is one of

the most upregulated genes during the response of microglia to damage associated with
aging, demyelination or neurodegeneration (Keren-Shaul et al., 2017; Krasemann et al.,
2017). Given the causal role of both APOE and microglia in AD, investigating the impact of
differing APOE genotypes on microglial function is likely to advance our understanding of
AD pathogenesis.

Recent single cell transcriptomic studies have identified a subset of microglia in the aging
and diseased brain, referred to as damage- or disease- associated microglia (DAM), which
exhibit downregulation of several genes enriched in surveillant microglia (such as P2ry12
and 7gfbrl) and upregulation of genes associated with phagocytosis and lipid metabolism
(e.g., Ax/and Lp/) (Keren-Shaul et al., 2017; Podlésny-Drabiniok et al., 2020). Transition to
the DAM state occurs in a stepwise fashion, with loss of either Apoe or TremZ2 preventing
microglia from converting into early- or late-stage DAM state, respectively (Damisah et al.,
2020; Krasemann et al., 2017). In addition, loss of either 7remZ2or Apoe leads to abnormal
accumulation of cholesterol esters or formation of cholesterol crystals in microglia from
mice subjected to treatments that induce demyelination, suggesting that both TREMZ2 and
APOE are necessary for microglia to appropriately handle excess cholesterol resulting from
phagocytic uptake of myelin debris (Cantoni et al., 2015; Cantuti-Castelvetri et al., 2018;
Nugent et al., 2020). Similar phenotypes are observed upon loss of another AD risk gene,
PLCGZ2 (Andreone et al., 2020), demonstrating that APOE and other AD risk genes play

a critical role in the response of microglia to aging- and disease-associated conditions.
However, most of these studies were conducted using Apoe knockout mice, and how human
APOE genotypes differentially impact microglial function in these contexts remains to be
elucidated.

As human microglia are difficult to obtain due to a general lack of access to living brain
tissue, mouse microglia have emerged as a useful model to experimentally investigate the
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complex function of these cells. However, as mouse Apoe exhibits only 70% homology
with human APOE, and mice do not express APOEe2/3/4 isoforms, mice in which

the endogenous Apoe sequence has been humanized by targeted insertion of exons 2—

4 of either human APOEZ, APOES3, or APOE4 have been generated (Sullivan et al.,

1997). These targeted replacement (TR) mice have provided important insights into the
functional effects of APOE isoforms /in vivo. Given the utility of this TR mouse model to
investigate the effect of human APOE genotype on cellular functions, here we investigated
the impact of APOE genotype on cultured primary microglia at baseline and following
acute challenge with an excess of cellular debris in the form of myelin fragments.

Using live-cell imaging, flow cytometry, immunocytochemistry, immunoblotting, and RNA-
sequencing, we demonstrate that compared to APOE 3/e3, APOE e4/e4 microglia
display amoeboid morphology, increased levels of select cytokines/chemokines, decreased
translation, increased phosphorylation of elF2a and elF2a-kinases that participate in the
integrated stress response, increased phagocytic uptake of myelin fragments and other
substrates, increased lipid and lipid droplet accumulation, and increased endolysosomal
mass. Our results provide new insight into the effect of APOE4 on microglial function and
nominate candidate pathways for therapeutic targeting.

2. Materials and Methods

2.1. Animals

Human APOE targeted replacement mice, E3 and E4 (C57BL/6, Taconic, 1548, 1549) or
Apoe knockout mice (C57BL/6, Jackson Laboratory, 002052) and wild type mice (C57BL/6,
Jackson Laboratory, 000664) were bred to obtain postnatal day 1-3 (P1-3) pups. All animals
were housed under a standard light dark cycle and received food and water ad libitum.

All animal procedures and experiments were conducted in compliance with guidelines by
James J. Peters Veteran Affairs Medical Center (protocol #CAI-10-044a) and Icahn School
of Medicine at Mount Sinai (protocol #2014-0172, 2017-0296) Institutional Animal Care
and Use (IACUC) committees. In addition, all experiments involving animals were carried
out in compliance with ARRIVE guidelines and in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 8023,
revised 1978).

2.2. Preparation of microglial cultures

Mixed glial cultures were prepared by pooling forebrains from 8-10 pups aged P1-3 from

a single litter. Each litter was considered an experimental replicate; experiments were
repeated in 4-5 independent litters as denoted in the corresponding figure legends. Pups
were not genotyped for sex chromosomes prior to pooling. Specifically, the whole brain was
removed and placed into cold Hanks Balanced Salt Solution (HBSS, Invitrogen #14025092).
Meninges were removed and forebrain tissue was cut into small pieces and digested in
0.25% trypsin (GIBCO #25200114) at 37 °C for 15 mins. DNase | (0.2mg/ml, Sigma,
D4527- 20KU) was added and incubated at 37 °C for 10 mins, followed by centrifugation
at 1300 rpm for 5 min. Homogenate was washed and resuspended in DMEM (Invitrogen,
10565) and filtered through a pre- soaked 40um nylon mesh. Mixed glial cultures were
prepared by plating dissociated cells (60,000 cells/cm?2) in T75 flasks (Corning #354537)
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and growing them at 37°C, 5% CO2 in glial media [DMEM containing 10% fetal bovine
serum (FBS, Gibco #16140), and 100ug/ml penicillin/streptomycin (Pen/Strep, Gibco
#15140). Cultures were maintained by replacing the growth media once per week. After

4 weeks, cell cultures were enriched for microglia by washing with DMEM for one minute,
followed by incubation with 1:3 dilution trypsin in warm DMEM at 37°C, 5% CO2 for 35
mins with occasional shaking. The detached astrocyte-rich layer was carefully removed and
discarded. The remaining microglial cells were washed with DMEM and incubated with
trypsin for 10min. Cells were collected and pooled into glial medium and seeded into tissue
culture plates and allowed to adhere for 24 hours prior to experimentation. Routine testing of
cell lines using MycoAlert PLUS mycoplasma detection kit (Lonza #LT07-118) showed that
all cells were negative for mycoplasma contamination.

2.3. Immunofluorescence microscopy and image analysis

Microglia were plated on round coverslips coated with polyD-lysine in a 24-well plate.
Cells were allowed to adhere overnight and select wells were treated with myelin according
to the phagocytosis protocol described below. Cells were fixed in 4% paraformaldehyde

in PBS at 4°C for 10 min. Cells were permeabilized (1.0% Triton in PBS) at room
temperature for 15 min and blocked in 5% bovine serum albumin (BSA) at room
temperature for 1 hours. Cells were incubated in primary antibodies as follows: 1:500 anti-
IBA1 (Abcam #5076), 1:1000 anti-CD68 (Bio-Rad #1957), 1:1000 anti-Perilipin3 (Abcam
#47639), 1:2000 anti- RAB5 (Cell Signaling #3547), and 1:1000 anti-RAB7 (Abcam
#198337). Secondary antibodies donkey anti-goat Alexa 488 (Invitrogen #A11055), goat
anti-rat Alexa 647 (Abcam #150159) or donkey anti- rabbit Alexa 488 (Life Technologies
#21206) were used at 1:500. For BODIPY staining, cells were incubated with 2 uM
BODIPY (Invitrogen #D3861) for 15 mins at 37°C. DAPI staining (1 pg/ml for 5 min,

Life Technologies #D1306) was used to visualize nuclei. Images were acquired using

an Olympus 1X51 Fluorescence Microscope or a Zeiss LSM780 confocal microscope.
Purity of microglial cultures was assessed by quantifying the number of DAPI-labeled

cells also expressing the microglial marker IBA1. Percentage of microglia in each culture
was determined by dividing the number of IBA1-positive cells to the total number of

cells. For quantification of specific markers, fluorescence intensity was calculated using

the processing software FIJI Is Just ImageJ (Schindelin et al., 2012). Briefly, a region of
interest was drawn around each cell in a given field of view and integrated density (the
product of Area and Mean Value) over the selected regions of interest was measured.
Average integrated density per image was calculated by normalizing the integrated density
to the number of cells. To quantify the degree of colocalization between BODIPY and
either RABS or RAB7, the Pearson’s correlation coefficient between the two fluorescent
signals from a single field of view was calculated using ZEN software according to the
Zeiss protocol Acquiring and analyzing data from colocalization experiments in AIM or
ZEN software (https://www.zeiss.com/content/dam/Microscopy/Downloads/Pdf/FAQs/zen-
aim_colocalization.pdf). To compare correlation coefficients, Fisher’s r-to-z transformation
was used (Eid et al., 2017). Pearson’s correlation coefficients were transformed into z scores
using Fisher’s r-to-z transformation for statistical analyses. A two sided z-test was then used
to compare correlations across groups. In all cases, quantification was performed on at least
60 cells per genotype from 4 independent experiments. All immunofluorescence microscopy
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image acquisition and quantification were performed by an experimenter blind to genotype/
treatment.

2.4. Morphometric image analysis using llastik

In order to quantitatively assess morphological differences across E3 and E4 microglia, we
utilized the publicly available machine-learning image analysis software llastik (Berg et al.,
2019). A set of ~10 representative phase contrast images was uploaded as training data

and the Pixel Classification + Object Classification workflow was followed according to

the developer’s protocol (www.ilastik.org). Specifically, training features specifying which
aspects of phase images corresponded to cells vs background were optimized across training
images. Hysteresis thresholding (threshold = 0.65) was used across images such that cells
were clearly segmented from the background using pixel classification. Subsequent object
classification was used to identify microglia and extract relevant feature information for each
identified cell. Specifically, llastik uses the Vision with Genetic Algorithms (VIGRA) library
(https://ukoethe.github.io/vigra/) to compute object features. Features reported here include
object area, length (defined as the longest path between two terminals of a given object’s
skeleton), and branch length (computed by deriving the average length of a given object’s
skeleton’s branches following default pruning algorithms). Skeletons, or one pixel- wide
representations of segmented objects, were generated using the default ilastik algorithm
which relies on the successive pruning via the skeletonizelmage() algorithm as defined in the
VIGRA image analysis library (https://ukoethe.github.io/vigra/).

2.5. Preparation of pHrodo red-labeled myelin fragments

Myelin fragments were isolated from two month-old C57BL/6 wild-type mouse brain. All
solutions were used ice-cold and all centrifugations were performed at 4C unless otherwise
noted. Hemi brains (n=4) were homogenized and sonicated for 10 min in 5 ml of 0.32M
sucrose (Sigma-Aldrich #51888) and additional 10ml of 0.32M sucrose and 1:100 protease
inhibitor (Cell Signaling Technology #5872S) was added. A sucrose step-gradient was
prepared in an ultracentrifuge tube (Beckman Coulter #344058) by overlaying 15ml of
0.85M sucrose and 15ml of 0.32M sucrose containing tissue homogenate. The tube was
then centrifuged in a SW32Ti rotor at 24,4000 rpm for 40 min using a Beckman L70
ultracentrifuge, with low acceleration and deceleration. The gradient interface containing
the fragmented myelin was collected using a Pasteur pipette and washed with MilliQ water
at 24,4000 rpm for 15 min. The pellet was given two osmotic shocks by resuspending in
water and centrifuging at 9800 rpm for 15 min and then resuspended in 0.32M sucrose and
combined with 0.85M sucrose in a 1:1 ratio, followed by centrifugation at 24,4000 rpm for
40 min. The interface was again collected and resuspended in 0.1M sodium bicarbonate
(Sigma-Aldrich #58761). The volume was adjusted to obtain a final protein concentration of
1ug/ml. Endotoxin levels were measured using a commercial kit following manufacturer
instructions (GenScript #L.00350C) and myelin fragments were conjugated with 1:100
pHrodo red dye (Invitrogen #P36600) according to the manufacturer’s protocol and stored at
-80 °C.
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2.6. Preparation of pHrodo red-labeled early apoptotic Jurkat cells

Jurkat human T cell leukemia cells were kindly provided by Dr. Benjamin Chen (MSSM).
Jurkat cells were cultured in RPMI (Gibco #11965) supplemented with 10% FBS (Gibco
#16140), and 1:100 Pen/ Strep (Gibco #15140). Cells were treated with 1uM staurosporine
for 3 hours to obtain early apoptotic Jurkat (EAJ) cells. Cells were collected and washed
with PBS and stained with pHrodo red 1:100 in PBS for 1 hour in the dark at room
temperature. Cells were washed once with PBS, resuspended at 1x10 cells/ml in PBS and
added to plated primary microglia for phagocytosis assay as described below.

2.7. Phagocytosis assay

Microglial cells were seeded at a density of 60,000 cells/well in a 96 well plate and allowed
to adhere overnight. The following day, plates were placed inside an IncuCyte live imaging
system housed inside a tissue culture incubator at 37 °C/5% CO, and a baseline image

was captured prior to treatment with phagocytic substrate. Cells were treated with one

the following substrates for three hours: 10pug/ml of pHrodo-red labeled myelin, 10pg/ml
pHrodo-red labeled zymosan (Thermo Fisher #P35364), 1:100 pHrodo-red labeled early
apoptotic Jurkat (EAJ) cells, and 1:100 red fluorescent carboxylate-modified polystyrene
latex beads (Millipore Sigma #L.3030, 0.9 pm). To inhibit phagocytosis, select control wells
were pre-treated with 2 uM cytochalasin D (CD, Sigma-Aldrich #C8273) for 30 min and
during the 3 hours incubation with the substrate. As additional negative controls, some
wells were left untreated (i.e., no myelin was added). After 3 hours, cells were washed

with PBS and fresh glial medium was added. Live imaging scans continued every hour

for the duration of the assay. No myelin wells were monitored for the duration of the
experiment while CD wells were only monitored for 48 hours, after which a majority of
cells had detached. Specifically, red fluorescent (acquisition time 800 ms) and phase contrast
images were acquired using a 20x objective. Three images per well from two technical
replicate wells were taken and then analyzed using the IncuCyte ZOOM software. For phase
contrast images, cell segmentation was performed such that a mask applied to the image
clearly differentiated cells from background. An area filter was applied to exclude objects
below 10um. The obtained cell mask was used to export raw “percent phase confluence”
values for each image. Thresholding was performed to reliably identify regions of red
fluorescence within a given image (Kapellos et al., 2016) and a second mask corresponding
to red fluorescence was obtained. Raw values of total red integrated fluorescence intensity
(red calibrated units, RCU, red calibrated units x um#2/image) were obtained. These raw
values were normalized to % phase confluence. In order to estimate the degradation rate

of internalized myelin, we performed non-linear regression of normalized red fluorescence
intensity over time using GraphPad Prism software ((GraphPad Software, n.d); Stewart et
al., 2011) and the one-phase exponential decay model as specified by the equation: Y = (Yg
- Plateau) e(KX) , Plateau, where X = Time, Y = normalized red fluorescent intensity, Yo =
Y value at 6 hours, K = rate constant, and Plateau = Y value at infinite times. Half-life was
computed as In(2)/K.

For measurement of phagocytosis by flow cytometry 24 hours post- challenge, cells were
trypsinized (Gibco #25200), pelleted, stained with DAPI for 5 mins to identify live versus
dead cells, and geometric mean fluorescence intensity (gMFI) was measured using an
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Attune NXT flow cytometer (ThermoFisher Scientific). To distinguish microglia from

EAJ during flow cytometry, samples were pre-stained with an APC-conjugated antibody
against macrophage-specific cell surface marker CD11b (eBioscience #17-0112-81) at
1:400 dilution for 30 minutes on ice. Data were quantified using FCS Express 7 (De

Novo Software) and GraphPad Prism 9 (GraphPad Software) and the average phagocytic
index of each replicate was calculated as the percentage of red fluorescent-positive and
DAPI-negative cells multiplied by the geometric mean of red fluorescence intensity divided
by 108. APC-positive, pHrodo red-positive and DAPI-negative cells were gated and used to
calculate the phagocytic index of EAJ internalization.

2.8. Lysosomal mass and pH assays

To assess lysosomal mass, microglia were stained with 100nM LysoTracker Red DND-99
(Invitrogen #L.7528) for 30 mins. To assess lysosomal pH, microglia were washed with

PBS and treated with 2uM LysoSensor Green DND-189 (Invitrogen #L.7535) for 10 mins.
Microglia were then washed with PBS three times, trypsinized, pelleted, resuspended in
100ul PBS, and stained with 0.1ug/ml DAPI for 5 min. Cells were again pelleted, washed
three times in PBS, and resuspended in 100ul PBS at 60,000 cells/pL and analyzed using an
Attune NXT flow cytometer. Cells were gated on DAPI to measure fluorescence intensity of
LysoTracker and LysoSensor only in live cells. Calibration curve was prepared by incubating
cells in LysoSensor pHrodo Green AM intracellular pH indicator (ThermoFisher Scientific
#P35373) according to the manufacturer’s protocol.

2.9. Cholesterol loading assay

To assess cellular cholesterol levels, microglial cells were incubated with 20pug/ml [N-
[(7-nitro-2-1,3-benzoxadiazol-4-yl) methyl] amino] (NBD)-cholesterol (Abcam #236212) in
serum free medium for 24 hours at 37 °C. Cells were trypsinized, pelleted, resuspended in
100ul PBS and stained with 0.1ug/ml DAPI for 5 min. Cells were pelleted, washed three
times in PBS and resuspended in 100ul PBS at 60,000 cells/pL and analyzed using an
Attune NXT flow cytometer. Cells were gated on DAPI to measure fluorescence intensity of
NBD.

2.10. RNA sequencing

RNA sequencing was performed on microglial cell lysates collected as described above for
phagocytosis assay. Twenty-four hours after myelin treatment, 120,000 cells per genotype/
treatment were harvested, pelleted, and stored at —80 °C. RNA was extracted using the
RNeasy (Qiagen) kit following manufacturer’s guidelines. Libraries were prepared from
polyA-enriched mRNA using the universal low-input kit (SMARTer #634940), validated
using Agilent TapeStation (Agilent Technologies, Palo Alto, CA, USA), quantified by
using Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA) as well as by quantitative PCR
(KAPA Biosystem, Wilmington, MA, USA), and normalized to ensure equal amounts of
each sample were used for sequencing. These normalized libraries were sequenced as
paired-end 150bp reads (15-20 million reads/sample) on the lllumina HiSeq 4000. Reads
were screened and trimmed for adaptor contamination and paired-end sequencing reads
were pseudoaligned to the Gencode mm10 transcriptome (version M20) and expression was
quantified and normalized as transcripts per million (TPM) using Salmon (version 0.13.1)
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(Patro et al., 2017). Next, differentially expressed protein-coding genes (DEGS) across
comparisons of interest were identified by using the limma (version 3.40.6) package (Ritchie
et al., 2015) in the R programming environment (version 3.6.3). An FDR adj. p-value <0.05
was used to identify genes significantly differentially expressed throughout the manuscript
unless noted otherwise.

2.11. Overrepresentation enrichment analysis

Genes differentially expressed at an adjusted p value <0.05 (Fig. 4c) were used for
overrepresentation enrichment analysis. Specifically, lists of significantly upregulated or
downregulated genes were uploaded to WebGestalt [WEB-based GEneSeT AnaLysis
Toolkit (www.webgestalt.org] (Liao et al., 2019). Overrepresentation of genes belonging to
Reactome pathways was identified using the protein-coding mouse genome as the reference
set within WebGestalt. Pathways with FDR adj. p-value <0.05 were identified. Redundancy
in pathways was reduced using WebGestalt’s “Affinity Propagation” option for graphing in
Fig. 4c.

2.12. Gene set enrichment analysis (GSEA)

Ranked lists were generated from differential gene expression analyses by ordering genes
according to the test statistic generated by limma (Ritchie et al., 2015). This metric

was chosen as it takes into account both the fold change across conditions as well as

the standard error of that fold change. Ranked lists were analyzed using the “GSEA
Preranked” module using default GSEA settings (Subramanian et al., 2005) including 1000
permutations. Ensembl IDs of mouse genes were converted to human orthologues using the
“Mouse_ ENSEMBL_Gene_ID_Human_Orthologs_MSigDB.v7.1” chip file. Our preranked
lists were tested for enrichment against gene sets from the Molecular Signatures Database
(MSigDB, Broad Institute) v7.1 and 1000 permutations were performed. Enrichment scores
representing the degree of overrepresentation of a single gene set at the top or bottom of a
ranked list were calculated for each individual gene set. Enrichment scores were normalized
by gene set size to generate ‘normalized enrichment scores’ according to standard protocols
(Subramanian et al., 2005) and these normalized scores were used to determine significance
of enrichment. Core genes driving observed enrichments were identified according to
standard GSEA protocols, with core genes annotated as those contributing most significantly
to the leading-edge subset within a given gene set. As genes within the top and bottom
sections of ranked gene lists are given priority weighting, this “core” set of genes can also
be described as the subset of genes that contributes most to the enrichment result. Several
core genes were identified and plotted throughout our analyses. At the pathway level, those
with FDR adj. p-value <0.25 were considered to be statistically significantly enriched
among upregulated or downregulated genes (Subramanian et al., 2005), although we utilized
more stringent cutoffs throughout the paper in order to facilitate graphical representation

of enriched pathways. For example, to visualize enriched pathways across genotypes, we
utilized Cytoscape’s Enrichment Map (Merico et al., 2010) to plot the relationships between
pathways enriched at FDR adj. p-value <0.01. AutoAnnotate (Kucera et al., 2016) was
further used on pathways enriched at FDR adj. p-value <0.01 to identify clusters in an
unbiased manner and visually annotate them based on word frequency across pathway
annotation. Specific cutoffs used are noted in figure legends where appropriate. For plots in
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Fig. 7, measures of enrichment that accounted for both strength and direction of enrichment
were calculated by log10 transforming the FDR adj. p-value (plus 0.001 to account for
pathways where FDR adj. p-value = 0.0) and multiplying this value by the absolute value of
the enrichment score (Neuner et al., 2019; Raj et al., 2017).

2.13. Cytokine/chemokines proteome profiler and ELISA assays

To measure cytokines/chemokines and APOE in conditioned media, microglia were plated
at 60,000 cells/well in a 96 well plate and cultured for 24 hours. Conditioned media

was collected, cleared of cell debris with 10 min centrifugation at 3,000 rpm. Cytokines/
chemokines were measure using Proteome Profiler Mouse Cytokine Array Kit, Panel

A (R&D Systems #ARY006) according to the manufacturers’ instructions. APOE levels
were measured using a mouse APOE ELISA kit (Mabtech #3752—-1HP-2) according to
the manufacturers’ protocol. To measure myelin basic protein (MBP) levels in myelin
treated cells and conditioned media, cells were treated with myelin as described for the
phagocytosis assay. Conditioned media was collected as stated above and pellets were
resuspended in 100ul PBS and one freeze-thaw cycle was used to lyse cells. MBP

levels in cell lysate and conditioned media were measured using mouse MBP ELISA kit
(Mybiosource #MBS161123) according to the manufacturer’s protocol.

2.14. Western blotting

Microglia were lysed in RIPA buffer (Sigma-Aldrich #R0278) supplemented with protease/
phosphatase Inhibitor Cocktail (Cell Signaling Technology #5872) followed by 30 min
incubation on ice. Lysates were cleared with 30 min centrifugation at 15,000g. Protein
concentration was measured using the BCA kit (Thermo Fisher #P1-23225) and 40ug
protein was used for western blotting. Samples were resolved by electrophoresis with Bolt
4-12% Bis-Tris Plus Gels (Invitrogen #NP0326BOX) in Bolt MES SDS running buffer
(Invitrogen #B0002) and transferred using iBlot 2 nitrocellulose transfer stacks (Invitrogen
#1B24002). Membranes were blocked for 1 hour and probed with the following antibodies
dissolved in either 5% non-fat dry milk in PBS/ 0.1% Tween-20 buffer or 5% Bovine serum
overnight at +49C: 1:1000 elF2a (Cell Signaling Technology #2103), 1:500 Phospho-elF2a
(Cell Signaling #3398), 1:1000 PKR (Abcam #184257), 1:1000 Phospho-PKR (Invitrogen
#44668G), 1:1000 PERK (Cell Signaling Technology #3192), 1:1000 Phospho-PERK (Cell
Signaling Technology #3179), 1:1000 GCNZ2 (Invitrogen #PA5-17523), 1:1000 Phospho-
GCNZ2 (Invitrogen #PA5-105886), 1:1000 Anti-apolipoprotein E (Sigma-Aldrich #AB947),
1:5000 p-actin (Sigma-Aldrich #A5441). Membranes were washed, then incubated with
secondary antibody 1:2000 for 1 hour at RT and visualized with WesternBright ECL HRP
Substrate Kit (Advansta, #K-12045) and UVP ChemiDoc-1tTS2 Imager (UVP). Images were
quantified using ImageJ (NIH).

2.15. Quantitative RT-PCR

To perform quantitative reverse transcriptase PCR, microglia were seeded at 60,000 cells/
well in a 96 well plate and cultured for 24 hours. Cell pellets were collected and mRNA

was extracted using RNeasy mini kit (QIAgen #74106) including the DNase | treatment

step with RNase-Free DNase set (QIAgen #79254) according to the manufacturer’s protocol.
Nanodrop 8000 (Thermo Scientific) was used to quantify mRNA, and 1000ng of RNA
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was used for reverse transcription reaction using the High-Capacity RNA-to-cDNA kit
(Thermo Fisher #4387406). cDNA (10ng) was used in the gPCR reaction with Power SYBR
Green Master Mix (Applied Biosystems #4368706) and amplified by using QuantStudio 7
Flex Real- Time PCR System (Thermo Fisher Scientific). Primers were designed using the
Primer-BLAST program (NCBI) (Table S1). Two technical replicates for each gene were
used, and Ct values were averaged. Gapah Ct values were used for normalization. Gene
expression levels were quantified using the 2-ddCt method relative to the average dCT value
from all four E3 samples. A total of 25 genes were evaluated using RT-qPCR, results were
appropriately corrected for multiple comparisons using the Benjamini-Hochberg method.
The fold change of a subset of genes are plotted in Fig. 5a. A list of primers used is available
in Table S1.

2.16. Interferon ELISA assay

To perform ELISA assays from conditioned media, microglia were plated at 60,000 cells/
well in a 96 well plate and cultured for 24 hours. Conditioned media was collected after 24
hours, cleared of cell debris with 10 min centrifugation at 3,000 rpm. Interferon levels were
measured using a mouse interferon-a/B (Thermo Fisher # 23225) and interferon-y (Thermo
Fisher # EM39RB) ELISA Kits according to the manufacturers’ protocols.

2.17. Surface sensing of translation (SUnSET) assay

To measure protein synthesis in primary microglia, puromycin (2 ug/ ml) (Sigma-Aldrich
# P9620) was applied for 1 hour (Schmidt et al., 2009). Cultured microglia were collected,
lysed and used for Western blot. Puromycin incorporation into proteins was detected using
mouse anti-puromycin antibody (1:1000, Millipore, MABE343).

2.18. Statistics

Data were analyzed and visualized using GraphPad Prism 9 (GraphPad Software, n.d) and R
programming environment (version 3.6.3). For statistical inference, three to five independent
experiments were performed for each genotype, using microglia isolated and pooled from

all pups in a single litter for each experiment. Two technical replicates were averaged within
each experiment to obtain a single value. Statistical tests used for given comparisons are
detailed in the corresponding figure legend.

3. Results

3.1. E4 microglia exhibit altered morphology, increased lipid accumulation, and increased
endolysosomal mass relative to E3 microglia at baseline

To investigate the impact of APOE e4/e4 (E4) genotype on microglial phenotypes relative
to e3/e3 (E3) genotype, we cultured primary microglia from forebrains of postnatal day

1-3 (P1-3) homozygous APOE4 and APOE3 TR mice. A highly pure microglia population
was obtained after 28 days in culture (Lian et al., 2016), with no statistically significant
differences in percentage of cells expressing the microglial marker IBA1 between genotypes
(Figure S1a). Similar numbers of viable cells were obtained across genotypes (Figure S1b).
As previously reported (Vitek et al., 2009), E4 microglia exhibited a smaller overall size,
with E3 microglia having a significantly larger area, length, and average branch length
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(Figure S1c). In addition, E4 microglia exhibited significantly higher levels of intracellular
APOE protein and reduced levels of secreted APOE detectable in the supernatant as
compared to E3 microglia (Figure S2).

APOE is known to play a central role in lipid/cholesterol metabolism. To investigate whether
APOE genotype alters the levels of neutral lipids (e.g., cholesterol esters and triglycerides)
in primary microglia, we first stained them using the lipophilic dye BODIPY [see Methods,
(Qiu and Simon, 2016)]. Quantification by either fluorescent microscopy staining or flow
cytometry indicated E4 microglia have significantly higher levels of neutral lipids when
compared to E3 microglia (Fig. 1a, b). Additionally, E4 microglia incorporated significantly
higher levels of a fluorescently labeled cholesterol analog (Fig. 1c) in serum-free media
conditions, suggesting these baseline alterations were not due to a genotype-dependent
differential uptake of serum-derived lipids.

We next investigated whether increased levels of neutral lipids corresponded to increased
levels of lipid droplets, organelles where neutral lipids are normally stored (Olzmann

and Carvalho, 2019). Indeed, E4 microglia exhibited significantly higher levels of lipid
droplets relative to E3 microglia, as indicated by increased integrated density of fluorescent
immunostaining of the lipid droplet surface protein perilipin (Fig. 1d), suggesting at least
some of the neutral lipids were being sequestered within these organelles (Marschallinger

et al., 2020). In addition, the levels of both early endosome (RAB5) and late endosome
(RABT) markers were increased in E4 microglia relative to E3 microglia (Fig. 1e), which
may be reflective of an increased number and/or size of endosomes. These increased levels
of endosomal markers were accompanied by a significant increase in lysosomal mass as
quantified by LysoTracker flow cytometry [Fig. 1f, (Luzio et al., 2007)]. Serum-starved cells
were used as a positive control for this experiment, as removal of FBS from the media is
known to induce autophagic processing and increase lysosomal mass (Bampton et al., 2005).
In addition, integrated density of fluorescent immunostaining of the lysosome-associated
protein CD68 was increased in E4 microglia relative to E3 microglia, further demonstrating
an increase in lysosomal mass (Fig. 1g). We then further used LysoSensor dye to measure
the pH of lysosomes, which were significantly more acidic in E4 microglia when compared
to E3 microglia (Figure S3). These data demonstrate E4 microglia have higher load of
neutral lipids and lipid droplets relative to E3 microglia, together with increased mass and
acidification of endolysosomes, at baseline.

3.2. E4 microglia exhibit increased phagocytic uptake of diverse substrates

To examine how these baseline changes altered the functionality of E4 microglia relative
to E3 microglia, we next assessed the ability of these cells to phagocytose and clear
lipid/cholesterol-rich cellular debris. Specifically, we treated both E3 and E4 microglia as
well as microglia with mouse Apoe (wild-type, WT) or lacking Apoe (knock-out, KO)
with myelin fragments (see Methods) labeled with pHrodo red (Sullivan et al., 1997).
pHrodo is a pH-sensitive dye which increases in fluorescence intensity as it enters acidic
environments such as endosomes and lysosomes (Czaplinska et al., 2019" ), allowing for
the internalization of labeled substrates to be visualized over time. pHrodo- labeled myelin
was applied to microglia for 3 hours and the red fluorescent signal was captured using the
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IncuCyte live imaging system every hour for 6 days (Fig. 2a), a time frame that allowed
us to monitor acute uptake as well as longer-term degradation of internalized myelin. E4
microglia exhibited significantly higher integrated intensity of red fluorescence relative to
E3 microglia as well as microglia from mice homozygous for the WT or KO allele of
mouse Apoe (Fig. 2b). Specifically, a significant effect of time and genotype was observed
on the integrated intensity of red fluorescence. To determine the time point(s) at which
this difference occurs, we performed post-hoc testing on E4 vs E3 at select time points
(Fig. 2c). We observed increased red fluorescence in E4 microglia as early as 3 hours
post myelin application, immediately following myelin washout, suggestive of increased
phagocytic uptake of myelin debris by E4 microglia. Notably, red fluorescence was also
increased in E4 microglia relative to KO microglia, suggesting the E4 allele does not
phenocopy loss-of-APOE function in this assay (Fig. 2¢). Increased red fluorescence was
confirmed using flow cytometry at 24 hours (Fig. 2d). Levels of myelin basic protein
(MBP) were also increased at 24 hours in cell lysates from E4 microglia (Figure S4a),
further confirming our findings. We also observe a significantly longer half-life of red
fluorescence decay in E4 microglia relative to E3, WT and KO microglia, which were
not significantly different from one another (Figure S4b, see Methods). This suggests that
in addition to exhibiting increased phagocytic uptake, E4 microglia may exhibit impaired
ability to degrade internalized myelin.

To examine whether increased levels of phagocytosed substrate in E4 microglia is specific
to myelin, we treated microglia with pHrodo red- conjugated early apoptotic Jurkat (EAJ)
cells, pHrodo red-conjugated zymosan particles, or 0.9 um red fluorescent polystyrene
carboxylated latex beads. As we observed with myelin, E4 microglia exhibited significantly
higher levels of red fluorescence at 24 hours post-treatment relative to E3, WT and KO
microglia (Fig. 2e—g) across all substrates, suggesting a mechanism that is not target- or
receptor-specific. Furthermore, since latex beads cannot be degraded, these results further
suggest that the observed increase in red fluorescent signal is not solely due to differences in
degradation across genotypes and is, at least in part, due to an increase in phagocytic uptake
in E4 microglia.

3.3. E4 microglia exhibit increased lipid accumulation and endolysosomal mass following
myelin challenge

We next sought to test whether E4 microglia exhibit differences in accumulation of
phagocytosed materials, particularly myelin, compared to E3 microglia. We again used
BODIPY fluorescent staining to measure neutral lipid levels in E4 and E3 microglia
following a 3-hour myelin challenge identical to that described above for the phagocytosis
assay. At 24 hours post-myelin application, E4 microglia showed significantly higher levels
of neutral lipids relative to E3 microglia as indicated by increased BODIPY fluorescence,
measured by both flow cytometry and fluorescence microscopy (Fig. 3a). Notably, the
intensity of BODIPY staining was significantly increased from pre-myelin treatment levels
across both genotypes (Fig. 1a, BODIPY gMFI E3 +M vs E3: 1(3.1) =4.7,p=0.02,d =
3.4 Clgsy, [0.5, 6.2], E4 +M vs E4 t(3.0) = 7.3, p = 0.005, d = 5.1 Clgse, [1.1, 9.3]), further
confirming an accumulation of neutral lipids intracellularly as a result of myelin challenge.
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To further investigate the localization of these accumulated lipids, we again measured levels
of the lipid droplet protein perilipin using immunostaining. Similar to what was observed
at baseline, E4 microglia exhibited significantly higher levels of perilipin following myelin
challenge, reflecting increased levels of lipid droplets in E4 microglia as compared to E3,
WT, or KO microglia (Fig. 3b). E4 microglia again displayed higher levels of both RAB5
and RABY relative to E3 microglia (Fig. 3c, d). Levels of both proteins were significantly
increased from pre-treatment levels in E3 and E4 microglia (RAB5 E3 +M vs E3: t(3) =4.6,
p=0.02, d =3.3 Clgsy, [0.4, 6.1]; E4 +M vs E4: t(3.9) = 10.3, p =0.0006, d = 7.3 Clgsg,
[2.3,12.4]; RAB7 E3 +M vs E3: t(3.2) = 3.2, p =0.04, d = 2.3, Clgso, [0.1, 4.4]; E4 +M vs
E4: t(3.9) =3.4, p =0.03, d = 2.4 Clgsgg, [0.2, 4.5]), suggesting microglia of both genotypes
were able to increase the mass of early and late endosomes following myelin challenge. A
significantly higher degree of colocalization of BODIPY with RAB5 was observed in E4
microglia relative to E3 microglia (Fig. 3e), suggesting E4 microglia accumulated neutral
lipids in early endosomes or other RAB5-positive organelles to a greater extent than E3
microglia after challenge. Low levels of colocalization between BODIPY and RAB7 were
observed and no statistically significant difference across genotypes could be inferred (Fig.
3e), suggesting a portion of neutral lipids accumulated in early endosomes or other RAB5-
positive organelles rather than RAB7-positive organelles.

We next measured the mass and acidity of microglial lysosomes following myelin challenge.
E4 microglia again exhibited increased lysosomal mass relative to E3 microglia as measured
by both Lyso-Tracker gMFI via flow cytometry (Fig. 3f) and CD68 immunostaining
integrated density via fluorescence microscopy (Fig. 3g). Lysosomal pH was then measured
using LysoSensor dye (Ma et al., 2017). Following treatment with myelin, E3 microglia
significantly acidified their lysosomes (Figure S3). Interestingly, a similar decrease in
lysosomal pH was observed in E4 microglia relative to E3 microglia at baseline. As
lysosome function is optimal at lower pH, these effects may reflect activation of the
lysosomal degradation machinery to cope with the increased burden of internalized debris
following myelin challenge in E3 microglia, or in E4 vs E3 microglia even before myelin
challenge. E4 microglia did not exhibit further acidification following myelin challenge

but rather a slight (albeit not significant) increase of their lysosomal pH (Figure S3). As
lipid overload is known to impair lysosomal function by multiple mechanisms, including

by increasing lysosomal pH (Jaishy et al., 2015; Jaishy and Abel, 2016), this increase may
reflect an impairment of E4 microglia to digest internalized debris as suggested by increased
half-life of internalized myelin (Figure S4).

3.4. E4 microglia exhibit differential enrichment of genes in interferon signaling,
extracellular matrix, and translation-related pathways at baseline

In order to investigate the molecular mechanisms by which E4 genotype may lead to

the cellular alterations described above, we performed RNA sequencing of our primary
microglia cultures. Specifically, microglia were either left untreated or were challenged with
myelin for 3 hours as in our phagocytosis experiment and were collected 21 hours later

for RNA-sequencing. Principal component analysis (PCA) of the top 500 most variable
genes showed first that E3 and E4 microglia cluster distantly from those with mouse Apoe
(WT) or no Apoe (KO), demonstrating a significant impact of mouse and human APOE
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genotypes on microglial gene expression profiles (Fig. 4a). Even when considering E3 and
E4 microglia alone, samples still clearly clustered by genotype (Fig. 4b), suggesting APOE
genotype alters the transcriptional profile of microglia. To test this hypothesis, we performed
differential gene expression analysis across genotypes at baseline (Ritchie et al., 2015). A
relatively small number of genes were significantly differentially expressed in E4 vs E3
microglia at an FDR adj. p-value <0.05 (Table S2). Overrepresentation enrichment analysis
(Liao et al., 2019) using the 125 genes significantly downregulated in E4 microglia relative
to E3 microglia identified a significant overrepresentation (FDR adj. p- value <0.05) of
genes belonging to Reactome pathways “ECM organization”, “smooth muscle contraction”,
“collagen chain trimerization”, “elastic fibre formation”, and “NCAML1 interactions” (Fig.
4c, (Croft et al., 2014). No significant functional enrichment among the 21 significantly
upregulated genes was observed.

Next, we performed gene set enrichment analysis (GSEA) in order to gain a more complete
understanding of the biological pathways altered by APOE genotype at the transcriptional
level (Subramanian et al., 2005). A large number of Reactome pathways emerged as
significantly impacted (FDR adj. p-value <0.25) by APOE genotype (Table S3, Fig. 4d), so
we used the Cytoscape Enrichment Map (Merico et al., 2010) and AutoAnnotate (Kucera

et al., 2016) applications to unbiasedly cluster pathways based on member genes (Fig. 4e).
Pathways enriched for genes at the top of the GSEA ranked list (i.e., genes with a positive
fold change) included “interferon alpha/beta signaling” and “interferon gamma signaling”
(Fig. 4d), suggesting E4 microglia exhibit an increase in interferon signaling relative to E3
microglia. Interestingly, genes significantly differentially expressed in E4 vs E3 microglia at
a nominal p-value <0.05 significantly overlapped with those identified as representative of
an interferon-enriched subcluster of microglia /n vivo [hypergeometric test, p = 0.02, data
from Supplementary Data 5 from (McQuade et al., 2020)]. Examination of the GSEA output
in more detail identified genes identified by GSEA as core drivers of “interferon alpha/ beta
signaling” pathway [Fig. 4f, see Methods and (Subramanian et al., 2005)], including Oaslg
and Oas3which are antiviral proteins as well as interferon-responsive genes (Lee et al.,
2019). Oaslgand Oas3are known to alter expression of chemokines (Lee et al., 2019). In
addition, OASI was recently identified as a putative AD risk gene based on its localization
to an amyloid-responsive network in mouse microglia and association with AD risk variants
identified by GWAS (Salih et al., 2019).

Similar to our previous overrepresentation enrichment analysis (Fig. 4c), GSEA identified
pathways related to the extracellular matrix, including “collagen formation”, “collagen
degradation” as well as “ECM organization” as enriched for genes at the bottom of the
ranked list (i.e., those with a negative fold change). Additionally, pathways related to
translation, including “translation elongation” and “translation initiation” were identified
as those most significantly enriched (FDR adj. p-value <0.01) among genes downregulated
in E4 vs E3 microglia (Fig. 4d). This enrichment was driven by a large number of genes
encoding ribosomal proteins (Fig. 4g) and components of the translation machinery (i.e.,
elongation factor 1-gamma, Eeflg). Translation is an energetically expensive process, which
is often inhibited in times of cellular stress and/or inflammation (Advani and lvanov,

2019; Mazumder et al., 2010), further suggesting E4 microglia are stressed relative to E3
microglia even under basal conditions, as reflected by their amoeboid morphology (Figure
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S1) (Martina et al., 2016) and increased lysosomal mass (Fig. 1f and Figure S3b, ¢) (Jurga et
al., 2020).

3.5. E4 microglia exhibit increased interferon signaling, increased elF2 signaling, and
decreased translation at baseline

We next wanted to validate our top findings from RNA-sequencing. As the top upregulated
pathways in E4 vs E3 microglia at baseline included both interferon-a/g and -y signaling,
we first selected key genes from each pathway to measure via RT-qPCR. As expected,
several genes involved in interferon-y signaling including Oas2and Oas3 showed significant
increases in mMRNA levels in E4 microglia compared to E3 microglia (Fig. 5a). In addition,
general interferon responsive genes (e.g. /rf1, Irf8, Irf7) which are downstream of both types
of interferon signaling were also upregulated in E4 microglia compared to E3 microglia
(Fig. 5a). Alterations in interferon signaling can induce a wide range of effects, including
altered secretion of various pro- or anti- inflammatory cytokines and chemokines (Bhat et
al., 2018; Bolivar et al., 2018). To investigate the functional impact of elevated interferon
signaling in E4 vs E3 microglia, we collected the supernatant from E3 and E4 microglia
and used a proteome profiler array kit to measure the levels of 40 cytokines, chemokines
and other inflammatory mediators in E4 vs E3 microglia. Compared to E3 microglia, E4
microglia showed significantly increased secretion of specific pro-inflammatory cytokines
such as TNFa (Fig. 5b) as well as CC family chemokines which are known to be

induced by interferon signaling (Lehmann et al., 2016; Raport and Gray, 2010; Rauch

et al., 2013). Specifically, E4 microglia showed increased secretion of chemokine ligands
including CCL3, CCL4, and CXCL2 (Fig. 5b). Finally, we measured levels of interferon
proteins themselves in order to determine which specific interferon may be driving these
observed changes. We measured interferon-a/p and interferon-y levels using ELISA in
the supernatant collected from both E3 and E4 microglia following 24 hours in culture.
Interestingly, E4 microglia showed no difference in interferon-a/p levels relative to E3
microglia (Fig. 5c, top). However, interferon-y levels were significantly elevated (Fig.

5c¢, bottom) in E4 microglia compared to E3 microglia, suggesting that interferon-y is

the cytokine most likely responsible for the increased inflammatory state observed in E4
microglia compared to E3 microglia at baseline.

The most significantly negatively enriched pathways in E4 vs E3 microglia at baseline
were related to translation, including “translation elongation” and “translation initiation”.
To test the hypothesis that these transcriptional changes did indeed lead to changes in
protein synthesis, we used the SUnSET assay which measures incorporation of puromycin
into newly synthesized polypeptides (Schmidt et al., 2009). Specifically, E3 and E4
microglia were treated with puromycin for 1 hour, after which cells were collected, proteins
isolated, and levels of puromycin incorporation measured by western blot. While puromycin
incorporation was dramatically decreased in E4 microglia compared to E3 microglia

(Fig. 5d, top and 5e), prolonged exposure of the blot clearly showed some puromycin
incorporation in E4 microglia (Fig. 5d, bottom). Together, these results demonstrate E4
microglia synthesize proteins at a lower rate compared to E3 microglia under baseline
culture conditions.
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To further investigate the cause of this decrease in protein synthesis, we next measured

the activation state of the alpha subunit of eukaryotic initiation factor-2 (elF2a.), as
phosphorylation of this regulatory subunit precludes the recruitment and binding of other
elF subunits, thereby inhibiting general initiation of translation (Adomavicius et al., 2019).
The ratio of phosphorylated elF2a. (p-elF2a) to total elF2a. was significantly higher in

E4 microglia compared to E3 microglia, suggestive of activation of the integrated stress
response via elF2a (Taniuchi et al., 2016) (Fig. 5f, g). We next investigated the activation
state of three kinases known to phosphorylate elF2a.: protein kinase R (PKR), PKR-like
endoplasmic reticulum kinase (PERK), and general control non- depressible 2 (GCN2)
(Gal-Ben-Avri et al., 2018). As each kinase is activated by phosphorylation (Adomavicius et
al., 2019; Chesnokova et al., 2017), we measured levels of both the total and phosphorylated
forms of each protein. Among the three kinases, the ratio of phosphorylated PKR (p-PKR)
to total PKR was significantly elevated in E4 microglia compared to E3 microglia (Fig.

5f, g). The ratio of phosphorylated PERK (p-PERK) to total PERK was also elevated in

E4 microglia compared to E3 microglia, however the mean difference was not statistically
significant (Fig. 5f, g). On the contrary, the ratio of phosphorylated GCN2 (p- GCN2)

to total GCN2 was not elevated in E4 microglia compared to E3 microglia (Fig. 5f, g).
Together, these results validate our RNA sequencing findings and suggest E4 microglia
exhibit higher levels of cellular stress relative to E3 microglia at baseline as indicated by
reduced translation coupled with activation of elF2a kinases.

3.6. E4 and E3 microglia exhibit both shared and unique transcriptional responses to
myelin challenge

We next sought to characterize the transcriptional response of microglia from each genotype
to myelin treatment. Differential gene expression analysis comparing the within-genotype
response to myelin was performed (Ritchie et al., 2015). Rank-rank hypergeometric overlap
(RRHO) testing (Plaisier et al., 2010) (see Methods) revealed a large degree of similarity

in the response of E4 and E3 microglia to myelin (Fig. 6a, Spearman rho = 0.6, p <

2.2 x 10716, To evaluate the pathways commonly altered after exposure to myelin across
genotypes, we compared GSEA results from each of the response profiles. Several pathways
were significantly enriched across both E4 and E3 microglia responses to myelin challenge
(FDR adj. p-value <0.05) (Fig. 6b). Notably, microglia of both genotypes downregulated the
expression of “cholesterol biosynthesis” genes, suggesting they are appropriately responding
to overload of myelin-derived cholesterol by reducing internal biosynthesis. Several ECM-
related pathways were also enriched for downregulated genes, including “collagen chain
trimerization”, “assembly of collagen fibrils”, and “ECM proteoglycans” (Fig. 6b).

While E3 and E4 microglia responded similarly to myelin challenge, we wanted to better
understand which, if any, pathways were differentially regulated in E4 vs E3 microglia

in response to myelin. To identify genes differentially regulated by genotype in response

to myelin, we performed a two-factor differential gene expression analysis (Ritchie et al.,
2015). Specifically, we compared the genes differentially expressed post-myelin treatment
(E4 +M vs E3 +M) to those differentially expressed pre-myelin treatment (E4 vs E3) to
identify statistical interactions between genotype and myelin treatment on gene expression
(Table S2). Since no genes showed an FDR adj. p-value <0.05, we again performed GSEA
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analysis using the ranked two-factor DEG list to gain insight into pathways that may be
differentially regulated in E4 vs E3 microglia in response to myelin. Negatively enriched
pathways included interferon response-related pathways (“interferon alpha/beta signaling”,
and “interferon gamma signaling”) as well as “PIP synthesis in the early endosome” (Fig.

6¢ and Table S4). Given the nature of the two-factor analysis, there are a few scenarios

in which genes are considered downregulated: 1) genes downregulated in E4 microglia in
response to myelin but upregulated in E3 microglia, 2) those upregulated to lesser extent in
E4 microglia relative to E3 microglia, and 3) those more downregulated in E4 microglia than
E3 microglia. Investigation of GSEA-identified core drivers of these enrichments identified
several genes (e.g., /rf7, Oas2, Fig. 6d) which were slightly upregulated in E4 microglia at
baseline and increased mainly in E3 microglia following myelin challenge (Table S1). These
results, particularly the inflammatory-related pathways, are reminiscent of changes in E4
microglia relative to E3 microglia at baseline (Fig. 4d).

Positively enriched pathways included “translation elongation”, “translation initiation”,
“response to amino acid deficiency”, and several DNA replication-related pathways (Fig.

6¢ and Table S4). Similar to those genes annotated as downregulated, there are three
scenarios in which genes may have been annotated as upregulated in this two factor
analysis: 1) genes upregulated in E4 microglia in response to myelin but downregulated

in E3 microglia, 2) those downregulated to a lesser extent in E4 microglia relative to

E3 microglia, or 3) those upregulated to a greater extent in E4 microglia relative to E3
microglia. Again, the differentially enriched pathways were highly reminiscent of those
altered in E4 microglia relative to E3 microglia at baseline. Investigation of GSEA-identified
core drivers of translation-related pathway enrichments (Fig. 6d) identified several ribosomal
protein-encoding genes downregulated to a greater extent in E3 microglia than E4 microglia
in response to myelin (Table S2). Together, these transcriptional changes suggest that
challenging E3 microglia with myelin can produce an E4- like transcriptional state, and

that E4 microglia exist in this “challenged” state even at baseline. This is supported by
RRHO testing between genes altered in E4 relative to E3 microglia at baseline (E4 vs E3)
and those altered in E3 microglia in response to myelin (E3 +M vs E3), which revealed a
significant overlap in the genes altered in each condition (Spearman rho = 0.4, p <2.2 x
10716, Figure S5).

A final differential expression analysis comparing E4 and E3 post-myelin treatment (E4

+M vs E3 +M) suggest ECM and collagen-related pathways are downregulated to a greater
extent in E4 microglia than E3 microglia following myelin challenge (Fig. 6e and Table S5).
In contrast, genes belonging to the nuclear receptor transcription pathway were upregulated
(Table S5), which is significant as nuclear receptors such as liver X receptors (LXRSs)

have previously been implicated in AD pathogenesis (Sandoval-Hernandez et al., 2015;
Fitz et al., 2020). Specific drivers of these pathways identified by GSEA include Nr1hA3,
Nrdal and Nr4a3 (Fig. 6f). We next investigated the expression of several phagocytic and
lipoprotein receptors to identify which, if any, may be responsible for the increased uptake
behavior in E4 microglia (Figure S6). Specifically, we looked at a variety of receptors
known to be involved in phagocytosis, including non-opsonic receptors dectin-2 (also known
as Clec4n) and Cd33 (Li and Underhill, 2020; Uribe-Querol and Rosales, 2020), opsonic
receptors including Fc receptors (e.g., Fcgrl, Fcgr2) and complement proteins (/fgam,
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Visig4) (Uribe-Querol and Rosales, 2020), as well as other receptors known to mediate
uptake of a variety of substrates such as low-density lipoprotein (LRP) receptors (e.g. Lrp1,
Lmp10, Lrp1I) (Lillis et al., 2008), TremZ2 (Gratuze et al., 2018), Mertk (Healy et al., 2017),
and Ax/ (Fujimori et al., 2015), among others. We also included toll-like receptors, which
can cooperate with phagocytic receptors in the uptake of either pathogens or host-derived
cellular debris (lwasaki and Medzhitov, 2015; Kawai and Akira, 2011). Only adhesion G
protein-coupled receptor B1 (Adgrb) (Mazaheri et al., 2014; Park et al., 2007) showed an
FDR adj. p- value <0.05 for differential expression following myelin challenge (Figure S6),
although Lrp11 was modestly upregulated in E4 microglia relative to E3 microglia following
myelin challenge. However, a number of receptors were modestly increased in E4 microglia
treated with myelin (E4 +M) relative to untreated E4 microglia (E4, Figure S6), highlighting
several candidate receptors that may mediate the increased internalization of myelin and
other substrates observed in E4 microglia.

3.7. Transcriptional signatures of E4 and KO microglia relative to E3 and WT microglia
exhibit both shared and unique features

A key outstanding question is whether the APOE4 isoform leads to increased AD risk by
gain of a novel toxic function, loss of a normal protective function, or other mechanisms
(Kim et al., 2009). To begin exploring this question in terms of transcriptional profiles, we
took advantage of our WT and KO microglia and performed differential gene expression
analysis comparing KO to WT microglia both at baseline and following myelin challenge.
We then compared the transcriptional changes induced by Apoe KO (KO vs WT) and

E4 genotype (E4 vs E3) using RRHO (Fig. 7a, left). Significant overlap was identified,
particularly among downregulated genes (Spearman rho =0.5, p <2.2 x 10716). To better
understand the functions affected by either Apoe KO or E4 genotype relative to WT or E3,
respectively, we next compared GSEA enrichment results across contrasts (Fig. 7a, right).
Several pathways already highlighted to be enriched among genes downregulated in E4 vs
E3 microglia were also enriched among genes downregulated in KO vs WT microglia,
including “translation elongation”, “response to amino acid deficiency”, and “collagen
formation”. However, both E4 and KO microglia also exhibited several uniquely enriched
pathways, demonstrating that the E4 genotype does not completely phenocopy a total loss of
APOE function. Notably, inflammatory pathways including “interferon alpha/beta signaling”
and “interferon gamma signaling” were uniquely upregulated in E4 microglia, suggesting
interferon activation observed in E4 microglia is a unique property conferred by the E4
isoform and not the result of loss of an APOE function.

To further understand the similarities and differences across APOE genotypes in response
to myelin treatment, this analysis was repeated using ranked gene lists generated from
DEG analysis of myelin-treated cells (Fig. 7b). There was again a significant, though
slightly weaker, correlation between KO and E4 transcriptional profiles (Spearman rho
=0.4, p <2.2 x 10716), Similar enrichments to those observed under baseline culture
conditions were observed, including a shared downregulation of ECM-related functions
such as “integrin cell surface interactions”, “assembly of collagen fibrils”, and “collagen
chain trimerization”. Interestingly, following myelin challenge both E4 and KO microglia
significantly upregulated genes in the “DAP12 signaling” pathway (Fig. 7c, d). This is
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significant as DAP12 (also known as 7yrobp) forms a signaling complex with TREM2, a
microglial receptor linked to AD risk (Gratuze et al., 2018; Konishi and Kiyama, 2018). E4
microglia also exhibited a unique downregulation of genes in the “cholesterol biosynthesis”
pathway, and of genes in the “protein kinase N1 (PKN1) transcriptional pathway”, a
pathway linked to the regulation of the actin cytoskeleton and cell migration (Manser et

al., 2008; Mashud et al., 2017). Together, these data help elucidate the extent to which the
E4 isoform may be influencing cellular functions beyond those typically associated with the
loss of APOE function.

4. Discussion

Here, we take advantage of a humanized mouse model (Knouff et al., 1999; Sullivan et

al., 1997) to better understand the molecular and cellular mechanisms by which APOE
genotype alters the function of primary mouse microglia and may ultimately leads to
increased risk for AD (Kloske and Wilcock, 2020). Using live-cell imaging, flow cytometry,
immunocytochemistry, immunoblotting, and RNA-sequencing we show that relative to

E3 microglia, E4 microglia exhibit altered morphology, increased lipid and lipid droplet
accumulation, increased endolysosomal mass, increased cytokine/chemokine production,
and increased phosphorylation of EIF2a and EIF2a-kinases coupled with decreased protein
synthesis. We also show that E4 microglia exhibit increased phagocytic uptake of a variety
of substrates, including myelin debris, apoptotic cells, zymosan, and latex beads. Together,
our results suggest E4 genotype confers several important functional alterations to microglia,
the implications of which we discuss in more detail below.

4.1. Functional alterations in E4 microglia reflect increased immune reactivity and
cellular stress at baseline

Under basal conditions, we observed APOE genotype-dependent changes in cell
morphology, with E4 microglia showing a smaller overall cell size and shorter average
branch length compared to E3 microglia (see Methods, Figure S1). These morphological
features have been previously reported in primary microglia from TR mice (Vitek et al.,
2009) as well as immortalized murine microglial-like N9 cells transfected with E3 and

E4 expression constructs (Muth et al., 2019) and human induced pluripotent stem cell
(iPSC)-derived microglia with either E3 or E4 genotype (Lin et al., 2018), demonstrating
this effect of E4 genotype on microglia morphology is not unique to our study. Our RNA-
sequencing analyses identified genes related to elastic fibre formation, collagen formation,
collagen degradation, and ECM structure and organization downregulated in E4 microglia
relative to E3 microglia (Fig. 4c, d), providing candidate pathways that may contribute

to the altered morphology we observed (Milner and Campbell, 2003). The smaller, more
rounded morphology observed in E4 microglia is thought to be indicative of a more reactive
state of microglia responding to damage or pathogens in the aged, disease, injured, or
infected brain (Davis et al., 1994; Hanisch and Kettenmann, 2007; Prinz et al., 2011,
Ransohoff and Perry, 2009). Our RNA-sequencing analyses and subsequent validation work
support this hypothesis, with E4 microglia upregulating interferon signaling as well as
specific cytokines/chemokines known to be activated by interferon signaling relative to

E3 microglia. This immune-related phenotype has been observed in human iPSC-derived
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microglia harboring two copies of the e4 allele (Konttinen et al., 2019; Lin et al., 2018),
suggesting this is a general and not a species-specific effect.

Pathway analysis of RNA sequencing data from E4 microglia relative to E3 microglia
revealed downregulation of genes involved in eukaryotic translation initiation and
elongation, both critical steps in the regulation of protein synthesis (Adomavicius et al.,
2019). Similar changes, including alterations in other translation-related pathways such as
tRNA charging have been shown in brain lysates from E4 TR mice as compared to E3
(Zhao et al., 2020). At the protein level in our study, E4 microglia show an increased ratio
of phosphorylated to total elF2a.. Phosphorylated elF2a is a well-established marker of the
integrated stress response (Pakos-Zebrucka et al., 2016) and is known to lead to repression
of translation (Adomavicius et al., 2019). Phosphorylation of elF2a and its upstream kinases
are well-documented in AD, with increased phosphorylation of elF2a itself observed

in postmortem brain tissue (Oliveira et al., 2021) and increased phosphorylation of elF2-
kinases such as PKR observed in cerebrospinal fluid of AD patients (Mouton-Liger et

al., 2015). We additionally validated that activation of these kinases did indeed lead to a
dramatic decrease in protein synthesis in E4 microglia relative to E3 microglia (Fig. 5d, e).
As translation regulation has been shown to play a critical role in microglial function such
as phagocytosis of myelin debris /n vitro and synaptic pruning /n7 vivo (Xu et al., 2020), this
activation of the integrated stress response may be responsible for a number of functional
differences we observed in E4 microglia relative to E3 microglia.

While our results strongly suggest the E4 microglia exist in a state of cellular stress relative
to E3 microglia at baseline, the instigator(s) of the stress response in these cells remains
unclear. We showed that several kinases directly upstream of elF2 are more highly activated
in E4 microglia than E3 microglia, including PERK and PKR. These kinases are known to
be activated by treatment with free fatty acids, neutral or oxidized lipids (Nakamura et al.,
2010; Haberzettl and Hill, 2013; Volmer et al., 2013). PERK can also be activated by ER
stress (Onat et al., 2019), which is a characteristic of lipid-laden macrophages in human
and mouse (Erbay et al., 2009). This suggests the increased lipid accumulation observed

in E4 microglia at baseline and reported in TREMZ2 or PLCGZ2 microglia in response to
cuprizone-induced demyelination (Andreone et al., 2020; Nugent et al., 2020) may provide
a mechanistic explanation for the observed activation of these kinases. In addition, ER stress
and downstream activation of PERK can also be triggered by mis-or unfolded proteins
(Gal-Ben-Avri et al., 2018). It has been hypothesized that the E4 isoform is more prone to
unfolding, thus possibly leading to increased ER stress and activation of PERK, leading

to increased phosphorylation of elF2a and global repression of translation (Segev et al.,
2013; Zhong and Weisgraber, 2009). Alternatively, interferon-y-induced inflammation has
been shown to induce phosphorylation of both PKR and PERK (Carret-Rebillat et al., 2015;
Sadler and Williams, 2008), suggesting the increased interferon signaling we observed in
E4 microglia relative to E3 microglia could also be contributing to increased stress in these
cells.
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4.2. Increased accumulation of phagocytosed myelin fragments reflects an impaired
balance of uptake and degradation in E4 microglia

Phagocytosis of a diverse array of substrates including myelin, zymosan, latex beads, and
apoptotic cells was markedly and rapidly increased in E4 microglia relative to microglia
with all other genotypes we tested (E3, KO, and WT). Notably, APOE4 was recently shown
to increase phagocytosis of apoptotic cells by murine microglia-like N9 cells (Muth et al.,
2019), suggesting this effect of APOEA4 is reproducible across experimental systems. Here,
we expand upon these findings and show that these results generalize to a wide variety of
substrates in primary mouse microglia. While phagocytic clearance of cellular debris by
macrophages is critical to maintain tissue homeostasis, microglia have been shown to cause
neuronal death by phagocytosis of stressed but still viable neurons 7 vitro (Neher et al.,
2012). Therefore, increased phagoptosis by E4 microglia may be a mechanism by which
APOEA4 increases AD risk.

In addition to increased phagocytic uptake, we observed myelin internalized by E4
microglia to have a longer half-life than myelin internalized by microglia from other
genotypes, suggesting impaired digestion of phagocytosed material (Figure S4). The specific
mechanism by which APOE4 may alter the ability of microglia to degrade phagocytosed
cellular debris remains unclear, but chronic lipid overload has been linked to lysosome
dysfunction via a variety of mechanisms (Jaishy and Abel, 2016), including generation of
reactive oxygen species, alteration of lysosomal membrane composition (Koga et al., 2010)
which impairs fusion to other organelles, and lysosomal membrane permeabilization leading
to increased pH (Emanuel et al., 2014; Feldstein et al., 2006). Given the increased levels

of lipids present in E4 microglia prior to myelin challenge (Fig. 1), these cells may be
dealing with low levels of lipid overload even at baseline. When challenged with additional
lipid-rich debris such as myelin, lysosomes from E4 microglia may already be chronically
activated and unable to efficiently deal with the additional lipid load. While this hypothesis
remains to be tested, it is supported by our observation that lysosomes of E4 microglia have
lower pH compared to those of E3 microglia at baseline and fail to further acidify (and
perhaps even slightly increase their pH) following myelin challenge (Figure S3).

4.3. Functional alterations in E4 microglia may provide insight into mechanisms leading
to increased disease risk in E4 carriers

As APOE e4 is the strongest genetic risk factor for AD, some of the functional alterations
observed in microglia harboring this allele may provide insight into mechanisms by

which disease risk is increased in APOE &4 carriers. There is evidence that APOE4
increases microgliosis in a dose-dependent manner, particularly in the frontal and temporal
cortices (Egensperger et al., 1998; Tzioras et al., 2019), and increases the production of
pro-inflammatory cytokines and chemokines in human microglia (Fernandez et al., 2019;
Friedberg et al., 2020). Here we highlight several specific cytokines/chemokines altered by
E4 genotype. For example, several of the inflammatory mediators that accumulated to a
greater extent in conditioned media from E4 microglia relative to E3 microglia belong to
the CC class of chemakines, including CCL3 and CCL4 (Fig. 5b). This class of chemokines
have emerged as putative drug targets (White et al., 2013), suggesting they may be harnessed
to resolve the pro-inflammatory effects of E4 genotype in future studies. Alternatively,
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these chemokines are known to play important roles in chemoattraction and recruitment

of immune cells (White et al., 2013). /n vivo, most chemokines are thought to bind to
glycosaminoglycans, including proteoglycans such as heparin sulfate and chondroitin sulfate
expressed on the surface of cells (White et al., 2013). Given the robust downregulation

of ECM proteins observed in E4 microglia (Fig. 4c, d), the robust upregulation of select
cytokines/chemokines may be secondary to ECM alterations in E4 microglia, a hypothesis
that will be tested in future studies.

In addition to changes in specific cytokines and chemokines, E4 microglia showed
transcriptional alterations positively enriched for interferon signaling. Here, we identified
several core genes driving this enrichment, including Oas (oligoadenylate synthase) family
members Oaslg, OasZ, and Oas3 (Figs. 4 and 6). OasI was recently nominated as a potential
AD risk gene in the GWAS locus identified on chromosome 12 based on 1) its co-expression
with known risk genes in mouse microglia, and 2) regulation of its expression in human
monocytes and human macrophages by variants located within the chromosome 12 GWAS
loci (Salih et al., 2019). Notably, the association of OASI expression and AD risk variants
was only observed in cells stimulated with either interferon -y or salmonella (Salih et al.,
2019), suggesting OASI effect on disease risk may be conditional to microglia within a
pro-inflammatory milieu. Additionally, Oas genes are known to regulate the expression of
cytokines and chemokines (Lee et al., 2019), suggesting they may contribute to the increased
levels of cytokines and chemokines we measured in E4 vs E3 microglia conditioned media.

The effect of APOE genotype on immune reactivity is not limited to brain microglia

but has also been observed in peripheral macrophages (Vitek et al., 2009). For example,
altered interferon signaling has been shown to perturb lipid metabolism, specifically

the levels of particular genes involved in lipid droplet formation (Pi/nZ) (Shao et al.,
2013), cholesterol ester synthesis (Soaf), and cholesterol efflux (Abcal, Abcgl) in mouse
peripheral macrophages (Panousis and Zuckerman, 2000) as well as human THP-1
macrophages (Reiss et al., 2004). Given that AD is a neurodegenerative disorder, it has
been hypothesized that microglia, as the brain-resident macrophages, are the myeloid cells
critical for modifying disease susceptibility (Bachiller et al., 2018). However, genetic studies
have identified an enrichment of AD risk alleles in regulatory elements active in peripheral
monocytes and macrophages in addition to microglia (Novikova et al., 2019), highlighting
the possibility that these peripheral cells also play a key role in modulating disease risk.

4.4. Microglial phenotypes associated with AD risk variants suggest alterations in lipid
metabolism and protein translation may be central to AD pathogenesis

Here we showed E4 microglia exhibited increased accumulation of neutral lipids as well

as lipid droplets under both baseline culture conditions and following treatment with

myelin fragments. Similar results have been observed in iPSC-derived microglia carrying
two copies of the APOE e4 allele, which display increased cholesterol biosynthesis and
decreased cholesterol efflux (Tcw et al., 2019; Lin et al., 2018; Podlésny- Drabiniok et

al., 2020; Sienski et al., 2021) as well as numbers of lipid droplets (Sienski et al., 2021),
suggesting our findings are not unique to primary mouse microglia. Moreover, other AD risk
genes confer lipid handling deficits in microglia similar to those observed in E4 microglia
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(Andreone et al., 2020; Nugent et al., 2020) suggesting that defective lipid metabolism
in microglia may be a mechanism central to AD pathogenesis. Specifically, loss of either
TREMZor PLCGZin microglia has been shown to cause accumulation of cholesterol
esters following myelin challenge, both 7 vitro and in vivo following cuprizone-induced
demyelination (Andreone et al., 2020; Nugent et al., 2020).

In neurodegenerative diseases including AD, microglia have been shown to adopt a disease-
or damage-associated profile (Krasemann et al., 2017; Keren-Shaul et al., 2017). This
profile is a transcriptional program thought to enable microglia to enhance their phagocytic
and lipid handling properties in order to facilitate effective metabolism of cholesterol and
other cellular debris (Loving and Bruce, 2020). Apoeand TremZ2 have been shown to

play critical roles in the transition of microglia from a homeostasis-associated state to

this damage-associated state, with Apoe being robustly upregulated early in the transition
period and TremZ2being necessary for the final stages of the transition (Keren-Shaul et al.,
2017; Krasemann et al., 2017; Pimenova et al., 2017). Lipidated APOE has recently been
identified as a ligand for TREM2 (Atagi et al., 2015), and the AD risk-increasing R47H
TREM?Z variant significantly decreases binding affinity (Cheng-Hathaway et al., 2018),
suggesting a complex interplay between these two risk genes. A better understanding of
how APOE interacts with 7REMZ2and other AD risk genes is important for elucidating AD
pathogenesis. A number of studies aimed at addressing these outstanding questions have
been carried out in mouse models harboring a global loss of Apoe (Van Giau et al., 2015).
As we showed here, the E4 allele does not fully phenocopy a loss of APOE function and the
isoform-specific differences in the interaction between Apoe and other AD risk genes should
be investigated in more detail in future studies.

Both increased lipid accumulation and inflammatory signaling can disrupt cellular
homeostasis and directly activate kinases involved in the integrated stress response as
described above. Activation of these kinases leads to a global repression of translation,
which has been observed in various models of AD and other neurodegenerative diseases.
For example, differential expression of genes in translation-related pathways, particularly
the EIF2 signaling pathway, has been reported across various models of AD. These include
E4 microglia (Tcw et al., 2019), mouse microglia with reduced expression of the AD risk
factor PU.1 (Pimenova et al., 2017), as well as mouse models with global loss of 7rem2
(Fitz et al., 2020; Ulland and Colonna, 2018). In addition, increased phosphorylation of
elF2a and its upstream kinases has been reported in neurons from sporadic AD patients
(Chang et al., 2002) as well as mouse models harboring mutations that cause early-onset
autosomal dominant AD and exhibiting amyloid pathology (Devi and Ohno, 2010; Mouton-
Liger et al., 2015; Segev et al., 2013). Finally, integrative analyses of AD genetics and
myeloid genomics datasets have identified £/F2B2as a candidate AD risk gene, implicating
translation regulation in microglia (and possibly other myeloid cells) in the etiology of AD
(Novikova et al., 2021).

Together, our results suggest that increased levels of cellular stress leading to global
repression of translation and activation of the integrated stress response may be a putative
mechanism by which the E4 genotype (and possibly, other high-risk genotypes) may
increase susceptibility to AD. A small molecule known as ISRIB (integrated stress response
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inhibitor) has been shown to reduce the effects of elF2a phosphorylation on elF2b-mediated
translation and thus prevent the activation of the integrated stress response (Zyryanova et al.,
2021). Delivery of ISRIB to animal models of neurological diseases has proven beneficial
under a variety of conditions. For example, ISRIB has been shown to rescue memory deficits
in AD mouse model (Oliveira et al., 2021) as well as exert beneficial effects (e.g. improve
motor deficits, ameliorate white matter pathology) in both chronic traumatic brain injury
(Chou et al., 2017) and chronic demyelination in vanishing white matter disease (Abbink
etal., 2019; Wong et al., 2018). It remains unknown whether neurons or other cell types
such as microglia mediate the beneficial effects of ISRIB. Our study provides support for
the hypothesis that targeting elF2a or elF2a kinases (e.g. PKR, PERK) in microglia may be
especially beneficial, as we showed increased phosphorylation of elF2a and several elF2a
kinases, and globally reduced protein synthesis in E4 microglia compared to E3 microglia.
These results may contribute to our understanding of how E4 and other genotypes lead to
high-risk of AD and may motivate future development of ISR-targeting therapeutics for AD.

4.5. Limitations of the current study

Despite being an in-depth characterization of the functional and transcriptional effects of
APOE genotypes in microglia, several important limitations of the current study should be
considered when interpreting its results. One major limitation of our study is that it does not
account for the differential impact of APOE genotype across males and females (Altmann
et al., 2014; Dumitrescu et al., 2019; Hsu et al., 2019). In order to obtain sufficient numbers
of microglia for downstream experiments, our microglial cultures were obtained by pooling
brain samples from multiple pups born in the same litter. As a result, our cultures are likely
mixtures of both male and female microglia. This may have contributed to some of the
variability in our studies, particularly within the RNA sequencing results, as APOE genotype
has been shown to differentially alter the transcriptional profile in males and females (Hsu
etal., 2019). In addition, APOE genotype has been shown to have differential effects on AD
risk based on sex (Altmann et al., 2014; Neu et al., 2017), with exacerbated risk for disease
observed in female vs male carriers of APOE e4. Finally, several important differences

have been described across male and female microglia (Villa et al., 2018). The importance
of sex in relation to both APOE genotype and microglial function make the consideration

of sex in future studies aimed at elucidating the role of APOE in microglia critical to

fully understanding how APOE isoforms act in microglia to modulate disease risk across
individuals.

Second, this study was conducted in an /n vitro culture system using mouse cells genetically
modified to express human APOE. There are many benefits to working in an /n vitro culture
setting, including the ability to utilize well-defined experimental conditions. However, as
microglia are exquisitely primed to respond to their environment (Hanamsagar and Bilbo,
2017), studies conducted outside the brain should be interpreted with caution as isolation
procedures (Ayata et al., 2018) and culture conditions alter their transcriptional profile and
functional state (Gosselin et al., 2017). Our findings should be replicated /n vivo using

TR mice combined with a challenge condition such as cuprizone-induced demyelination or
amyloid deposition (Elder et al., 2010; Gudi et al., 2014). However, even these experiments
would need to be interpreted with caution, as several important differences between the
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mouse and human immune system have been documented (Hasselmann et al., 2019; Smith
and Dragunow, 2014). Given the robust effect of APOE genotype on immune-related
pathways (Figs. 4-5), findings from these TR mouse models should ultimately be replicated
using human cells. Finally, in these TR mice, human APOE is functioning in the context

of mouse biology and under the control of mouse regulatory elements. APOE has been
documented to interact with several microglial receptors, including TREM2 (Shi and
Holtzman, 2018; Wolfe et al., 2018), which in these mice have not been humanized. Despite
an overall high degree of homology in most proteins, several important differences exist
that are likely to impact these protein-protein interactions in important ways (Smith and
Dragunow, 2014).

5. Conclusions

Given the crucial roles of both APOE and microglia in AD, a better understanding of human
APOE isoform-dependent effects on microglial function will likely provide insight into AD
pathogenesis. Our work highlights several important functions including lipid metabolism,
cytokine production, translation, and phagocytosis which are altered in E4 microglia relative
to E3 microglia. We highlight several candidate genes and proteins that may mediate these
effects, including elF2a-kinases PERK and PKR. Notably, downregulation of PKR has
been shown to rescue cognitive deficits and prevent amyloid accumulation in AD mouse
models (Hwang et al., 2017; Mouton-Liger et al., 2015; Zhu et al., 2011), pointing to
potential leads for future therapeutic investigation. In addition, it will be important in future
studies to elucidate which of the multiple changes we observed occur first — for example,
whether heightened cytokine production and inflammatory signaling leads to an exacerbated
stress response and reduced translation or vice versa. As the integrated stress response

can be targeted by a variety of small molecules (Romero-Ramirez et al., 2017), a better
understanding of how this pathway contributes to altered microglial physiology in AD
downstream of APOEA4 is likely to yield important leads for therapeutic intervention. When
combined with previous findings from models with other AD risk- increasing genotypes
(Andreone et al., 2020; Nugent et al., 2020), our results also point to altered microglial lipid
metabolism as a possible major contributor to disease pathogenesis. Future studies should be
aimed at expanding on these results, both /n vivo and using human cells, with the ultimate
goal of deriving therapeutics based on APOE genotype and its downstream cellular effects.
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elF2a
p-elF2a
PKR
p-PKR
PERK
p- PERK
GCN2

GCN2

Alzheimer’s disease

Late-onset AD

Genome wide association studies
Apolipoprotein E

APOE &3

APOE €4

Amyloid beta

Damage- or disease- associated microglia
Targeted replacement

Early apoptotic Jurkat

Myelin basic protein

Wild-type

Knock-out
N-[(7-nitro-2-1,3-benzoxadiazol-4-yl)methyl]Jamino
Gene set enrichment analysis

Extracellular matrix

2’-5’-oligoadenylate synthetase 1

Tumor necrosis factor

C-X-C motif chemokine ligand 2
Endoplasmic reticulum

Eukaryotic initiation factor-2
phosphorylated eukaryotic initiation factor-2
Protein kinase R

phosphorylated protein kinase R

PKR-like endoplasmic reticulum kinase
phosphorylated PKR-like endoplasmic reticulum kinase
General control non-depressible 2

phosphorylated general control non-depressible 2
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RRHO Rank-rank hypergeometric overlap
LXRs Liver X receptors
TLRs Toll-like receptors
TREM?2 Triggering receptor expressed on myeloid cells 2
PLCG2 Phospholipase C gamma 2
DAP12 DNAX- activating protein of 12 kDa
PKN1 Protein kinase N1
TYROBP TYRO protein tyrosine kinase-binding protein
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Fig. 1.

E4 microglia exhibit increased lipid accumulation and endolysosomal mass relative to E3
microglia at baseline. a) BODIPY staining was used to visualize the levels of neutral lipids
and b) the average integrated density of BODIPY staining per cell was quantified in ImageJ
(left, t(4.1) = 8.4, p = 0.0009, d = 6.0, Clgse, [1.8, 10.1]) as well as by measuring geometric
mean fluorescence intensity (gMFI) by flow cytometry (right, t(5.8) = 3.9, p = 0.008, d

= 2.8, Clgsy, [0.6, 4.8]). c) Cellular cholesterol was measured by treating cells with a
fluorescently labeled cholesterol analog (22-NBD cholesterol) overnight in a serum free
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condition (see Methods). Cholesterol loading was quantified by measuring gMFI via flow
cytometry, t(4.7) = 4.3, p = 0.009, d = 3.1, Clgsg, [0.7, 5.4]. d) Average integrated density
of perilipin immunostaining per cell was used to quantify the levels of lipid droplets within
microglia, t(3.6) = 5.7, p = 0.006, d = 4.0 Clggg, [0.9, 7.1]. €) Levels of early endosome

or late endosome markers RAB5 and RAB7, respectively, were measured by quantifying
the average integrated density of immunostaining per cell. RAB5: t (5.4) = 2.8, p=0.04,d
=10.1 Clgsg, [2.9, 17.5], RABT: t(3.3) = 4.0, p = 0.02, d = 2.8 Clgsg [0.3, 5.3]. Merged
image is an overlay of RAB5 (red), RAB7 (magenta), DAPI (blue), and BODIPY from (a) in
green. f) The mass of lysosomes within microglia was quantified by measuring the gMFI of
LysoTracker dye by flow cytometry, one-way ANOVA main effect of APOE genotype: F(2,
9) =93.6, p = 9.5 x 10797 followed by Tukey’s post-hoc corrected t-test E4 vs E3: p.adj =
0.01, d = 6.1 Clgso, [2.5, 9.8]. Serum-starved (no FBS) cells were used as a positive control
(see Methods). g) CD68 immunostaining was used as an alternative measure of lysosomal
mass, t(5.8) = 6.4, p = 0.0007, d = 4.6, Clgse, [1.6, 7.4]). b-e, g) Unpaired Welch’s t-test.
b-g) Each dot corresponds to an independent experiment (n = 4/group). Black horizontal
bars indicate the mean and error bars represent SE. *p <0.05, **p <0.01, ***p <0.001.
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Fig. 2.
E4 microglia exhibit increased phagocytic uptake of diverse substrates. a) Experimental

timeline: E3, E4, mouse Apoe (wild-type, WT), and homozygous null Apoe (KO) microglia
were treated with substrate (or left untreated) for three hours. Imaging continued for up to
six days. b) Red fluorescence was measured using the IncuCyte ZOOM live imaging system
every hour. Integrated intensity of the red fluorescent signal [measured as red calibrated
units (RCU) x um2/image] was normalized to phase confluence to obtain a quantitative
readout of red fluorescent substrate internalization. Cytochalasin D (CD) treatment in WT
cells was used as a negative control. Mixed-effects analysis (restricted maximum likelihood
as implemented in GraphPad Prism 9; fixed factors: time and genotype, random factor:
experiment) identified a main effect of time F(1.7, 18.4) = 62.0, p = 3.1 x 10797, a main
effect of APOE genotype F(3,11) = 14.7, p = 0.0004, and an interaction between the two
F(432,1538) = 7.3, p = 1.7 x 107187 ¢) Post-hoc t-tests at select time points identified
significant differences (FDR adj. p-value = g <0.05) between E4 microglia and microglia of
other genotypes as early as 3 hours (E4 vs E3: q = 2.2 x 10706 d = 3.7 Clgse, [0.7, 6.6]; E4
vs KO: q=1.1x 1079, d =2.2 Clgsy, [0.3, 4.0], E4 vs WT, q = 2.6 x 10796, d = 3.9 Clgsy,
[1.1, 6.6]) and up to 72 hours (E4 vs E3: q = 0.001, d = 4.7 Clgse, [1.7, 7.6], E4 vs KO, q =
0.1,d = 2.3 Clgsy, [0.4, 4.1], E4 vs WT, q = 0.03, d = 4.6 Clggy, [1.4, 7.7]) post-treatment.
d-g) Phagocytic index at 24 hours post-treatment was measured using flow cytometry (see
Methods). pHrodo red-conjugated myelin: F(4, 20) = 80.1, p= 5.1 x 10712, E4 vs E3: adj.
p=18x10710 d=7.2 Clgse, [3.5, 10.9], E4 vs KO: adj. p = 1.4 x 10710, d = 7.4 Clgsg,
[3.7,11.2], E4 vs WT: adj. p = 1.4 x 10799, d = 5.0 Clgsy, [2.3, 7.7]; early apoptotic Jurkat
cells (EAJ): F(4,20) =33.4,p=1.3x 10798 E4 vsE3: adj. p=1.8 x 10710, d = 3.9 Clgsg,

Neurobiol Dis. Author manuscript; available in PMC 2022 March 19.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Machlovi et al.

Page 42

[1.6,6.1], E4 vs KO: adj. p = 1.4 x 10710, d = 3.5 Clgsy, [1.4, 5.5], E4 vs WT: adj. p = 1.4

x 10709, d = 2.5 Clgsg, [0.7, 4.1]; zymosan bioparticles: F(4, 20) = 64.2, p = 4.0 x 10711, E4
vs E3: adj. p=2.0 x 10797, d = 4.5 Clgsg, [2.0, 7.0], E4 vs KO: adj. p=3.7 x 1078, d = 5.0
Clgsy, [2.3, 7.7], E4 vs WT: adj. p = 4.4 x 10798, d = 5.0 Clgse, [2.2, 7.6]; red fluorescent
carboxylate-modified polystyrene latex beads: F(4, 20) = 99.2, p = 6.8 x 10713, E4 vs E3:
adj. p=8.6 x 10711, d = 5.9 Clgsg, [2.8, 9.0], E4 vs KO: adj. p = 1.1 x 10710, d = 5.8 Clgsg,
[2.7,8.9], E4 vs WT: adj. p = 5.8 x 10711, d = 6.0 Clgsg, [2.9, 9.2]. h) Representative images
of red fluorescent beads internalized 24 hours post-treatment. Scale bar 10um. b-c) Each dot
corresponds to the average of 3-5 independent experiments, error bars represent + SE. d-g)
One-way ANOVA followed by Tukey’s post-hoc corrected t-test. Each dot corresponds to
an independent experiment (n = 5/group). Black horizontal bars indicate the mean and error
bars represent SE. *p <0.05, **p <0.01, ***p <0.001.

Neurobiol Dis. Author manuscript; available in PMC 2022 March 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Machlovi et al. Page 43

a C
BODIPY
BODIPY
10000 e —— 250 = =
=) 2 L + %
8000 T £ 200 - o @
— [ ) o
< 60007 - o 150 ®
o o ° %
4ooo—£ . ;t. g 100 -
2000 M = 50
- s -
i Ss T H e q +
CECXEO w Y,
b Perilipin d
Perilipin RAB5 RAB7
= 800 —— 2507 P=006 251 *
R 1 % * I °
= £ 600-] T £ 200 s 27 =
(=] = o —=
° = & 150 15 :
£ 400 5 +
S ns 3 1004 @ 101 o
g 5 3 °
- i {@)]
% £ 200 - £ 5 s
leJ 0 T T ?— T 0 T T 0 T T
@ < & © E3 E4 E3 E4
g 1.07 f Lysotracker 9
084 =
S z
T 067 © &
[Ch o © o
£ s o -
3 2 0.4 = [®) £
2 © 0.2 £
(]
()]
& oo0-
¢ L
O L0
OY O 0¥ O
& F PP
P o o o
L T & &
P &R

Fig. 3.

Ezlgmicroglia exhibit increased neutral lipid accumulation and endolysosomal mass 24h after
myelin challenge. a) Left, geometric mean fluorescence intensity (gMFI) of BODIPY was
quantified by flow cytometry, F(4, 15) = 19.3, p = 8.8x107%, E4 vs E3: adj. p = 0.0006, d

= 2.8, Clgsy, [0.7, 4.8]. Middle, BODIPY staining was used to visualize neutral lipids and
the average integrated density per cell was quantified in ImageJ, t(3.6) = 6.6, p = 0.004, d =
4.7 Clgsy, [1.1, 8.2]. Right, representative image of BODIPY staining. b) Average integrated
density of perilipin immunostaining per cell was used to quantify levels of lipid droplets,
F(3,12)=73.4,p=5.5% 10708 E4 vs E3: adj. p= 5.0 x 10797, d = 5.8 Clgsy, [2.3, 9.2].
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¢, d) Average integrated density per cell of RAB5 and RAB7 immunostaining was used to
quantify the mass of early and late endosomes, respectively. RAB5: t(4.1) = 2.5, p = 0.06, d
= 1.8 Clggy, [0.1, 3.6], RABT: 1(4.2) =3.4, p = 0.02, d = 2.4 Clgsy, [0.3, 4.4]. Merged image
is an overlay of RABS (red), RAB7 (magenta), DAPI (blue), and BODIPY from (a) in green.
e) Colocalization analysis (see Methods) was used to assess the overlap between BODIPY
staining and immunostaining of RAB5 and RAB7. Pearson’s correlation coefficients were
converted to Z scores using the Fisher’s r-to-z transformation and compared across groups
using two-sample z-test, RAB5/BODIPY: E4 vs E3, Z=-5.3,p=1.2x 10707 d =38
Clgsy, [1.2, 6.2], RAB7/ BODIPY: E4 vs E3 Z =-0.08, p = 0.97, d = 0.02, Clgse, [-1.4,
1.4,]. f) The mass of lysosomes within microglia was quantified by measuring the gMFI

of LysoTracker dye by flow cytometry, F(2, 9) = 22.8, p = 0.0003, E4 vs E3: p = 0.002,

d = 3.7 Clgsy, [1.2, 6.2]. g) CD68 immunostaining was used as an alternative measure

of lysosome mass. Average integrated density of CD68 staining per cell was quantified in
ImageJ, t(5.8) =4.7, p = 0.004, d = 3.3, Clgso, [1.0, 5.6]. a-g) Each dot corresponds to an
independent experiment (n = 4/group). Black horizontal bars indicate the mean and error
bars represent SE.a (left), b, e-f) One-way ANOVA followed by Tukey’s post-hoc corrected
t-test. a (middle), d, g) Unpaired Welch’s t-test. *p <0.05, **p <0.01, ***p <0.001.
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Fig. 4.

E4 microglia exhibit differential enrichment of genes in interferon signaling, extracellular
matrix, and translation-related pathways at baseline. Principal component analysis (PCA)
using the top 500 most variable genes from RNA-sequencing was performed using

a) all samples or b) E3 and E4 samples only in order to examine clustering among
samples. c) Reactome pathways significantly enriched (FDR adj. p-value <0.05) for genes
significantly downregulated (FDR adj. p-value <0.05) in E4 vs E3 microglia, as identified
by overrepresentation enrichment analysis performed using WebGestalt (Liao et al., 2019).
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d) The top 20 significantly enriched (FDR adj. p-value <0.01) Reactome pathways enriched
for genes differentially expressed in E4 vs E3 microglia, as identified by gene set enrichment
analysis (GSEA) (Subramanian et al., 2005). e) Cytoscape Enrichment Map (Merico et al.,
2010) and AutoAnnotate packages (Kucera et al., 2016) were used to identify relationships
among all significantly enriched Reactome pathways (FDR adj. p-value <0.01). Pathways
enriched for upregulated genes are shown in red while pathways enriched for downregulated
genes are shown in blue. Node size directly corresponds to the size of the plotted gene

set. Edge width represents the number of genes that overlap between a pair of gene sets.
Nodes corresponding to the top 20 pathways plotted in (d) are numbered appropriately. f)
GSEA enrichment plot for “interferon alpha/beta signaling”, the most significantly enriched
pathway at the top end of the ranked list (i.e., with a positive fold-change, see Methods).
The mouse orthologues of the top 8 core genes identified by GSEA are listed below, along
with the t-statistic of their differential expression and running enrichment score (ES) at
their position. G) GSEA plot and list of core genes for “translation elongation”, the most
significantly enriched pathway among genes at the bottom of the ranked list (i.e., with a
negative fold change, see Methods). Detailed results are available in Table S3.
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Fig. 5.

E4 microglia exhibit increased interferon signaling, increased elF2 signaling, and decreased
protein translation at baseline. a) Expression of several genes from the interferon a/p and
interferon y signaling pathways (Fig. 4d) were measured from cell lysates of E3 and E4
microglia using qRT-PCR. E4 microglia exhibited an increase in the expression of several
of these genes compared to E3 microglia; unpaired Welch’s t-test followed by Benjamini-
Hochberg (BH) correction for multiple comparisons, /fnar avg. fold change (FC) = SEM
=1.1+04,adj. p=1.0; /fnar2FC =3.0£0.6, adj. p=0.02; /rf9FC =1.1+0.2, adj.p
=1.0; /rf2ZFC =0.31 £ 0.04, adj. p = 0.005, /rf/5FC =14+ 0.1, adj. p=0.08, /rf8FC =
4.8+ 0.6, adj. p = 0.002; Sfatl FC = 2.8 £ 0.40, adj. p = 0.06; Stat?avg. FC = 7.8 + 0.85,
adj. p =0.0003; OasigFC =1.6 +0.2, adj.p = 0.06; Oas2avg. FC =5.1 + 0.60, adj. p =
0.0004; Oas3avg. FC = 3.8 £ 0.29, adj p = 0.0004; /rf3FC =1.0+0.08, adj. p=1.0; /rf7
avg. FC=11.7+ 1.1, adj. p=5.7 x 10795, //IBFC = 1.0 + 0.1, adj. p = 1.0; 7nfa avg. FC
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=1.90+£0.07,adj. p=0.02, Cxc/IFC=1.1%0.2, adj. p=1.0; Cc/2avg. FC =4.5+ 0.41,
adj. p=0.0003, //6avg. FC = 8.8 + 1.4, adj. p = 0.003, Cc/5FC =7.9 + 4.0, adj. p = 0.06;
Cxcl10avg. FC = 213.5 +12.3, adj. p = 3.1 x 10797; Jkkeavg. FC = 1.9 + 0.1, adj. p = 0.01;
Cxcl9. 669.5 + 187.9, adj. p = 0.004; JakZI FC = 0.7 £ 0.1, adj. p = 0.3; /rfl avg. FC =50.3
+3.1, adj. p = 6.05 x 10795, b) Levels of select secreted cytokines/chemokines and other
inflammatory mediators were measured in the conditioned media from E3 and E4 microglial
cultures using a Cytokine Proteome Profiler array kit. E4 microglia showed significantly
increased levels of specific cytokines/chemokines compared to E3: unpaired Student’s t-test
followed by BH correction for multiple comparisons, IL1a t(8) = 4.7, adj. p=0.01,d = 3.0
Clgse, [1.0, 4.8]; CCL2 t(8) = 4.2, adj. p=0.02, d = 2.7 Clgse, [0.8, 4.4]; CCL12 t(8) = 4.1,
adj. p=0.02, d = 2.6 Clgse, [0.8, 4.3]; CCL3 (8) = 5.8, adj. p = 0.007, d = 3.6 Clgsg, [1.5,
5.7]; CCL4 1(8) = 5.3, adj. p = 0.007, d = 3.4 Clgse, [1.3, 5.4]; CXCL2 t(8) =5.3,adj. p =
0.007, d = 3.4, Clgse, [1.3, 5.4]; CCL17 t(8) = 1.5, adj. p = 0.8, d = 1.0 Clggy, [-0.4, 2.3];
TNFa t(8) = 5.3, adj. p = 0.007, d = 3.3 Clgse, [1.2, 5.3], n = 5 independent experiments.

c) Levels of secreted interferons in the supernatant of E3 and E4 microglia cultures were
measured using ELISA. E4 microglia showed no significant change in interferon-a/p; t(3.8)
=-0.6,p=0.6,d =-0.5 Clgse, [-1.8, 1.0], but exhibited a significant increase in interferon-
y t(2) = 10.8, p = 0.008, d = 8.8 Clgsg, [2.8, 14.9] relative to E3 microglia. d) Protein
synthesis was measured in E3 and E4 microglia using the SUnSET assay, which detects
levels of puromycin incorporated into newly synthesized proteins. A representative western
blot is shown. M indicates the molecular weight ladder and both short exposure (top) and
longer exposure (bottom) are displayed. e) Original non-over exposed western blot (top)
was quantified and shows decreased puromycin incorporation in E4 microglia at 1 hour
compared to E3, t(3.0) = -8.6, p = 0.003, d = —=6.1 Clgge, [-10.9, —1.4]. f) Representative
Western blots showing the protein levels of both total and phosphorylated elF2a, PRK,
PERK, and GCN2 protein. g) Quantification of western blots shows E4 microglia exhibit a
significant increase in the ratio of phosphorylated to total elF2, t(4.8) = 4.6, p = 0.007,d =
3.2 Clgsy, [0.8, 5.6] and PKR; t(3.0) = 8.6, p = 0.04, d = 2.5 Clgsgg, [0.1, 4.9] compared to
E3 microglia. The ratio of p-PERK to total PERK was increased but did not reach statistical
significance, t(3.0) = 2.7, p = 0.07, d = 1.9 Clgse, [-0.2, 3.9] while the percentage of GCN2
that was phosphorylated remained unchanged, t(3.3) = 0.1, p = 0.92, d = 0.1 Clgge, [-1.3,
1.5]. a, ¢, e, g) Each dot corresponds to an independent experiment (n = 4/group). Black
horizontal bars indicate the mean and error bars represent SE. c, e,g) Unpaired Welch’s
t-test. *p <0.05, **p <0.01, ***p <0.001.
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Fig. 6.

Ez? and E3 microglia exhibit both shared and unique transcriptional responses to myelin
challenge. a) Rank-rank hypergeometric overlap plot comparing the response of each
genotype to myelin treatment (E4 +M vs E4 and E3 +M vs E3). b) GSEA-identified
pathways significantly enriched (FDR adj. p-value <0.05 and normalized enrichment
score, NES, <-1.5 or >1.5) in both comparisons. ¢) GSEA was performed on a ranked
list generated from a two-factor differential gene expression analysis (E4 +M vs E3 +M
relative to E4 vs E3) aimed at identifying genes for which expression changes in response
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to myelin challenge showed a significant interaction with APOE genotype. The top 10
pathways enriched for genes either at the top or bottom of the ranked list are plotted

here. D) GSEA enrichment plots for “interferon alpha/beta signaling” and “translation
elongation”, the most significantly enriched pathways at the bottom and top of the ranked
list, respectively. The mouse orthologues of the top 8 core genes identified by GSEA are
listed below, along with the t-statistic of their differential expression and running enrichment
score (ES) at their position. €) GSEA was performed on the ranked list from one-factor
differential gene expression analysis following myelin challenge (E4 +M vs E3 +M) and
significantly enriched pathways (FDR adj. p-value <0.25) were identified and plotted.

f) GSEA enrichment plots and top core genes for the “assembly of collagen fibrils” and
“nuclear receptor transcription” pathways as in (d). Detailed results available in Table S4
and Table S5.
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Fig. 7.

Transcriptional signatures of E4 and KO microglia relative to E3 and WT microglia exhibit
both shared and unique features. a) Left, rank-rank hypergeometric overlap testing was used
to identify how similar or divergent the transcriptional signatures of E4 vs E3 microglia

and KO vs WT microglia are at baseline. Right, graph of enrichment strength of Reactome
pathways across (y axis) KO vs WT microglia or (x axis) E4 vs E3 microglia. Specifically,
FDR adj. p-values were transformed to obtain a measure of enrichment strength (see
Methods) and scores were plotted against each other to identify unique and/ or common
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differentially enriched Reactome pathways. As such, each axis can be thought of as a
measure of statistical significance; the upper left quadrant highlights pathways that are
uniquely significantly altered in E4 microglia relative to E3 microglia, and the bottom right
quadrant highlights pathways that are uniquely significantly altered in KO microglia relative
to WT microglia. Dots are colored based on directionality of enrichment score calculated

by GSEA: red, genes belonging to this pathway were significantly positively enriched,;

blue, genes belonging to this category were significantly negatively enriched. Dotted lines
represent enrichment score cutoff values for FDR = 0.05 and absolute value of GSEA
normalized enrichment score = 1.5. b) The above analysis was repeated following myelin
challenge. ¢, d) mRNA abundance of 7rem2and 7Tyrobp across groups (within each graph,
left = baseline and right = post-myelin). Each dot corresponds to an independent experiment.
FDR adj. p-values (g) from limma differential expression analysis: baseline 7remZ2, KO vs
E3:1=3.7, logFC = 1.2, g = 0.0006; KO vs E4: t = 3.8, logFC = 1.1, q = 0.002; KO vs WT:
t=2.7, logFC = 0.8, q = 0.04. Post-myelin 7rem2, KO vs E3:t=3.3, logFC = 1.1, q = 0.01;
KO vs WT: t=4.0, logFC = 1.2, g = 0.002. Baseline 7yrobp, KO vs E3: t = 3.0, logFC =
1.1, 9 =0.004; KO vs E4: t = 3.5, logFC = 1.2, g = 0.004. Post-myelin 7yrobp, KO vs E3:
t=2.9, logFC=1.03, g = 0.005; KO vs WT: t = 2.9 logFC = 0.96, q = 0.006. c-d) Each dot
corresponds to an independent experiment (n = 4/group). Black horizontal bars indicate the
mean and error bars represent SE.
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