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SUMMARY

Apolipoprotein E (APOE) is a strong genetic risk factor for late-onset Alzheimer’s disease.
APOE4 increases and APOEZ decreases risk relative to APOE3. In the P301S mouse model of
tauopathy, ApoE4 increases tau pathology and neurodegeneration when compared to ApoE3 or the
absence of ApoE. However, the role of ApoE isoforms and lipid metabolism in contributing to
tau-mediated degeneration is unknown. We demonstrate that in P301S tau mice, ApoE4 strongly
promotes glial lipid accumulation and perturbations in cholesterol metabolism and lysosomal
function. Increasing lipid efflux in glia via an LXR agonist or Abcal overexpression strongly
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attenuates tau pathology and neurodegeneration in P301S/ApoE4 mice. We also demonstrate
reductions in reactive astrocytes and microglia and changes in cholesterol biosynthesis and
metabolism in glia of tauopathy mice in response to LXR activation. These data suggest that
promoting efflux of glial lipids may serve as a therapeutic approach to ameliorate tau and ApoE4-

linked neurodegeneration.

eTOC

Using lipidomics coupled with immunostaining, Litvinchuk ef a/. demonstrate that ApoE promotes
changes in cholesterol metabolism and lipid accumulation in glia of 9.5-month-old P301S
mice. LXR agonist GW3965 diet and Abcal overexpression markedly decrease tauopathy,
neurodegeneration, synapse loss and behavioral deficits, neuroinflammation and glial lipid

accumulation in 9.5-month-old P301S/ApoE4 mice.
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INTRODUCTION

RESULTS

Apolipoprotein E (ApoE), the most abundant apolipoprotein in the brain, regulates lipid
and cholesterol transport and metabolism, and in neurodegenerative conditions is linked to
increased glial neuroinflammatory responses.l:2 The ¢4 allele of APOE strongly increases
and the 2 allele decreases risk for developing late-onset AD (LOAD) when compared to
more common &3 allele. Lipid accumulation in glia is linked to enhanced inflammatory
responses and, thus, could significantly promote neurodegeneration in AD and other
neurodegenerative disorders.3-> ApoE4 drives the accumulation of lipids and increased
inflammatory cytokine production in vitro in human iPSC (induced pluripotent stem
cell)-derived astrocytes, microglia and oligodendrocytes.5= /n vivo, an increase in free
cholesterol and/or cholesteryl esters was detected in astrocytes and microglia of ApoE

KO mice which was enhanced in a model of demyelination.#10 Generally, the genetics

of LOAD are consistent with a pathogenic role of lipids, since polymorphisms in lipid
metabolism-associated genes apart from APOE, such as CLU, TREMZ2, ABCA1, ABCA?,
and ATP8B4, significantly modulate disease risk.11-13

ApoE4 strongly influences tau pathology and exacerbates microglia-mediated, tau-
dependent neurodegeneration.2-14.15.16-19 However, it is not known if APOE isoforms
influence glial lipid accumulation in tauopathy, which then influences tau-dependent
neurodegeneration. We utilized targeted lipidomics coupled with immunostaining to dissect
the role of ApoE isoforms in regulation of glial lipid metabolism in 9.5-month-old P301S
tau transgenic mice with a targeted replacement of murine apoE with human ApoE3 (TE3)
or ApoE4 (TE4) as well as in mice lacking ApoE (TEKO). We demonstrate that expression
of ApoE4 induces significant elevations in cholesteryl esters in the forebrain and microglia
of P301S mice and enhances the accumulation of BODIPY™* neutral lipids within microglia.
Treatment with an LXR agonist GW3965 or overexpression of Abcal, reduces tau pathology
and associated neurodegeneration, glial inflammation, and synaptic deficits in TE4 mice.

ApoE4 induces changes in cholesterol metabolism in forebrains of 9.5-month-old P301S

mice.

As previously reported, 9.5-month-old TE4 mice exhibited prominent neurodegeneration of
the hippocampus and entorhinal/piriform cortex and concomitant ventricular enlargement
that was greater than that observed in TE3 mice (Fig. 1A-B). TEKO were largely

protected from neurodegeneration (Fig. 1A-B).16 To characterize the specific lipid species/
pathways dysregulated in P301S mice expressing different ApoE isoforms or ApoE

KO, we performed lipidomic profiling of forebrain tissues (Fig. S1A).* We detected

over 181 differentially abundant lipid species across 6 groups of mice that reflect

changes in lipid content of multiple cell types in brain, including neurons, astrocytes

and microglia, and oligodendrocytes (Fig. 1C and Fig. S1B). We observed significant
differences in sterols (cholesteryl esters (CEs), cholesterol sulfate and oxidized sterols
(4-beta-hydroxycholesterol)), phospholipids (bis(monoacylglycerol) phosphate (BMP),
hemi-BMPs, phosphatidylethanolamine (PE) and plasmalogens PE (PEp)), glycerolipids
(monoacylglycerides (MGs) and diacylglycerides (DGs)), and sphingolipids (sulfatide (3-0-

Neuron. Author manuscript; available in PMC 2025 February 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Litvinchuk et al.

Page 4

sulfo) (GalCer)) and sphingomyelin (SM)), in an ApoE- and tau-dependent manner (Fig.
1C). Compared to E3, E4 mice exhibited significant elevations of hemi-BMP and cholesterol
sulfate, and reductions in several CEs in the absence of tauopathy (Fig. 1D). Interestingly,
when we compared the forebrain lipidomes of E4 or E3 to EKO mice, we detected marked
accumulation of CEs in EKO brains indicating impaired cholesterol metabolism with the
loss of ApoE (Fig. S1C and D) consistent with previous work.* When we analyzed the
differences in lipidome profiles of E4 vs. EKO or E3 vs. EKO mice, we observed that E4 but
not E3 forebrains exhibited drastic increases in endolysosomal phospholipid BMP, DGs and
MGs, and PEs while accumulating significantly lower levels of CEs when compared to EKO
mice (Fig. SLE-F). These results indicate ApoE isoform-dependent changes in cholesterol
metabolism and lysosomal function of 9.5-month-old non-tau transgenic mice.

Next, we examined the effects of tauopathy on the forebrain lipidome of E3, E4 and

EKO mice (Fig. 1E-F and Fig. S1G-J) at 9.5 months of age. Although tauopathy did not
induce drastic changes in forebrain lipidomes of TEKO and TE3 mice (Fig. S1G-I and Fig.
S2A and B), TE4 mice exhibited significantly increased CE, BMP and pro-inflammatory
lysophosphatidylcholine (LPC) lipid species as well as reduced cholesterol sulfate and
4-beta-hydroxycholesterol (Fig. 1E). Furthermore, we detected marked increases in CEs and
significant decreases of 4-beta-hydroxycholesterol in TE4 vs. TE3 mice and DGs in TE4

vs. TEKO forebrains (Fig. 1F and Fig. S1J, respectively). We also detected a significant
elevation in CEs (18:2; 20:5; 22:6) but not cholesterol in TE4 vs. E4 mice indicating

that ApoE4 may promote cholesterol metabolism dysfunction in P301S mice (Fig. 1G and
H). When we compared the cumulative effects of P301S and ApoE4 or ApoE KO on
forebrain lipidomes, we detected significant elevations in CEs and LPCs in TE4 mice (Fig.
S2C-E). Overall, these changes suggest a strong interaction between tauopathy and ApoE4
that may synergistically contribute to impaired cholesterol metabolism, endolysosomal lipid
clearance, and subsequent neuroinflammation observed in 9.5-month-old TE4 mice.

ApoE4 induces neutral lipid accumulation in microglia and astrocytes of 9.5-month-old

P301S mice.

To further characterize the patterns of lipid accumulation in glia of TE3, TE4, and TEKO
mice, we stained neutral lipids with BODIPY and an oxidized phosphatidylcholine (oxPC)
species with the E06 antibody (Fig. 2A-D and Fig. S3A-C).20 Although we did not
observe detectable BODIPY staining in GFAP-positive astrocytes (data not shown), we
detected large BODIPY™* inclusions within microglia of TE4 mice (Fig. 2A-B and E).
Similar to our previous findings,18 the BODIPY signals were predominantly located within
CD68™ phagolysosomes in microglia (Fig. 2C-E), indicating that the process of lysosomal
degradation of neutral lipids, including CE, might be impaired in TE4 mice. Microglial
BODIPY staining significantly correlated with brain atrophy in TE4 mice (Fig. S3D) but
not TE3 or TEKO animals (data not shown). We also detected a significant increase in the
E06™ oxidized lipid volumes within GFAP+ astrocytes (Fig. S3A (lower panel), S3B) and
Ibal* microglia (Fig. S3A (middle panel), S3C) of TE4 mice compared to other groups.
E06 staining in astrocytes and microglia of TE4 and E4 mice significantly correlated with
hippocampal and entorhinal/piriform atrophy and ventricular enlargement (Fig. S3E,F).
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Together, these results demonstrate that ApoE4 induces significant glial accumulation of
lipids in TE4 mice.

ApoE4 induces changes in cholesterol metabolism in microglia and astrocytes in 9.5-
month-old P301S mice.

We next performed lipidomic analysis of FACS-isolated astrocytes and microglia (Fig. S1A).
Similar to bulk forebrain lipidomic analysis (Fig. 1C), we detected notable changes in
BMPs, MGs, DGs, GalCers, and other lipids in astrocytes (Fig. S2F) and microglia (Fig.
S2G) from 6 groups of mice that occurred in an ApoE-isoform and tau-dependent manner.
We also detected increases in several CEs in TE4 vs. E4 astrocytes (Fig. 2F,G) and microglia
(Fig. 2H,1). Total cholesterol levels were unchanged in TE4 vs. E4 astrocytes (data not
shown) or microglia (Fig. 2J). Overall, these results indicate that TE4 microglia accumulate
CE species, likely accounting for the increase in BODIPY + staining.

LXR agonist GW3965 induces Abcal expression in brains of 9.5-month-old TE4 mice.

Lipid accumulation in glia is associated with increased oxidative stress and
neuroinflammatory responses and, thus, may promote neurodegeneration. 3:6.7:21 Since we
observed dramatic accumulation of neutral lipids/CE in glia of 9.5-month-old TE4 mice, we
tested whether increasing cholesterol efflux in TE4 mice is associated with neuroprotective
effects (Fig. S4A). To verify our dose and administration, we treated E4 mice with the
liver-X receptor (LXR) agonist GW3965 at 10 mg/kg and measured the expression of
LXR-target genes Abcal, Abcaz, Abcgl, and APOE in the brain (Fig. S4B). We observed
a significant 1.5-2-fold increase in Abcal mRNA, accompanied by ~1.5-2-fold increase in
Abcal protein, but no upregulation in the other genes (Fig. S4B and C). We thus treated the
E4 and TE4 mice with chow supplemented with GW3965 at 10 mg/kg from 6 months of
age (/.e., the onset of tau pathology and neurodegeneration) and assessed neuropathological
changes associated with tau accumulation in brain at 9.5 months (Fig. S4A).

LXR agonist GW3965 reduces neurodegeneration and improves nest-building behavior in
9.5-month-old TE4 mice.

Brain volumetric analysis (Fig. 3A) revealed a marked loss of hippocampal (Fig. 3A,B)

and entorhinal/piriform cortex (Fig. 3A,C) volumes and a notable enlargement of the lateral
ventricle (Fig. 3A,D) in TE4 mice on control diet (TE4-Ctrl) when compared to E4 mice

on a control diet (E4-Ctrl). TE4 animals on LXR agonist diet (TE4-LXR) were significantly
protected from brain atrophy in the hippocampus and entorhinal/piriform cortex (~10-25%
higher volume) that was accompanied by a significant decrease in ventricular size (~30%
reduction) when compared to control groups (Fig. 3A-D). We also documented significant
decreases (30-40%) in degeneration of the dentate gyrus neurons (Fig. S4E, F, and G)

in TE4-LXR vs. TE4-Ctrl mice. These results were corroborated by a ~30% decrease in
plasma levels of the neurofilament light chain protein (NfL) in TE4-LXR vs. TE4-Ctrl

(Fig. 3E).22 Plasma NfL levels significantly correlated with brain volumetric measures (Fig.
S3H). Lastly, we assessed the nesting behavior of TE4 mice, an innate behavior correlated
with cognitive function in mouse models of neurological damage (Fig. 3F).23:24 TE4-Ctrl
mice displayed a significant decrease in nesting behavior in comparison to E4 animals.
However, nest-building behavior was largely restored in TE4-LXR mice. Altogether, these
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results indicate that an LXR agonist protected TE4 mice from neurodegeneration and an
associated behavioral deficit at 9.5 months-of-age.

LXR agonist GW3965 reduces p-tau levels in 9.5-month-old TE4 mice.

To test the effects of LXR agonist on tau pathology, we first assessed phospho-tau by
immunostaining with AT8 (Fig. 3G-H). LXR-TE4 mice had a ~40-60% reduction in AT8
staining in the hippocampus and cortex, respectively. We further assessed the levels of
soluble and insoluble total tau and p-tau in the cortex (Fig. 31-J). Although we did not
observe significant changes in total tau levels (Fig. 31), we detected a significant decrease

in p-tau levels in the RAB fraction and a trend towards reductions in RIPA- and FA-soluble
p-tau in the TE4-LXR group (Fig. 3J). We previously found that decreasing ApoE4 levels
reduces pathological tau accumulation in TE4 mice.2425 Additionally, some reports indicate
that LXR agonists can alter ApoE expression in humans and mouse models of disease.26:27
We measured ApoE levels in RAB-soluble cortical brain fraction (Fig. 3K) and liver samples
(Fig. 3L) but did not detect any significant changes in ApoE levels in response to GW3965
treatment in these tissues. Together, these results indicate that LXR agonist treatment results
in a significant reduction of pathological tau in 9.5-month-old TE4 mice without affecting
ApOE levels.

LXR agonist GW3965 reduces glial reactivity, T cell infiltration, and inflammation in 9.5-
month-old TE4 mice.

Glial reactivity plays a crucial role in promoting tau pathology and neurodegeneration

in TE4 mice.16.17.24,25.28-30 Tq test whether LXR agonist affects glial reactivity, we first
quantified the area covered by GFAP™ staining and detected a ~30-40% decrease in
hippocampus and cortex of TE4-LXR vs. TE4-Ctrl (Fig. 4A-B). The number of GFAP*
cells in hippocampus did not change in response to LXR treatment (Fig. S5A). Next, we
assessed Iba-1 immunostaining that is present in microglia and infiltrated macrophages

in brains of TE4 mice as well as a phago-lysosomal marker CD68 (Fig. 4C-E). LXR
agonist treatment resulted in an almost ~50% reduction in Ibal (Fig. 4C and D) and a
~60% reduction in CD68 staining (Fig. 4C and E) in hippocampus and cortex of TE4

mice. Interestingly, we also observed a significant reduction in the number of Ibal* cells in
hippocampus in TE4-LXR vs. TE4-Ctrl (Fig. S5B). These results were further corroborated
by an ~70% decrease in disease-associated microglial (DAM)-associated Clec7a (Fig. 4F
and G) and a significant 25-50% increase in the homeostatic microglia-associated P2ry12
(Fig. 4H and I) markers in hippocampus and cortex of TE4-LXR vs. TE4-Ctrl. These results
indicate that an LXR agonist alters the overall astrocyte and microglial signature in TE4
mice.

We recently demonstrated that T cells are elevated in brain regions with tau pathology and
contribute to neurodegeneration in TE4 mice.31 We found a marked decrease in the number
of CD8™ T cells in the dentate gyrus of 9.5-month-old TE4-LXR compared to TE4-Ctrl
(Fig. S5C-D). The number of T cells in this area significantly correlated with the degree

of hippocampal (Fig. S5E) and dentate gyrus degeneration (Fig. S5F) as well as with the
amount of BODIPY staining in lbal* microglia in hippocampus of TE4 mice (Fig. S5G).

Neuron. Author manuscript; available in PMC 2025 February 07.
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Lastly, we assessed levels of various inflammation-associated cytokines in the hippocampus
of 9.5-month-old TE4 and E4 mice (Fig. S5H-S). We detected marked increases in multiple
cytokines/chemokines (e.g., IL1B, IL6, IL10, TNFa, IFNa IFNB, CXCL1) in TE4-Ctrl

vs E4-Ctrl mice, and significant decreases in cytokine/chemokines in TE4-LXR vs TE4-
Ctrl mice (including IL1B, IFNa, Ccl3, Clcl4, Ccl5, and CXCL10 (Fig. S5H, L, P-S)).
Combined, these results indicate that LXR agonist treatment reduces inflammation and
alters the microglial and astrocyte signature, and decreases T cell infiltration in 9.5-month-
old TE4 mice.

LXR agonist GW3965 reduces synaptic loss in 9.5-month-old TE4 mice.

We previously reported that TE4 mice exhibit severe synaptic loss associated with an
increase in microglial synaptic engulfment in the CA3 area of hippocampus by 9.5 months
of age.24:25 To test whether LXR agonist affected synapse loss in TE4 mice, we first
quantified the area occupied with synaptophysin staining in the CA3 hippocampal region
in E4-Ctrl, E4-LXR, TE4-Ctrl and TE4-LXR mice (Fig. 5A and C). While TE4-Ctrl
exhibited a significant ~20% decrease in synaptophysin staining when compared to E4-
Ctrl or E4-LXR, TE4-LXR mice were largely protected from the loss of synaptophysin
staining (Fig. 5A and C). We next assessed the number of co-localized puncta (Fig. 5B and
C) and individual pre-synaptic (synaptophysin-positive, Fig. 5B and E) and post-synaptic
(PSD95-positive, Fig. 6B and G) puncta in the CA3 area. While the number of individual
synaptic puncta and co-localized puncta were reduced in TE4-Ctrl compared to E4-Ctrl
and E4-LXR mice, co-localized PSD95/synaptophysin synapses were partially rescued in
TE4-LXR mice (Fig. 6B, D-E, G). Microglia have been reported to prune synapses, and in
neurodegenerative conditions activated microglia were reported to engulf larger amounts of
synaptic material.32:33 Since the microglial signature was altered in TE4-LXR mice (Fig.
5), we sought to estimate the microglial synapse engulfment in the hippocampus TE4-LXR
and TE4-Ctrl mice by immunostaining (Fig. 5F, H-I). We observed significant increases
in synaptophysin (Fig. 5H) and PSD95 (Fig. 51) volumes in Ibal* cells of TE4-Ctrl mice
compared to E4-Ctrl and E4-LXR animals. The volume of synaptic marker staining in
Ibal* cells of TE4-LXR mice was decreased by almost ~ 50% in comparison to TE4-Ctrl
(Fig. 5H-I). Together, these results suggest that LXR agonist diet protects TE4 mice from
microglial-mediated synaptic loss.

LXR agonist alters glial transcriptional response in 9.5-month-old TE4 mice.

To further understand the impact of LXR activation on tau pathology and neurodegeneration
at a transcriptional level, we performed RNA sequencing of hippocampal tissues from a
subset of E4 (N=5/treatment) and TE4 (N=10/treatment) male mice treated with control

or LXR diets from 6 to 9.5 months (Fig. 6 and Suppl. Fig. S6). After using principal
component analysis (PCA), we detected 3 distinctive groups of samples by gene expression:
E4 mice treated with control or LXR agonist diets (clustered on the left of the graph),
TE4-Ctrl mice (clustered on the right of the graph), and predominantly TE4-LXR animals
(middle), suggesting an intermediate gene expression phenotype between TE4-Ctrl and E4
mice (Fig. S6A). Using an adjusted p-value < 0.05, we identified 1738 DEGs in TE4-Ctrl
vs. E4-Ctrl and 1464 DEGs in TE4-LXR vs. E4-LXR (Fig. 6A and Fig. S6B). We did

not observe any significant differences in E4-LXR vs. E4-Ctrl and TE4-LXR vs. TE4-Ctrl
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comparisons. The majority of DEGs in TE4-Ctrl vs. E4-Ctrl (1471 out of 1738 genes) and
TE4-LXR vs. E4-LXR were upregulated (1149 out of 1464 genes).

Functional annotation of the DEGs common to both TE4-Ctrl and TE4-LXR groups
with WikiPathways identified pathways involved in microglia/macrophage activation and
phagocytosis; interferon (type | and I1) responses; complement and coagulation cascades;
IL10, toll-like receptor and chemokine signaling pathways; consistent with a significant
upregulation of immune responses in 9.5-month-old TE4 mice (Fig. 6B and C). We also
detected significant enrichment in cholesterol biosynthesis and metabolism pathways in
TEA4-Ctrl vs. E4-Ctrl group (Fig. 6B).

We analyzed the patterns of expression of disease-associated astrocytes (DAA) and DAM in
E4 and TE4 mice on control or LXR diets (Fig. S6C and D).3436 We observed dramatic
increases in expression of DAA genes in TE4-Ctrl vs. E4 mice on either control or LXR
diets, including Aqgp4, C4b, Clu, S100band GFAP (Fig. S6C). Interestingly, the expression
of these DAA genes trended towards a decrease in the TE4-LXR group. Similarly, we
detected dramatic upregulation in DAM genes in TE4-Ctrl vs, E4-Ctrl and E4-LXR animals,
including Cx3cr1, Clec7a, TremZ2 (Fig. S5D). Together these results indicate that LXR
agonist treatment leads to a reduction in reactive astrocytes and an alteration in the
microglial/macrophage signature in 9.5-month-old TE4 mice.

To further understand the impact of LXR activation on tau pathology and neurodegeneration
on cell type-specific gene expression, we performed snRNA sequencing of hippocampal
tissues (Fig. S6E-G and S7). We obtained transcriptional data for 73,824 nuclei that

were mapped onto 23 distinct clusters (Fig. S6E-G). We detected qualitative decreases

in proportions of excitatory neuron populations (ex-neurons 1, 2, 3 and 4) in TE4-Ctrl

vs. E4-Ctrl and E4-LXR groups consistent with the neurodegeneration in 9.5-month-old
TE4 mice (Fig. S6G). Interestingly, these changes appeared attenuated in TE4-LXR mice,
consistent with attenuated neurodegeneration. We also detected significant expansion of
microglia in the TE4-Ctrl group when compared to E4 mice on either diet, which again
appeared partially attenuated in TE4-LXR mice.

We next focused on mRNA changes in microglia and astrocytes in LXR-treated mice (Fig.
S7). After re-clustering the individual astrocyte populations, we detected 2 populations

of astrocytes (Fig. S7TA-B). We found an increase in Cluster 1 astrocytes in TE4-Ctrl

vs. E4-Ctrl and E4-LXR group which KEGG analysis identified as enriched for genes
regulating Alzheimer’s disease, ubiquitin-mediated proteolysis, oxidative phosphorylation,
lysosome and endocytosis pathways (Fig. STB-E). Interestingly, astrocytes from TE4-LXR
mice exhibited a trend towards reduction in Cluster 1 and an increase in Cluster 0 astrocytes,
further suggesting attenuated astrocyte reactivity in TE4 mice.

In the microglia/macrophage cell population, we observed 5 distinctive clusters (Fig. S7TF-
0). These included “homeostatic” Cluster 2 a “reactive” Cluster 0 (KEGG ribosome and
lysosome, oxidative phosphorylation, sphingolipid metabolism and steroid biosynthesis); a
“DAM”-like microglia Cluster 1 (KEGG Alzheimer’s disease; lysosome and endocytosis,
ubiquitin-mediated proteolysis and oxidative phosphorylation), and an interferon-responsive
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Cluster 3 (KEGG JAK-STAT pathway, endocytosis, ribosome, and chemokine signaling)
(Fig. S7TG-0). Interestingly, we detected a dramatic expansion of Clusters 0, 1 and 3 in TE4-
Ctrl vs. E4-Ctrl and a noticeable reduction in the Cluster 2 microglial population suggesting
an activation of a reactive DAM-like microglia/macrophage program in 9.5-month-old TE4
mice when compared to E4 (Fig. S7G). Interestingly, the LXR agonist treatment in TE4
mice induced a shift towards a decrease in Clusters 1 and 3 and a noticeable increase in
Clusters 0 and 2. Together, these results suggest that increasing LXR gene expression in

glia might drive transcriptional changes in microglia and astrocytes, resulting in reduction of
neuroinflammatory responses in TE4 mice.

WGCNA reveals changes in cholesterol metabolism in LXR agonist - treated 9.5-month-old

TE4 mice.

We next performed weighted-gene co-expression network analysis (WGCNA\) to further
study the effects of LXR agonist on E4 and TE4 mice (Fig. 6D-E).37:38 One module,

dark turquoise, exhibited a robust and statistically significant positive correlation with the
TE4-LXR group, and was also negatively correlated with the TE4-Ctrl group (Fig. 7D

and E). Analysis of average eigengene values from the dark turquoise module revealed a
significant increase of eigengene in TE4-LXR vs. TE4-Ctrl mice (Fig. 6F). Pathway analysis
of the 266 genes in the dark turquoise module using WikiPathway annotations revealed
enrichment for cholesterol metabolism and cholesterol biosynthesis, mevalonate pathway,
LXR and SREBP1 pathways, as well as proteasome degradation, indicating a significant
activation of cholesterol metabolism and efflux in TE4-LXR vs. TE4-Ctrl mice (Fig. 6G).

We further examined the cell-type patterns of expression of the dark turquoise module genes
in TE4 mice by mapping the expression of dark turquoise genes in 23 different cell types
distinguished by snRNAseq in TE4-LXR mice and performing k-means clustering to cluster
genes. We noticed a significant distribution of gene expression in two clusters by cell type
(Fig. 6H-J, yellow and blue clusters). Interestingly, non-neuronal cells (including microglia
and astrocytes) were enriched in expression of genes involved in cholesterol biosynthesis
and metabolism, LXR and SREBP1 pathways, mevalonate, and non-alcoholic fatty liver
disease (Srebfi, Fasn, Mvk, Mvd) (Fig. 6H and I, yellow cluster). In contrast, neuronal

cells (different populations of excitatory and inhibitory neurons) predominantly expressed
genes involved in proteasome degradation, synapse, and acetylcholine synthesis as well as
glycolysis and gluconeogenesis (Stx1b, Ache, Uchl1, Psmd?) (Fig. 6H and J, blue cluster).
This could indicate that the activation of LXR/SREBP transcriptional programs in TE4 mice
exerts its beneficial effects via regulation of cholesterol metabolism and biosynthesis in
astrocytes and microglia and via induction of neuronal metabolism, synapse function and
proteasome degradation in neuronal cells and OPC/oligodendrocytes.

LXR agonist GW3965 reduces lipid accumulation in 9.5-month-old TE4 mice.

Given the reduction in glial activation and significant activation of cholesterol metabolism
and biosynthetic pathways in the TE4-LXR mice, we decided to test whether LXR agonist
altered the brain lipid profile of TE4 mice by unbiased lipidomics (Fig. 7 and Fig. S8). We
detected over 187 differentially abundant lipid species in forebrains of E4 and TE4 mice
treated with control or LXR agonist diets from 6 to 9.5 months. We observed significant
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changes in CE, BMP, hemi-BMP, fatty acids (linoleic, oleic acids and DHA), glycerolipids
(MGs, DGs and TGs), and oxidized sterols (7-keto-cholesterol, 24-hydroxycholesterol) (Fig.
7A and Fig. S8A). We then evaluated the lipidomic changes between TE4 mice vs. E4 mice
on control diet and detected marked increases in CE, BMP, and LPC species in TE4 vs.

E4 mice, further confirming impaired cholesterol metabolism, lysosomal dysfunction, and
inflammation in P301S mice in the presence of ApoE4 (Fig. 7B).

LXR agonist in E4 and TE4 mice induced significant increases in fatty acids (linoleic, oleic
acids and DHA), suggesting LXR and SREBP1 pathway activation, and in endolysosomal
BMP lipids, indicating a potential activation of endolysosomal functions by BMPs in
response to LXR activation (Fig. 7C and D). We next compared the forebrain lipidomic
profiles of TE4-LXR and TE4-Ctrl mice (Fig. 7A and E). LXR agonist induced fatty acid
(oleic acid and DHA) and BMP accumulation in TE4 mice similar to LXR effects in E4
mice (Fig. 7A) along with marked decreases in cholesterol (Fig. 7G) and oxidized 7-keto
and 24-hydroxycholesterols (Fig. 7A). Interestingly, we also detected strong, significant
decreases in multiple CE species (CEs (18:2), (20:4), (20:5), (22:6) (Fig. 7A, 7E, and 7F).
These same CE species were elevated in TE4-Ctrl vs. E4-Ctrl (Fig. 7B), demonstrating

a dramatic decrease in CE accumulation in response to LXR agonist treatment. Using a
weighted lipid correlation network analysis (WLCNA), we detected a significant correlation
of forebrain CEs with the plasma NfL levels in LXR agonist-treated mice (turquoise
module), suggesting that NfL/neurodegeneration strongly correlates with CE accumulation
in brain (Fig. S8E—H). Finally, we performed BODIPY staining in TE4 mice on control vs.
LXR agonist diet and observed a ~50% reduction in BODIPY signal in microglia of TE4-
LXR vs. TE4-Ctrl mice (Fig. 7H and I). Together, these results demonstrate that increasing
cholesterol efflux in TE4 mice via LXR activation can reduce neutral lipid accumulation

in the brain and in microglia, which could contribute to decreased inflammation and
neuroprotection.

LXR agonist GW3965 reduces neuropathological and behavioral deficits in 7.5-month-old

TE4 mice.

To study how LXR agonist GW3965 affects earlier stages of neuropathology and cognitive
function in TE4 mice, we treated 6-month-old TE4 mice with 10 mg/kg GW3965 or
control diet for 1.5 months and performed a series of neuropathological and behavioral
tests at 7—7.5 months (Fig. S4l). We detected a significant ~2-fold increase in Abcal
mRNA in hippocampus of E4 mice after 1.5 month treatment with LXR similar to the

3.5 month treatment (Fig. S4J). Brain volumetric analysis (Fig. S9A) revealed a modest,
but statistically significant decrease in volume of hippocampus (Fig. S8B) and entorhinal/
piriform cortex (Fig. S9C) but not ventricular enlargement (Fig. S9D) of TE4 vs E4 mice
at 7.5 months. The LXR diet significantly reduced the neurodegeneration in hippocampus
of TE4 mice on LXR vs Ctrl diet but did not have a strong effect on cortical atrophy or
ventricular enlargement. There were also no significant changes in plasma NfL levels of
TE4-Ctrl vs E4-Ctrl or TE4-LXR vs TE4-Ctrl mice at this age (Fig. S9E).

To test the effect of LXR agonist on cognitive function during early stages of disease in
TE4 mice, we performed a series of behavioral tests in 7-7.5 months old E4 and TE4
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mice (Fig. S9F). We did not detect any baseline differences between TE4 and E4 mice on
either diet during fear conditioning (Fig. S8G) or during contextual recall (Fig. S9H and J).
We did, however, detect significant differences in cued fear recall (Fig. S9I) with E4-Ctrl
mice showing significantly more freezing response on minutes 5-9 than TE4-Ctrl animals
(Fig. S9l, black and blue dots). TE4-LXR mice exhibited a significant increase in freezing
response on minutes 3-5 of cued fear conditioning when compared to TE4-Ctrl group (Fig.
S9l, purple and blue dots) and a trend towards increased total freezing response in TE4-LXR
vs TE4-Ctrl over 10 min (Fig. S9K). We also observed a significant improvement in nesting
behavior of TE4-LXR vs TE4-Ctrl mice (Fig. S9F). Together, these data indicate that LXR
diet in TE4 mice ameliorated behavioral deficits observed in TE4 vs E4 behavior at both 7.5
and 9.5 months.

We next analyzed the impact of LXR agonist treatment on early stages of tau pathology.

We did not observe any significant changes in levels of phospho-Tau (AT8) in TE4-LXR vs
TE4-Ctrl at 7.5 months as evidenced by quantification of AT8 immunostaining in cortex and
hippocampus (Fig. S9L-M) or by total tau/pTau ELISA in cortical tissues (Fig. SON-O).

We then analyzed how LXR agonist affected neuroinflammation in early stages of pathology
in TE4 mice (Fig. S10). We detected significant increases in GFAP (Fig. SI0A-B), Ibal,
and CD68 immunoreactivity in hippocampus and cortex of TE4-Ctrl vs E4-Ctrl mice (Fig.
S10C-E). While the LXR diet did not significantly reduce the astrocyte reactivity in TE4
mice at 7.5 months, we detected reductions in Ibal/CDG68 staining in the hippocampus and
cortex of TE4-LXR vs TE4-Ctrl mice (Fig. SLOC-E). We also measured cytokine levels in
hippocampal lysates of TE4 and E4 mice on LXR vs Ctrl diets at 7.5 months (Fig. SIOF-Q).
While we detected significant increases in Ccl5, CXCL1, CXCL10 in TE4 vs E4 mice (Fig.
S100-P), only CXCL1 levels were reduced in TE4-LXR mice.

We detected a marked reduction in synaptophysin staining in CA3 area of hippocampus
(Fig. S11A-B) as well as a small change in the number of colocalized presynaptic
synaptophysin and post-synaptic PSD95 puncta in TE4-Ctrl vs E4-Ctrl mice (Fig. S11C-D).
Similar to the effects of LXR agonist on synapses at 9.5 months, we observed significant
increases in synaptophysin and PSD95 volumes in TE4 microglia at 7.5 months that were
reduced in LXR agonist-treated conditions (Fig. S11E-G).

Finally, we assessed the effects of LXR agonist on lipid accumulation (Fig. SI1H-M).
Forebrain lipidome profiling detected significant elevations in CEs ((18:2), (16:1), (20:5),
(22:6)) in TE4-Ctrl vs E4-Ctrl which were reduced in TE4-LXR vs. TE4-Ctrl (Fig. S11H, K,
L). No changes were detected in forebrain free cholesterol levels (Fig. S11M) or in BODIPY
staining in TE4-Ctrl vs. E4-Ctrl mice (data not shown). Together, we observed significant
beneficial effects of LXR agonist in TE4 mice at 7.5 months.

LXR agonist GW3965 markedly upregulates Abcal and reduces lipid droplet accumulation

in vitro.

To study the effects of LXR agonist GW3965 on microglial myelin uptake, neutral lipid
accumulation and inflammation /n vitro (Fig. S12), we first treated primary E4 microglia
with 5uM GW3965 for 24 hrs and detected a marked ~30-40-fold increase in Abcal
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expression in GW3965 vs DMSO-control groups (Fig. S12A). To test the effects of LXR
agonism on myelin uptake, we then added 0.5 mg/ml of myelin, which is rich in cholesterol,
to the E4 microglia pre-treated with 5uM GW3965 for 24 hrs and measured lipid droplet
(LD) accumulation 24 hrs later using fluorescence microscopy (Fig. S12B). We detected a
marked ~50% decrease in LipidToxGreen area per cell in the GW3965 vs DMSO-control
groups (Fig. S12C and D).

We measured the effects of the LXR agonist on inflammation by quantifying the levels of
cytokines/chemokines in conditioned media from E4 microglia treated with 5uM GW3965
or DMSO for 24 hrs and/or myelin for another 24 hrs (Fig. S12E-P). We detected reduction
in several cytokines in conditioned media of GW3965 vs DMSO-control groups 24 hrs after
the exposure to LXR agonist (Fig. S121, J, P). Although 24 hours of myelin treatment did
not have strong effects on cytokine production in E4 microglia, we detected a significant
reduction in CXCLS5 in response to LXR and myelin stimulation (Fig. S12P).

Abcal overexpression reduces neurodegeneration, tau pathology, microglia activation and
lipid accumulation in 9.5-month-old TE4 mice.

To test whether overexpression of the LXR-target gene Abcal was sufficient to attenuate
pathology in TE4 mice, we crossed TE4 mice with transgenic mice overexpressing Abcal
~2-fold in the brain.3° Using primary microglial cultures, we first confirmed that Abcal/E4
microglia expressed Abcal at increased levels compared to non-Abcal transgenic microglia
(Fig. 8A). We then assessed TE4 and TE4/Abcal mice at 9.5 months of age. TE4/Abcal
mice were strongly protected from hippocampal and entorhinal/piriform cortex atrophy (by
~50%) when compared to TE4 mice (Fig. 8B-D); however, the ventricular volumes were not
significantly changed (Fig. 8B and E). The overall reduction in brain neurodegeneration in
TE4/Abcal vs TE4 mice was further accompanied by a significant (~50%) decrease in levels
of the neurofilament light chain protein (NfL) in plasma of TE4/Abcal vs TE4 mice (Fig.
8F) and a functional improvement on nesting behavior test (Fig. 8G).

To assess the effects of Abcal overexpression on tau pathology, we quantified the area
covered with the AT8 staining in hippocampus and cortex of TE4/Abcal and TE4 mice
(Fig. 8G-I). We detected a significant ~40-60% reduction in AT8 staining in hippocampus
and cortex of TE4/Abcal vs TE4 mice (Fig. 8H and I). We then assessed microglial/
macrophages in TE4/Abcal vs TE4 mice by performing Ibal and CD68 co-immunostaining
and observed a ~40-60% decrease in Ibal and CD68 immunoreactivity in both hippocampus
and cortex of TE4/Abcal vs TE4 mice (Fig. 8J-L). We also detected a marked ~80%
reduction in BODIPY staining in TE4/Abcal vs TE4 mice (Fig. 8M, N). Altogether, these
results suggest that Abcal overexpression in TE4 markedly protects the TE4 mice from
neurodegeneration, tau pathology, microglial reactivity, and lipid accumulation, similar to
the LXR-agonist GW3965 diet.

DISCUSSION

ApoE isoforms may differentially regulate brain lipid metabolism in AD and primary
tauopathies.1:6:9:16.24.40 We found marked perturbation of forebrain lipid metabolism and
accumulation of neutral and oxidized lipids in microglia of 9.5-month-old P301S tauopathy
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mice that occurs in an ApoE-isoform and tauopathy-dependent manner. Multiple studies on
astrocytes, microglia, and oligodendrocytes derived from iPSCs demonstrate an important
role for ApoE4 in cholesterol metabolism pathways.6-9 Utilizing the P301S/ApoE Kl
mouse models of tauopathy that develop marked neurodegeneration, tau pathology and
neuroinflammation in an ApoE-dependent fashion, we demonstrate an accumulation of

CE species within the forebrain, including within microglia of TE4 mice compared to

TE3 mice. Importantly, while we did not detect substantial levels of neutral or oxidized
lipids in glia of TEKO or TE3 mice by immunostaining, large accumulations of BODIPY™*
neutral lipids were observed within microglial phagolysosomes of TE4 mice. Combining
FACS isolation of glial cells with LCMS analyses,* we showed that the neutral lipids that
accumulate in TE4 microglia are likely CE species, rather than triglycerides, as observed for
instance in microglia derived from APP knock-in mice.#! This suggests ApoE4 expression
promotes buildup of neutral lipids/CEs in microglial lysosomes during tauopathy and
neurodegeneration in TE4 mice. In contrast, elevated CE species detected by lipidomic
analysis in ApoE KO brain do not appear to reside in microglial lysosomes. This difference
in subcellular localization of lipid accumulations is likely somehow related to different
effects of ApoE4 vs. ApoE KO on neurodegeneration in the presence of tau pathology.
Another possibility is that CE-associated neurotoxicity requires extracellular transport by
ApoE, which could explain why TEKO mice are protected despite CE accumulation. In line
with lysosomal lipid accumulation in TE4 mice, we also detected significant E4-dependent
increases in endolysosomal phospholipid BMP, which typically accumulates in lysosomal
storage disorders and was recently reported to facilitate lysosomal lipid degradation in
other models of neurodegeneration.#2 As ApoE4 alone results in an increase in BMP, this
suggests that ApoE4 leads to an increase in endolysosomal stress. However, as the increase
in microglial CE only occurs with tauopathy and ApoE4, this suggests that CE accumulation
in microglial lysosomes may be most damaging. Together, these results suggest that ApoE4
and Tau pathology may synergistically exacerbate neurodegeneration via dysregulation of
cholesterol homeostasis and endolysosomal lipid processing within glia. Elevation of CEs
and BMPs was also observed in LOAD patients’ entorhinal cortex, suggesting disease
relevance.344 Fatty acid profiles from lipid rafts in AD brain generally show decreases in
PUFA and these trends are noticeable in entorhinal cortex and frontal cortex in the earliest
stages of disease. Understanding the lipid class and acyl-group dynamics discussed provides
additional relevance to existing human data.

Lipid accumulation in microglia could stimulate deleterious inflammatory responses,
including pro-inflammatory cytokine production, thus contributing to severe
neurodegeneration observed in TE4 mice.10:17.18:44.45 T test whether alleviating lipid
accumulation could reduce inflammation and neurodegeneration in TE4 mice, we utilized
the synthetic LXR agonist GW3965. Previous studies in models of amyloid-f deposition
demonstrated that GW3965 present in the diet at levels of 10-33 mg/kg per day leads to a
dose-dependent reduction in amyloid-p load and an increase in extracellular ApoE lipidation
by promoting cholesterol efflux largely via ABCA1 upregulation.2”46 Although these and
other past studies largely focused on the beneficial effects of LXR/RXR agonists in the
setting of different ApoE isoforms, different levels of Abcal,#’~50 or in amyloid models that
do not develop tau pathology or neurodegeneration, to date no one has explored the role
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of LXR agonism/Abcal overexpression in regulation of tau-induced neurodegeneration in
relation to inflammation, brain lipid metabolism and gene expression changes.

Here, we report that administration of GW3965 results in CNS target engagement,

based on brain ABCA1 upregulation, and causes a significant decrease in tau pathology
and associated neurodegeneration and neuroinflammation, and improvement in nesting
behavior in TE4 mice. LXR agonist treatment markedly reduced free cholesterol and

CE accumulation in the forebrain of TE4 mice and promoted the clearance of neutral
lipids in TE4 microglia. Importantly, the beneficial effects of LXR diet on tau pathology,
neurodegeneration and glial lipid accumulation were also recapitulated in 9.5-month-old
TE4 mice overexpressing Abcal, indicating that promoting cholesterol efflux via the
LXR-target gene Abcal may be a mechanism by which an LXR agonist protects against
tau-dependent neurodegeneration.

LXR activation modulates pro-inflammatory responses in animal models of atherosclerosis
and neuroinflammation via inhibition of NF-kB and STAT-dependent gene transcription.>1:52
These pathways were recently demonstrated to play an important role in microglial
activation in context of tau pathology. 2253 Additionally, several cytokines, including IL-18
and IL-6, can directly induce tau phosphorylation /n vitro thus potentially contributing to

the development of tau pathology.>4-56 We observed significant decreases in major cytokine/
chemokine levels in forebrains of 9.5-and 7.5-month-old TE4-LXR mice vs. TE4-Ctrl and
decreases in several cytokines/chemokines /in vitroin LXR agonist-treated E4 microglia.
There were also significant reductions in hippocampal CD8+ T cells and GFAP+ reactive
astrocytes and Clec7a+ microglia in cortex and hippocampus of TE4-LXR mice, consistent
with reduced neuroinflammation in LXR agonist-treated mice.

Overall, we demonstrate that ApoE4 plays a fundamental role in cholesterol dysregulation
in glia in the setting of tauopathy. These events are likely linked with microglial reactivity
that has been reported to significantly exacerbate tau pathology and neurodegeneration in
TE4 mice. LXR agonist GW3965 or overexpression of Abcal in the brain of TE4 mice
reduces sterol accumulation and inflammation in microglia and mitigates tau pathology,
neurodegeneration, and synapse loss resulting in improvement of proteasome and synapse
gene expression in neurons. It is worth noting, that higher levels of Abcal expression in
mouse brain via transgenic or viral gene delivery of Abcal or alternative LXR agonist
treatment paradigms could yield even higher degree of neuroprotection in TE4 mouse
model. Additionally, other cell types (e.g., neurons, astrocytes, oligodendrocytes, cells of
the blood-brain-barrier) not limited to microglia as well as other pathways could play a
significant role in promoting the effects of LXRs and Abcal in aged TE4 mice.

STAR METHODS

Resource Availability

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, David M. Holtzman (holtzman@wustl.edu).
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Materials availability

This study did not generate new unique reagents.

Data and code availability

. Mouse bulk (GSE242693) and snRNA-seq data (GSE242180) from this study
are deposited in the Gene Expression Omnibus (GEO) database.

. No custom code was used.

. Any additional information required to reanalyze the data reported in this work
paper is available from the Lead Contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals—The P301S tau transgenic mice (Stock No. 008169, Jackson Laboratories)
overexpressing human 1N4R tau harboring the P301S mutation under PrnP promoter were
backcrossed to C57BL/6 mice (Stock No. 027, Charles River) for more than 10 generations.
These animals were then crossed to the human ApoE3 flox/flox ApoE4 floxiflox o ApoE KO
animals to generate P301S/ApoE Kl or P301S/ApoE KO mice on murine apoE knockout
background as previously described.89 The Abcal line D transgenic mice overexpressing
mouse Abcal under control of the PrnP promoter (Cryopreserved, Holtzman Lab — Not
available at JAX) were backcrossed to ApoE4 floX/flox for more than 10 generations

to generate Abcal/ApoE4 mice on murine apoE background.39 These mice were then
backcrossed to P301S/ApoE4 mice to generate P301S/Abcal/ApoE4 mice. Only male mice
were used in this study unless stated otherwise in text or figure legends, Male P301S/ApoE4
mice were reported previously to develop significantly higher levels of neurodegeneration
and tau pathology by 9.5 months of age (Wang et al., 2021). The animals were housed in a
pathogen free mouse facility with ad /ibitum access to food and water on a 12hr light/dark
cycle. All animal procedures and experiments were performed under guidelines approved
by the Institutional Animal Care and Use Committee (IACUC) at Washington University
School of Medicine.

METHOD DETAILS

GW3965 LXR agonist diet treatment—Rodent AIN-76 chow diet was supplemented
with 40 mg/kg of GW3965 compound (HY-10627, MCE inhibitors) to provide 10 mg/kg
animal weight daily intake upon manufacturer’s suggestion (Research Diets Inc.). Animals
received control AIN-76 or AIN-76 diet supplemented with GW3965 starting from 6 months
of age for 3.5 months. Animals had equal diet preferences and equal daily diet intake (data
not shown). Mice were sacrificed at 285 days (9.5 months) for further analyses unless stated
otherwise in the text.

Nesting behavior—Two days before collection, group-housed mice were separated into
single-housing cages and provided with pre-weighted square nestlets. The remaining nestlets
were weighted 24 hrs after, and animals were assigned the nesting score from 1 to 5 based
on the percentage of remaining nesting material and shredded conditions: 1 - < 10% nestlets
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used; 2 — 10-50% nestlets used; 3 — 50-90% nestlets used; 4 — 90% nestlets used, but the
nest is flat and uncompact; 5 — 100% nestlets used to make round nests with high walls.>8

Fear conditioning—Fear conditioning tests was performed in E4 and TE4 mice at 7
months of age as previously described.>® In brief, on day one each mouse was placed into
the conditioning chamber for 5 min to record the baseline freezing response during a 2 min
period. After that, a conditioned stimulus (80 dB tone) was presented for 20s followed by
an unconditioned stimulus (1.0 mA electric shock) presented for 1s. The tone-shock (T-S)
pairing was repeated for the next 2 min, and the freezing response was quantified after each
of the three tone-shock pairings. Twenty-four hours after training, each mouse was placed
into the original chamber, and the contextual freezing response without tone or electric
shock present was recorded for 8 min. Twenty-four hours after, each mouse was placed
into a new chamber and presented with the auditory cue, freezing response was recorded
for another 10 min, including 2 min of “altered context” baseline and 8 min of actual tone
response. FreezeFrame (Actimetrics) software was used for the mouse behavior recording
and analysis.

Brain volumetric analysis—After perfusion and tissue collection, mouse left
hemispheres were fixed with 4% paraformaldehyde overnight and then incubated in 30%
sucrose for at least 24 hrs. Serial 50-um thick coronal sections were cut on a Leica SM2010
Sliding Microtome for further analyses. Every sixth brain section (300um apart) between
bregma +2.1 mm to bregma —3.9 mm was used for volumetric analysis of hippocampus,
entorhinal/piriform cortex, and ventricle (7-8 brain sections per animal depending on
degree of brain atrophy). Sections were stained with 0.25% cresyl violet for 5 min at

room temperature, dehydrated in ethanol, cleared with xylene and then coverslipped with
cytoseal. Slides were imaged with the Nanozoomer 2.0-HT system (Hamamatsu) at 20x
magnification, and areas of interest were traced using the NDP Viewer software. The volume
of region of interest was quantified using the following formula: volume = (sum of area) *
0.3 mm. To quantify the thickness of the dentate gyrus granular cell layer, a scale was drawn
perpendicular to the cell layer at two spots on all slices, the average thickness value for each
mouse was determined.

Immunostaining—For each experiment, three hippocampus-containing brain sections
(300um apart) were selected for further immunofluorescent/immunchistochemical analysis.
Briefly, after washing in TBS, sections were blocked with 2% donkey serum in TBS with
0.4% Triton X-100 buffer, then incubated with primary antibodies (AT8, Ibal, CD68, GFAP,
Clec7a, P2ry12, E06, Synaptophysin, PSD95) diluted in blocking solution overnight at 4C
followed by the incubation with secondary antibodies for 1hr at room temperature the next
day. DAB staining was carried out using VECTASTAIN Elite ABC Kit (PK-6200) following
manufacturer’s instructions. After washing in TBS, sections were mounted in Prolong Gold
Solution with DAPI or Cytoseal (ThermoFisher Scientific, 8310-16).

For BODIPY staining, the brain sections were first incubated with primary antibodies in 2%
donkey serum in TBS for 48hrs at 4C followed by incubation with secondary antibodies in
in 2% donkey serum in TBS for 3—4 hrs at room temperature. Sections were then washed 3
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times in PBS and incubated in BODIPY solution at 1:1000 for 15 min, washed 3 times in
PBS, mounted and coverslipped wet as previously described.3

Primary cortical microglial culture—For each independent culture, an entire litter

(~6 pups) of P2 floxed ApoE4fIoX/flox K| mice (Cure Alzheimer’s Fund, Taconic) were
pooled. The pups were decapitated, and heads rinsed in a petri dish containing ice cold
HBSS (Gibco, 14175-079). The brains were removed and placed into another Petri dish of
HBSS where each complete cortex was dissected from the brainstem, midbrain, olfactory
bulbs, meninges, and hippocampi. Cortices were pooled into 5 mL of ice cold HBSS,
centrifuged at 300g for 5 min at 4C, and resuspended in 1 mL/brain of pre-warmed 0.25%
Trypsin-EDTA (Gibco, 25200-056). The mixture was triturated ~10 times with a 1000

uL pipette tip, incubated at 37C for 2 minutes, then triturated again. The trypsin was
inactivated with the addition of 2 volumes of astrocyte cell culture media comprised of 10%
heat-inactivated FBS (Gibco, A38400-01) and 1% Penicillin-Streptomycin (Gibco, 15140-
122) in supplemented DMEM (Gibco, 10569-010). After mixing, the cell suspension was
filtered through a 100 um filter and spun at 300g for 5 min at RT. Cells were resuspended

in media and seeded into T75 flasks (TPP) coated with 10 ug/mL poly-L-lysine (Sigma,
P4707). Each flask received the equivalent of ~2 brains. After 2-3 days of incubation at
37C, the media was aspirated and replaced. For general maintenance, media was replaced
every 7 days. To scale up microglia for experiments, the mixed glial cultures were stimulated
with 4 ng/mL GM-CSF (Biolegend, 576304) in astrocyte media for 2—-3 days. Once the
desired microglial density was achieved, the microglia were separated from the astrocytes by
shaking at 200 rpm for 1 hour at 37C. The microglial suspensions were spun at 500g for 5
minutes at 4°C and the pellets resuspended in astrocyte media. Cells were counted using a
Countess automated cell counter and 15,000 cells in 200 uL media were seeded into each of
96-well tissue culture-treated glass-bottom microplates (ibidi, 89626). Cells were allowed to
adhere for 30 minutes at RT before returning to the incubator to promote even adhesion. Up
to four stimulation-harvest cycles were performed per culture.

Myelin uptake and clearance assays—Mpyelin debris were isolated from 10 week old
male C57BL/6J as previously described®2. In the present manuscript, the concentration of
myelin is reported as bulk mass per volume PBS, not as a protein concentration. The day
after seeding, microglia were rinsed once and then covered with 100 uL/well of serum free
microglia media comprised of 0.1% BSA (Sigma, A1470), 10 ng/mL M-CSF1 (Biolegend,
576404), 1X GlutaMax (Gibco, 35050-061), 1X Sodium Pyruvate (Gibco, 11360-070), 1%
Penicillin-Streptomycin, and 1X ITS supplement (R&D, AR013) in DMEM/F12 (Gibco,
11330-032). For uptake assays, 50 uL of 3X GW3965 (Sigma, G6295, 5 uM final
concentration) or DMSO in serum free media were added to the appropriate wells. After
24 hours of drug pre-treatment, 50 uL of media containing 4X myelin and 1X drug were
added so the final concentration of myelin was 0.5 mg/mL, and the drug concentration was
unchanged. The cells were treated with drug and myelin debris in a staggered manner such
that all of the indicated time points were collected at the same time in the same plate.

For the clearance experiments, 50 uL of 3X myelin (0.5 mg/mL final concentration) were
added to the appropriate wells for 24 hours before the cells were rinsed once with 100
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uL/well serum free media. After the wash was aspirated, 100 uL/well of 1X LXR agonist
or DMSO in serum free media were added back to the cells. The cells were treated with
myelin debris and drug in a staggered manner such that all of the indicated time points were
collected at the same time in the same plate.

At the time of harvest, the cell media was collected into \V-bottom plates and spun at 500g
for 5 min at 4°C. Supernatants were moved to fresh PCR plates, sealed, and frozen at
—-80°C until subsequent cytokine analysis. The adhered cells were fixed with 4% PFA/PBS
(EMS) or 10% buffered formalin (Fisherbrand) for 15-30 minutes at RT, rinsed twice with
100 uL/well PBS and stored sealed and covered at 4°C. Once all plates were ready for
staining, the PBS was aspirated and replaced with a staining solution comprised of 1:1000
LipidTox Green (Invitrogen, H34475), 1:3000 Hoechst 33342 (Invitrogen, H3570), and
1:100 ProLong Live (Invitrogen, P36975) in PBS. Plates were stained for 2-3 days sealed
and covered at 4°C before imaging on a Cytation 5 high content imager. After the neutral
lipid images were acquired, cells were permeabilized with 0.2% Triton X-100/PBS for 10
minutes, rinsed twice with PBS, blocked with 5% donkey serum/PBS, and incubated with
antibodies to Ibal (rabbit, Wako, 019-19741, 1:500) in 1% donkey serum/PBS overnight
at 4°C with rocking. After two PBS washes, cells were incubated in secondary antibodies
(Alexa Fluor anti-mouse-647 and anti-rabbit-594, 1:1000) for 1 hour at RT, rinsed twice
with PBS, covered with ProLong Live/PBS, and imaged using the Cytation 5.

Imaging and analysis of myelin uptake and clearance assays—~For each well,

a 4x4 matrix of evenly spaced 20X images were acquired with a Cytation 5 high content
imager using the Hoechst nuclear stain as the laser autofocus channel. Image analysis

was performed using the Gen5 software version 3.11. Images were stitched, downsized to
75%, and background subtracted using default settings. Thresholded LipidTox signal area
measurements were and divided by nuclei count. Images containing substantial fluorescent
debris were manually identified and omitted. In general, several thousands of cells from
14-16 images per well for 2-3 wells were analyzed per group.

Image Acquisition and Analysis—Confocal images were acquired using Zeiss LSM
980 Confocal microscope with Airyscan. For quantification of reactive glial activation

and NFT load, fluorescent and DAB stainings were also scanned on Leica Stellaris 8
Confocal Microscope with 20x objective or Nanozoomer 2.0-HT system (Hamamatsu).
Images were processed by ImageJ; background was subtracted by the ImageJ software for
fluorescence images before quantification. All analyses were performed blinded to treatment
and genotype.

IMARIS software with SURFACE and COLOCALIZE Functions was used for
quantification of E06 and BODIPY signals within glial cells. Synaptic puncta
colocalization was estimated as previously described.%2 Following co-immunostaining with
anti-synaptophysin, anti-PSD95 and anti-1bal antibodies, brain sections were imaged on

a Zeiss LSM 980 Confocal Microscope with Airyscan with 63x objective and 1.6x zoom
using 0.2 mm step. Image background was subtracted using ImageJ, and the total number
of synaptophysin, PSD95 and colocalized puncta was estimated using IMARIS software
with SPOTS function and COLOCALIZE Spots MAT Lab script. IMARIS SURFACE
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function was used to estimate the volume of engulfed synaptophysin or PSD95 material by
Ibal-positive microglia.

Protein extraction—Mouse posterior cortical tissues were sequentially homogenized with
RAB, RIPA and FA buffers as previously described 2°. Briefly, brain tissues were first
homogenized with RAB buffer (100mM MES, 1mM EGTA, 0.5mM MgS0O4, 750mM NaCl,
20mM NaF, 1mM Na3VO04, pH=7.0), supplemented with protease/phosphatase inhibitors
(Complete and PhosStop, Roche) and centrifuged at 50,0009 for 20 min; the supernatant
was collected as a RAB-soluble fraction. The pellet was resuspended in RIPA buffer
(150mM NaCl, 50mM Tris, 0.5% deoxycholic acid, 1% Triton X-100, 0.1% SDS, 5mM
EDTA, 20mM NaF, 1mM Na3VO4, pH 8.0 with protease/phosphatase inhibitors), sonicated,
and centrifuged at 50,000xg for 20 min; the supernatant was collected as a RIPA-soluble
fraction. The pellet was then dissolved in 70% formic acid, sonicated, and centrifuged at
50,000x%g for 20 min; the supernatant was collected as a FA-soluble fraction. All fractions
were stored at —80C until further analyzed.

Western Blot—Mouse brain tissues were lysed in RIPA buffer supplemented with
protease/phosphatase inhibitors, sonicated, incubated on ice for 30 min and centrifuged

at 20,000g for 15 min at 4C. Protein concentrations were determined with Micro BCA
Protein Assay Kit. Proteins were separated by SDS-PAGE using 4-12% NuPage gels and
then transferred on nitrocellulose membrane using iBlot2 system. The membranes were
blocked with 1-5% milk in TBST buffer, incubated with primary antibodies (HJ-1 mouse
monoclonal anti-Abcal-antibody, made in house or actin) overnight at 4C. The next day,
membranes were incubated with corresponding secondary HRP-conjugated antibodies for
1hr at room temperature. The HRP-signal was developed with Pierce on ChemDoc MP
Imaging System (Bio-Rad).

ELISA—Total tau, phospho-tau and ApoE Elisa were performed as described previously
25 Tau 5 (gift from L. Binder, Northwestern University, Chicago, IL), HJ14.5 (anti-human
phospho-tau Thr181 antibody, made in-house) or HJ15.6 (anti-human ApoE antibody, made
in-house) antibodies were used as coating antibodies for Tau or ApoE ELISASs. Biotinylated
HT7 (ThermoFisher Scientific, MN1000B), AT8 (ThermoFisher#MN1020B) or HJ15.4 (in
house-made) antibodies were used as detection antibodies for total tau, phospho-tau and
ApoE ELISAs, respectively. Plasma neurofilament light chain (NfL) protein levels were
measured by NF-Light Simoa Assay Advantage kit (103186) on Quanterix SIMOA HD-X
according to manufacturer’s instructions. Invitrogen Immune Monitoring 48-Plex Mouse
ProcartaPlex Panel (EPX480-20834-901) was used to measure cytokines/chemokines in
mouse brain lysates and in conditioned media from primary microglia.

Fluorescent-activated cell sorting (FACS)—After perfusion with PBS, fresh mouse
brain tissues were dissected into two hemispheres: one was used for immunostaining and
forebrain lipidomic analysis, the other one - for preparation of single cell suspension

for FACS using the Milteniy mouse brain dissociation kit according to manufacturer’s
instructions (Milteniy Biotec 130-107-677). Cells were then blocked with Fc and stained
with CD45-BV421, CD11b-FITC and ASCA2-APC antibodies for 25 minutes, washed in
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FACS buffer and passed through 100um filter prior to cell sorting as described previously
463 CD45%/CD11b* microglia and ACSA-2* astrocytes were separated by FACS Acria Il
(BD Biosciences) with a 100um nozzle and collected for downstream qRT-PCR or lipidomic
analyses.

Brain sample collection and preparation for LCMS analysis—Coronal mouse
brain sections (Imm-thick) were flash frozen in liquid nitrogen after PBS perfusion. P301S/
ApoE KI male and female mice (N=6/gender/genotype) were used in lipidomic experiments
to account for potential sex-dependent differences in mouse brain lipidome (not detected).
Otherwise, only male mice were used for lipidomics. Brain sections from matched forebrain
regions were placed in a 1.5mL lo-bind tube (Eppendorf) containing a 3 mm stainless steel
bead (QIAGEN) with 400 pL of LCMS grade methanol containing 2ul of internal standard
master mix (see Table S1). Tubes were lysed using TissueLyser (QIAGEN) for 30 sec at
25Hz and 4°C. 20 uL of sample was removed for protein concentration measurements using
the bicinchoninic acid (BCA) assay (Pierce, Rockford, IL, USA). Lysate was spun for 20
min, 18,000 x gat 4°C. Supernatant was transferred to new Eppendorf vials and incubated
for 1 hr at =20 °C for further precipitation of proteins. These samples were centrifuged for
at 21,000 x g for 10 min at 4 °C. Resultant supernatants were transferred to glass vials and
stored at —80 °C until LCMS analyses. For LCMS of FACS-isolated cells, 400 pL of LCMS
grade methanol containing internal standards was added, followed by 5 min shaking at 2000
rpm on a Thermomixer. Next, 800 pL of methyl-tert-butyl ether (MTBE) was added to each
sample. After another 5 min shaking at 2000 rpm on a Thermomixer, samples were spun at
18,000 x g for 10 min at 4°C. The MTBE supernatant was collected for LCMS analysis.

Targeted LC-MS/MS Lipidomic Analyses—L.ipidomics profiling comparing the effects
of ApoE KO and ApoE isoforms with or without tauopathy were performed as described
previously using an ACQUITY I-Class Plus UPLC system coupled to XEVO TQ-S

Micro triple quadrupole electrospray mass spectrometer (Waters).? Lipidomics analyses
examining the effects of LXR treatments were performed using an Agilent 1290 Infinity I
UPLC system coupled to Agilent 6495c triple quadrupole electrospray mass spectrometer
(Agilent). Targeted analysis of lipids were performed in both positive (141 lipid species) and
negative (119 lipid species) ionization modes. For these analyses, 5 pl of above extracted
samples were injected and analytes were resolved using an ACQUITY UPLC BEH C18

1.7 um, 2.1 x 100 mm column (Waters) with flow rate set at 250 pl/min and column
temperature set at 55 °C. For positive ionization mode, mobile phase A consisted of 60:40
acetonitrile/water (v/v) with 10 mM ammonium formate + 0.1% formic acid and mobile
phase B consisted of 90:10 isopropyl alcohol/acetonitrile (v/v) with 10 mM ammonium
formate + 0.1% formic acid. For negative ionization mode, mobile phase A consisted of
60:40 acetonitrile/water (v/v) with 10 mM ammonium acetate + 0.1% acetic acid; mobile
phase B consisted of 90:10 isopropyl alcohol/acetonitrile (v/v) with 10 mM ammonium
acetate + 0.1% acetic acid. The gradient was programmed as follows: 0.0-8.0 min from 45%
B to 99% B, 8.0-9.0 min at 99% B, 9.0-9.1 min to 45% B, and 9.1-10.0 min at 45% B.
Mass spectrometer source settings for XEVO TQ-S Micro were as follows: capillary voltage
at 2.0 kV; source temperature at 150°C; desolvation temperature at 400°C; desolvation gas
flow at 1000 L/hr; cone gas flow at 25 L/hr; cone voltage at 40 V; nebulizer gas at 7 bar.
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Source settings for Agilent 6495¢ were as follows: sheath gas temperature at 350 °C, sheath
gas flow set at 12 I/min, gas temperature at 200 °C, gas flow set at 15 I/min, capillary
voltage at 3.0 kV, nozzle voltage at 1.0 kV. Data acquisition was performed in multiple
reaction monitoring mode (MRM) with the specific Q1/Q3 mass m/z values reported in
Table S2. Lipids were identified based on specific retention times and mass transitions listed
in Table S2. Glucosylceramide (GlcCer), galactosylceramide (GalCer), glucosylsphingosine
(GlcSph) and galactosylsphingosine (GalSph) analyses were performed using an Agilent
1290 Infinity Il UPLC system coupled to Agilent 6495c triple quadrupole electrospray
mass spectrometer (Agilent). For each analysis, 10pL of sample was injected on a HALO
HILIC 2.0 pm, 3.0 x 150 mm column (Advanced Materials Technology, Wilmington, DE,
USA) using a flow rate of 0.45 mL/min at 45°C. Mobile phase A consisted of 92.5/5/2.5
acetonitrile/ isopropy! alcohol/water with 5 mM ammonium formate and 0.5% formic acid.
Mobile phase B consisted of 92.5/5/2.5 water/ isopropyl alcohol/acetonitrile with 5 mM
ammonium formate and 0.5% formic acid. The gradient was programmed as follows: 0.0-
3.1 min at 100% B, 3.2 min at 95% B, 5.7 min at 85% B, hold to 7.1 min at 85% B, drop

to 0% B at 7.25 min and hold to 8.75 min, ramp back to 100% at 10.65 min and hold to 11
min. Electrospray ionization was performed in the positive-ion mode applying the following
settings: sheath gas temperature at 125 °C, gas flow set at 15 I/min, gas temperature at 225
°C, sheath gas flow was set at 3 I/min. Data acquisition was performed in MRM mode with
the transitions and retention time values reported in Table S2.

For quantification, Skyline (Version 19, MacCoss Lab) was used to integrate and obtain
areas for endogenous lipid species and those of spiked in internal standards. Areas of
endogenous lipids were divided by specific spiked in surrogate internal standards of the
same lipid classes listed in Table S2. Relative quantification of each lipid species was
performed by dividing integrated areas of endogenous lipids with areas obtained from spiked
in surrogate internal standards listed in Table S2.

Statistical analysis of lipidomics data—Area ratios of endogenous lipids were

log2 transformed for all downstream analyses. Unwanted variations in data unrelated

to biological factors of interests were removed using the ruv package (version 0.9.7.1).
Statistical differences in means were assessed by using robust linear model using the limma
package (version 3.52.4). Volcano plots of differentially regulated lipids were created using
the enhanced volcano package (version 1.32.1). Heatmaps were created using the pheatmap
package (version 1.0.12). Weighted lipid co-expression analysis was performed using the
WGCNA package (version 1.71) using brain NfL values as quantitative trait. For this
analysis, a thresholding power of 6 with minimum module size of 10 and cut height of 0.25
was used for initial clustering of lipid features. Association between 9 eigenlipids modules
and tissue NfL concentrations were assessed by Pearson correlation. The association of
specific lipids within eigenlipid modules significantly correlated with NfL was further
investigated to identify top-drivers of NfL phenotype. All statistical analysis were performed
using R statistical software (v4.2.1, R Core Team 2021).

RNA extraction and gRT-PCR analysis—Total RNA was extracted from frozen brain
tissues using RNeasy mini kit (Qiagen, 71404) with Trizol. Reverse transcription was carried
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out using Superscript IV First Strand synthesis system (Invitrogen, 18091050). The qPCR
analysis was performed using TagMan primers using TagMan Universal PCR Master Mix
(Applied Biosystems, 43044437) on StepOnePlus or Quant Studio 12K Flex Real-Time
PCR machines (Applied Biosystems) or Fluidigm Biobank HD Real-Time PCR System in
collaboration with Genome Technology Access Core (GTAC) at Washington University in
Saint-Louis.

Isolation of single nuclei from frozen tissues—Frozen hippocampi from 4 mice of
the same genotype/treatment were pooled as a single sample. 8 mice per genotype/treatment
were used to run the experiment in duplicates. Tissue was homogenized with Dounce
homogenizer in lysis buffer (10mM Tris-HCI, pH 7.4, 10mM NaCl, 3mM MgCl2, 0.005%
NP-40, 0.2 U/ul RNAase Inhibitors in nuclease-free water), and incubated on ice for 15 min.
The suspension was filtered through a 30um MACS filter to remove debris and centrifuged
at 500g for 5 min at 4C. After removal of supernatant, the nuclei pellet was washed,
resuspended in Nuclei Wash Buffer (1% BSA and 0.2 U/ul RNAase Inhibitors in PBS) and
centrifuged to remove cellular debris 2 more times. The nuclei pellet was then resuspended
in 500ul of Nuclei Wash Buffer, mixed with 900ul Sucrose Cushion Buffer (2.7ml of Nuclei
Pure 2M Sucrose Cushion Solution and 2ml of 1M Sucrose Cushion Solution mixture),
layered on top of 500ul of Sucrose Cushion Buffer in a 2ml Eppendorf tube and centrifuged
at 13,000 x g for 45 min at 4C. After centrifugation, the nuclear pellet was resuspended in
Nuclei Wash and Resuspension Buffer. ~1200 nuclei/ul were then used for 10x Genomic
protocol.

Single-nuclei RNA sequencing—Isolated nuclei from 4 groups of mice were subjected
to droplet-based 3énd massively parallel single-cell RNA sequencing using Chromium
Single Cell 3" Reagents Kits (10x Genomics) following manufacturer’s instructions. The
libraries were sequenced using Illumina HiSeq3000 machine at GTAC core at Washington
University in Saint-Louis. Sample demultiplexing, barcode processing, and single-cell 3°
counting were performed using the Cell Ranger Single-Cell Software Suite (10x Genomics).
Cell Ranger count was used to align samples to a custom pre-mRNA reference package
(mm10) containing the human APOE gene, quantify reads, and filter reads with a quality
score below 30.

Data processing with Seurat package—The Seurat v3 package was used for data
processing. For quality control, cell-free RNA contamination in each sample was removed
using SoupX package in R. Nuclei with mitochondrial content >5% ot total UMI <200

or >300 were then removed, gene counts were normalized and variable features identified
using the SCTransform function using Seurat. The top 3000 variable genes were used to
integrate experimental groups using the PrepSCT Integration, FindIntegrationAnchors, and
IntegrateData commands in Seurat. Principal Component Analysis (PCA) was used on
the integrated dataset to select top 20 PCA for downstream analysis using FindNeighbors
algorithm. FindClusters algorithm with 0.1 — 1.2 granularity and 0.5 resolution was used
to cell clustering analysis. Differential gene expression analysis with MAST test were
performed using the MAST package to identify gene markers specific to individual cell
clusters.64
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Bulk RNA Sequencing and Analysis—Samples were prepared according to library kit
manufacturer’s protocol, indexed, pooled, and sequenced on an Illumina NovaSeq 6000.
Basecalls and demultiplexing were performed with Illumina’s bcl2fastq software and a
custom python demultiplexing program with a maximum of one mismatch in the indexing
read. RNA-seq reads were then aligned to the Ensembl release 101 primary assembly with
STAR version 2.7.9a.55 Gene counts were derived from the number of uniquely aligned
unambiguous reads by Subread:featureCount version 2.0.3.86 Isoform expression of known
Ensembl transcripts were quantified with Salmon version 1.5.2.87 Sequencing performance
was assessed for the total number of aligned reads, total number of uniquely aligned

reads, and features detected. The ribosomal fraction, known junction saturation, and read
distribution over known gene models were quantified with RSeQC version 4.0.58

All gene counts were then imported into the R/Bioconductor package EdgeR and TMM
normalization size factors were calculated to adjust for samples for differences in library
size.%® Ribosomal genes and genes not expressed in the smallest group size minus one
samples greater than one count-per-million were excluded from further analysis. The TMM
size factors and the matrix of counts were then imported into the R/Bioconductor package
Limma.”® Weighted likelihoods based on the observed mean-variance relationship of every
gene and sample were then calculated for all samples with the voomWithQualityWeights
function and were fitted using a Limma generalized linear model with additional unknown
latent effects as determined by surrogate variable analysis (SVA) 1. The performance of
all genes was assessed with plots of the residual standard deviation of every gene to their
average log-count with a robustly fitted trend line of the residuals. Differential expression
analysis was then performed to analyze for differences between conditions and the results
were filtered for only those genes with Benjamini-Hochberg false-discovery rate adjusted
p-values less than or equal to 0.05.

For each contrast extracted with Limma, global perturbations in known Gene Ontology (GO)
terms, MSigDb, and KEGG pathways were detected using the R/Bioconductor package
GAGE to test for changes in expression of the reported log 2 fold-changes reported by
Limma in each term versus the background log 2 fold-changes of all genes found outside
the respective term.”2 The R/Bioconductor package heatmap3was used to display heatmaps
across groups of samples for each GO or MSigDb term with a Benjamini-Hochberg false-
discovery rate adjusted p-value less than or equal to 0.05.73 Perturbed KEGG pathways
where the observed log 2 fold-changes of genes within the term were significantly perturbed
in a single-direction versus background or in any direction compared to other genes within
a given term with p-values less than or equal to 0.05 were rendered as annotated KEGG
graphs with the R/Bioconductor package Pathview. 74

To find the most critical genes, the Limma voomWithQualityWeights transformed log

2 counts-per-million expression data was then analyzed via weighted gene correlation
network analysis with the R/Bioconductor package WGCNA.37 Briefly, all genes were
correlated across each other by Pearson correlations and clustered by expression similarity
into unsigned modules using a power threshold empirically determined from the data. An
eigengene was then created for each de novo cluster and its expression profile was then
correlated across all coefficients of the model matrix. Because these clusters of genes
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were created by expression profile rather than known functional similarity, the clustered
modules were given the names of random colors where grey is the only module that has

any pre-existing definition of containing genes that do not cluster well with others. These
de-novo clustered genes were then tested for functional enrichment of known GO terms with
hypergeometric tests available in the R/Bioconductor package clusterProfiler.38 Significant
terms with Benjamini-Hochberg adjusted p-values less than 0.05 were then collapsed by
similarity into clusterProfiler category network plots to display the most significant terms for
each module of hub genes in order to interpolate the function of each significant module.
The information for all clustered genes for each module were then combined with their
respective statistical significance results from Limma to determine whether or not those
features were also found to be significantly differentially expressed.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics—All data were analyzed GraphPad Prism 9 software and presented as mean
+/- SEM (* p<0.05, **p< 0.01, *** p <0.001, **** p<0.0001). For simple, two-group
comparisons, Student’s t-test was used. For multiple comparisons, ANOVA followed by
appropriate post-hoc testing was utilized and is specified for each experiment in the figure
legend. All samples or animals were included in the statistical analysis, the value of n per
group is included under figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Lipidomic profiling reveals changes in cholesterol metabolism in P301S/
ApoE4 mice.

LXR agonist GW3965 decreases tauopathy and neuroinflammation in
P301S/E4 mice.

LXR agonist upregulates Abcal and reduces lipid accumulation in vivo and in
vitro.

Abcal overexpression mitigates tauopathy and neuroinflammation in P301S/
ApoE4 mice.
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Fig. 1. ApoE4 induces changes in cholesterol metabolism in forebrains of 9.5-month-old P301S/
ApoEKI mice.

(A) Representative Cresyl Violet staining of brain sections from 9.5-month-old ApoE KO
(EKO) and P301S/ApoE KO (TEKO), ApoE3 (E3) and P301S/ApoE3 (TE3), ApoE4 (E4)
and P301S/ApoE4 (TE4) mice. (B) Quantification of hippocampal (left), entorhinal/piriform
(EC/PC) cortex (middle), and ventricular volumes (right) from 9.5-months-old mice. (C)
Heatmap of significantly changed lipids in forebrains of 9.5-months-old EKO and TEKO,
E3 and TE3, E4 and TE4 mice. (D) Volcano plot of differentially abundant lipids in E4

vs. E3 mice. (E) Volcano plot of differentially abundant lipids in TE4 vs. E4 mice. (F)
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Volcano plot of differentially abundant lipids in TE4 vs. TE3 mice. (G-H) Relative levels

of CE (22:6) (G) and free cholesterol (H) in forebrains of 9.5-month-old mice. (A-1) N=12
(6M and 6F)/genotype. p<0.05. Log2FC>0.5. 181 variables detected. Scale bar in (A):
100um. *p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001. N.S. — non-significant. One-way
ANOVA in B. P.adj. generated by R Statistical package for all lipids detected in lipidomic
profiling analysis in G and H. See also Fig. S1-2.

Neuron. Author manuscript; available in PMC 2025 February 07.
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Fig. 2. ApoE4 induces glial lipid accumulation in P301S mice.
(A) Representative BODIPY (green), Ibal (red) and CD68 (blue) co-immunostaining in

hippocampus of 9.5-month-old EKO and TEKO, E3 and TE3, E4 and TE4 mice. (B-D)
Quantification of BODIPY signal within Ibal cells (B), within CD68-positive lysosomes (C)

and outside CD68-positive lysosomes (D). (E) Representative BODIPY (green) staining and
3D-rendering of BODIPY signal within Ibal-positive microglial lysosomes (CD68-positive)
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of 9.5-month-old TE4 mice. (F-G) Relative levels of cholesteryl esters (CE) (20:4) (F) and

CE (22:6) (G) in astrocytes from 9.5-month-old mice. (H-I) Relative levels of CE (20:4) (H)
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and CE (22:6) (1) in microglia from 9.5-month-old mice. (J) Relative levels of cholesterol in
microglia from 9.5-month old mice. N=12 (6M and 6F)/genotype. Scale bar in (A): 100 um.
Scale bar in (E): 5um. *p<0.05; ** p<0.01; *** p<0.001. N.S. — non-significant. One-way
ANOVA in B-D. P.adj. generated by R Statistical package for all lipids detected in lipidomic
profiling analysis in F and J. See also Fig. S3.
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Fig. 3. LXR agonist GW3965 reduces neurodegeneration, improves nesting behavior score and
reduces phospho-Tau levels in 9.5-month-old TE4 mice.

(A) Representative Cresyl Violet staining of brain sections from 9.5-month-old E4 and TE4
mice treated with either control (Ctrl) or 10mg/kg GW3965 LXR agonist diet (LXR) from
6 to 9.5 months. (B-D) Quantification of hippocampal (B), entorhinal/piriform (EC/PC)
cortical (C) and ventricular brain volumes (D). (E) Neurofilament light chain (NfL) levels
in plasma of 9.5-month-old mice. (F) Nesting behavior score in 9.5-month-old mice. 0 — no
nestlets used; 1 - <10%, 2 — 20-50%, 3 — 50-90% nestlets used; 4 - <10% nestlets unused;
5 — 100% nestlets used. (G) Representative staining of AT8 phospho-tau in hippocampus
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(hpc) and cortex (ctx) of 9.5-month-old TE4 mice. (H) Quantification of AT8 signal in
hippocampus and cortex. (1) Total tau levels in cortical RAB, RIPA and FA fractions. (J)
Phospho-tau (AT8) levels in cortical RAB, RIPA and FA fractions. (K) hApoE levels in
cortical RAB fraction. (L) hApoE levels in liver. Each dot represents one animal: N (E4 —
Ctrl) = 15; N (E4 - LXR) = 15; N (TE4 - Ctrl) = 18; N (TE4-LXR) =21. Male mice. Scale
Bar in A: 1 mm; G: 100 um. *p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001. N.S. -
non-significant. One-way ANOVA in B-E. Fisher’s exact test in F. Student’s T-Test in I-L.
See also Fig. S4.
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Fig. 4. LXR agonist GW3965 reduces microglial and astrocytic activation in 9.5-month-old TE4.
(A) Representative GFAP immunostaining in hippocampus (hpc) and cortex (ctx) of 9.5-
month-old E4 and TE4 mice treated with either control (Ctrl) or 10mg/kg GW3965 LXR
agonist diet (LXR) from 6 to 9.5 months. (B) Quantification of (A). (C) Representative
CD68 (green) and Ibal (red) co-immunostaining in hippocampus (hpc) and cortex (ctx).
(D-E) Quantification of Ibal (D) and CD68 stainings in (C). (F-G) Representative

Clec7a immunostaining with quantification in (G). (H-1) Representative P2ry12 (red)
immunostaining with quantification in (). Each dot represents one animal: N (TE4 - Ctrl) =
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18; N (TE4-LXR) =21. Male mice. Scale bar: 100 um. *p<0.05; ** p<0.01; *** p<0.001.
N.S. — non-significant. Student’s T-Test.
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Fig. 5. LXR agonist GW3965 reduces synaptic loss in 9.5-month-old TE4 mice.
(A and C) Representative synaptophysin immunostaining in in CA3 area of hippocampus

from 9.5-month-old E4 and TE4 mice treated with either control (Ctrl) or 10mg/kg

GW3965 LXR agonist (LXR) and its quantification (C). (B) Representative 3D-rendering

of co-localized synaptophysin (Syn) and PSD95 puncta in hippocampal CA3 area. (D-E

and G) Quantification of co-localized puncta (D), synaptophysin (Syn) (E) or PSD95 (G)

in CA3 area of hippocampus. (F) Representative synaptophysin (Syn, green) and PSD95
(blue) inside Ibal-postive microglia (red) from 9.5-month-old mice with 3D-rendering. (H-1)
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Quantification of synaptophysin (Syn) (H) and PSD95 (1) volumes within Ibal-positive
microglia. Each dot represents one animal: N (E4 — Ctrl) = 15; N (E4 - LXR) = 15; N (TE4
- Ctrl) = 18; N (TE4-LXR) =21. Male mice. Scale bar in A: 100 um; B: 5 um; F: 50um.
*p<0.05; ** p<0.01; *** p<0.001. N.S. — non-significant. One-way ANOVA in C-E, G-I.
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Fig. 6. LXR agonist in 9.5-month-old TE4 mice induces changes in inflammatory response and
cholesterol metabolism at a gene expression level.

(A) Representative heatmap of 1738 DEGs between TE4 vs. E4 mice treated with control
(Ctrl) or GW3965 (LXR) diet from 6 to 9.5 months. P.adj. <0.05. N(E4/treatment)

=5; N(TE4/treatment) =10. Male mice. (B) Top 10 biological pathways (WikiPathway)
enriched in TE4-Ctrl vs. E4-Ctrl with P.adj. <0.05. (C) Top 10 biological pathways
(WikiPathway) enriched in TE4-LXR vs. E4-LXR with P.adj. <0.05. (D) Representative
table of 8 WGCNA modules enriched in E4 and TE4 mice on control or LXR diets. (E)
Representative heatmap of 266 genes from Dark Turquoise module identified by WGCNA
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analysis. (F) Average eigengene values from Dark Turquoise cluster. (G). Top 10 biological
pathways (WikiPathway) from Dark Turquoise module upregulated in TE4-LXR mice but
downregulated in TE4-Ctrl animals with P.adj. <0.05. (H) Heatmap, illustrating expression
of 266 genes from Dark Turquoise module in TE4-LXR mice at single-cell level. Cells are
clustered in two separate groups (yellow and blue) by gene expression. (I) Top 10 biological
pathways (WikiPathway) enriched in TE4-LXR non-neuronal cells (including astrocytes and
microglia, yellow cluster) with P.adj. <0.05. (J) Top 4 biological pathways (WikiPathway)
enriched in TE4-LXR neuronal cells and OPC/oligodendrocytes (blue cluster) with P.adj.
<0.05. See also Fig. S5-7.
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Fig. 7. LXR agonist GW3965 reduces lipid and CEs accumulation in forebrains of 9.5-month-old
TE4 mice.

(A) Heatmap of significantly changed lipids in forebrains of 9.5-month-old E4 or TE4
mice treated with either control (Ctrl) or GW3965 (LXR) diets from 6 to 9.5 months.
N=8/genotype/treatment. Male mice. (B) Volcano plot of differentially abundant lipids in
TE4-Ctrl vs. E4-Ctrl mice. (C) Volcano plot of differentially abundant lipids in E4-LXR vs.
E4-Ctrl mice. (D) Volcano plot of differentially abundant lipids in TE4-LXR vs. E4-LXR
mice. (E) Volcano plot of differentially abundant lipids in TE4-LXR vs. TE4-Ctrl mice. (F-
G) Relative levels of CE (22:6) (F) and free cholesterol (G) in forebrains of 9.5-month-old
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mice. (H-1) Representative BODIPY (green) and Ibal (red) co-staining (upper panel) with
3D-IMARIS rendering (lower panel) and quantification (1) in hippocampus of 9.5-month-old
mice. N=18-21/genotype/treatment. Male mice. Scale Bar: 100um; *p<0.05. ** p<0.01.
N.S. — non-significant. P.adj. generated by R Statistical package for all lipids detected in
lipidomic profiling analysis in F and G. Student’s T-Test in I. See also Fig. S8.
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Fig. 8. Abcal overexpression ameliorates neurodegeneration and tau pathology and reduces
microglial/myeloid cells reactivity and lipid accumulation in 9.5-month-old TE4 mice.

(A) Relative Abcal mRNA expression in primary microglia isolated from of Abcal/E4
mice. (B) Representative Cresyl Violet staining of brain sections from 9.5-month-old E4,
Abcal/E4, TE4 and TE4/Abcal mice. (C-E) Quantification of hippocampal (C), entorhinal/
piriform (EC/PC) cortical (D) and ventricular brain volumes in 9.5-month-old mice (E).

(F) Neurofilament light chain (NfL) levels in plasma of 9.5-month-old mice. (G) Nesting
behavior score in 9.5-month-old mice. (H) Representative immunchistochemical staining
of AT8 phospho-tau in hippocampus (hpc) and cortex (ctx) of 9.5-month-old TE4 mice.
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(I) Quantification of AT8 signal in hippocampus and cortex. (J) Representative CD68
(green) and Ibal (red) co-immunostaining in hippocampus (hpc) and cortex (ctx). (K-L)
Quantification of Ibal (K) and CD68 stainings in (L). (M-N) Representative BODIPY
(green) and Ibal (red) co-staining (upper panel) with 3D-IMARIS rendering (lower panel)
(M) and quantification (N) in hippocampus of 9.5-month-old mice. Each dot represents one
animal: N (E4) = 15; N (Abcal/E4) = 16; N (TE4) = 25; N (TE4/Abcal) =26. Male mice.
Scale Bar in A: 1 mm; G and I: 100 um; L; 50um. *p<0.05; ** p<0.01; *** p<0.001;

**** n<0.0001. N.S. — non-significant. One-way ANOVA in C-F. Fisher’s exact test in G.
Student’s T-Test in A, I, K, L, N.
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(AT8), biotinylated

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Mouse monoclonal anti- Phopsho-tau (Ser202, Thr205) Invitrogen Cat#MN1020B; RRID: AB_223648

Mouse monoclonal anti-tau (TAU-5)

Gift from L.Binder, Northwestern
University

N/A

Mouse monoclonal anti-human tau (HT7)

Thermo Fisher Scientific

Cat#MN1000B; RRID: AB_223453

Mouse monoclonal anti- Phospho-tau HJ14.5 (Thr181) Produced in-house N/A
Mouse monoclonal ApoE HJ15.6 Produced in-house N/A
Mouse monoclonal ApoE biotinylated HJ15.4 Produced in-house N/A

Goat polyclonal anti-lbal Abcam Cat#ab5076, RRID:AB_2224402
Rabbit polyclonal anti-1bal Waco Cat#019-19741; RRID:AB_839504
Mouse monoclonal anti-GFAP Millipore Sigma Cat#MAB3402; RRID:AB_94844
Goat polyclonal anti-GFAP Abcam Cat#ab53554; RRID:AB_880202
Rat polyclonal anti-CD68, clone FA-11 Biolegend Cat#137013; RRID:AB_10613469
Rabbit anti-Synaptophysin Abcam Cat#ab32127; RRID:AB_2286949
Mouse monoclonal anti-PSD95 Millipore Sigma Cat#MAB1596; RRID:AB_2092365

Mouse monoclonal anti-Abcal HJ.1

Produced in-house

N/A

Rabbit polyclonal anti-ApoE

Cell Signaling Technology

Cat#13366; RRID: AB_2798191

Rabbit polyclonal anti-P2ry12

Gift from Dr. Oleg Butovsky,
Harvard University

N/A

Rat monoclonal anti-Clec7a

InvivoGen

Cat#mabg-mdect; RRID: AB_2753143

Rabbit monoclonal anti-Pan-Actin (D18C11)

Cell Signaling Technology

Cat#8456; RRID: AB_10998774

Donkey anti-mouse CD45-BV421

BD Biosciences

Cat#563890; RRID: AB_2651151

Donkey anti-mouse CD11b-FITC

BD Biosciences

Cat#553310; RRID: AB_394774

Donkey anti-mouse ACSA2-APC

Miltenyi Biotec

Cat#130-102-315; RRID: AB_2651190

Mouse monoclonal anti-E06

Avanti Polar Lipids

Cat#330001S

Mouse monoclonal anti-CD8

Invitrogen

Cat#MA1-145

Chemicals, Peptides, and Recombinant Proteins

GW3965 MCE Inhibitors Cat#HY-10627
BODIPY Invitrogen Cat#D3922
Cresyl Violet Millipore Sigma Cat#5042
Mouse BD Fc Block BD Biosciences Cat#553141
TMB super slow substrate for ELISA Millipore Sigma Cat#T5569
LipidTox Green Neutral Lipid Stain Invitrogen Cat#H34475
Critical Commercial Assays

NF-Light Simoa Assay Advantage Kit Quanterix Cat#103186

VECTASTAIN Elite ABC-HRP Kit, Perpxidase (Standard)

Vector Laboratories

Cat#PK-6100

DAB Eqv Peroxidase (HRP) Substrate

Vector Laboratories

Cat#SK-4103

Micro BCA Protein Assay Kit

Thermo Fisher Scientific

Cat#23235
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REAGENT or RESOURCE SOURCE IDENTIFIER
RNeasy Mini Kit QIAGEN Cat#74104
Nuclei Isolation Kit: Nuclei PURE Prep Sigma-Aldrich Cat#NUC201
SuperScript IV RNA-cDNA System Invitrogen Cat#18091050
Pierce ECL Plus Invitrogen Cat#32132

Adult Mouse Brain Association Kit

Miltenyi Biotec

Cat#130-107-677

TagMan Universal PCR Master Mix Invitrogen Cat#4304437

Immune Monitoring 48-Plex Mouse ProcartaPlex™ Panel Invitrogen Cat#EPX480-20834-901
Deposited Data

Bulk RNAseq raw data This paper GSE242693

snRNAseq raw data This paper GSE242180

Experimental Models: Organisms/Strains

Mouse: ApoE4 flox/flox

Produced in-house

Huynh et al., 2017

Mouse: ApoE3 flox/flox

Produced in-house

Huynh et al., 2017

Mouse: ApoE KO line (B6.129P2-Apoe™1Und3)

Jackson Laboratory

Cat: #002052 RRID: IMSR_JAX:002052

Mouse: PS19 (P301S Tau) line (B6; C3-Tg (Prnp
MAPT*P301S) PS19VIle/J)

Jackson Laboratory

Cat#008169; RRID: IMSR_JAX:008169

Mouse: Abcal line D (mouse 2-fold Abcal overexpression
under PrnP promoter)

Produced in-house

Wahrle et al., 2004

Oligonucleotides

Tagman mouse Abcal primer Invitrogen Cat#: Mm00442646_m1
Tagman mouse Gapdh primer Invitrogen Cat#: MmM99999915_g1
Software and Algorithms

Prism 8 GraphPad

Fiji, ImageJ, 1.53c

National Institute of Health
(NIH)

NDP.view 2.7.25 Hamamatsu

R3.6.3 RStudio

Imaris 11 Bitplane

SoupX R packages

Seurat v3

Fgsear 3.12

Other

Zeiss LSM 980 Airyscan FAST Confocal Microscope Zeiss Zeiss LSM 980 Airyscan FAST
Leica Stellaris 8 Confocal Microscope Leica Stellaris 8

Hamamatsu Nanozoomer HT Hamamatsu Nanozoomer HT
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