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Comparedto individuals carrying two copies of the €4 allele of
apolipoprotein E (APOE), €2 homozygotes have an approximate 99%
reductioninlate-onset Alzheimer’s disease (AD) risk. Here we develop
aknock-in model that allows for an inducible ‘switch’ betweenrisk and
protective alleles (APOE4s2). Gene expression and proteomic analyses
confirm that APOE4s2 mice synthesize E4 at baseline and E2 after tamoxifen
administration. Awhole-body allelic switch results in a metabolic profile
resembling E2/E2 humans and drives AD-relevant alterations in the lipidome
and single-cell transcriptome, particularly in astrocytes. Finally, when
crossed to the 5xFAD background, astrocyte-specific E4 to E2 switching
improves cognition, decreases amyloid pathology, lowers gliosis and
reduces plaque-associated apolipoprotein E. Together, these data show
thatashort-term transition from APOE4 to APOE2 can broadly affect the
cerebral transcriptome and lipidome, and that astrocyte-specific APOE
replacement may be aviable strategy for future gene editing approaches to
simultaneously reduce multiple AD-associated pathologies.

The strongest genetic risk factor for late-onset Alzheimer’s disease
(AD) is apolipoprotein E (APOE). In humans, APOE has three common
polymorphic alleles that encode three protein isoforms of apolipo-
protein E (ApoE): E2, E3 and E4. Compared with E3, E4 confers up to
al13-fold increase in risk for AD in homozygous carriers'. Conversely,
E2isstrongly neuroprotective, reducing AD risk by up to 40%, slowing
cognitive decline and increasing longevity”*. These striking differences
in ADrisk have beenattributed to several possible pathogenic mecha-
nisms, including E4-driven exacerbation of amyloid and tau pathology,

synaptic dysfunction, network connectivity, cerebrovascular impair-
ments, a heightened neuroinflammatory state and alterations in glial
glucose and lipid metabolism’.

Given this strong risk profile and multitude of biological effects,
targeting APOE4 and ApoE4 presents as a promising therapeutic
approach tosimultaneously recalibrate multiple AD-associated path-
ways®. Studies that have successfully targeted APOE using gene edit-
ingininduced pluripotent stem cells (iPSCs) provide strong proof of
conceptthatinvitroediting of 4 to €3 or €2 simultaneously ‘corrects’
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several phenotypes, including glial transcriptomic profiles, lipid
metabolism and other functional measures”®. Moving in vivo, other
studies have explored vector-mediated delivery to supplement the
E4 brain with neuroprotective E2 protein, showing that exogenous E2
markedly decreases amyloid burden in mice’ % Efficacy of a similar
viral-based methodology was validated innonhuman primates®” and is
currently undergoing clinical trials'. Conversely, decreasing E4 protein
levelsisanother promising strategy several groups have demonstrated
viagenetic, antibody-based or antisense oligonucleotide-based knock-
downmethods” ", orindirect modulation of ApoE levels by targeting
its primary cell surface receptors™.

Together, these studies suggest that an approach where E4 is
eliminated and replaced with E2 could be a highly effective therapeu-
ticstrategy. Importantly, recent advances in CRISPR-Cas9 and related
base-editing technologies make this type of precision medicine a
conceivable approach for E4 carriers in the coming years". To gener-
ate a preclinical model in which we could investigate the feasibility
and therapeutic potential of a full APOE4 to APOE2transitioninvivo,
we developed a knock-in model coined the APOE ‘switch’ mouse
(APOE4s2). Using a ubiquitously expressed inducible Cre, we drove
a highly efficient transition from E4 to E2 in both the periphery and
brain, as confirmed at both the mRNA and protein level. The meta-
bolic profile of post-switch APOE4s2 mice resembled that of human-
ized APOE2 ‘targeted replacement’ (TR) mice and E2/E2 humans,
with elevated ApoE concentrations and increased plasma lipids.
Importantly, replacement of E4 with E2 in adult mice resulted in tran-
scriptomic changes across multiple cerebral cell types, particularly
within astrocytes and in pathways related to the immune response
and metabolism. Interestingly, an astrocyte-only APOE4 to APOE2
switch produced very similar AD-relevant transcriptomic changes
as a full-body transition. Finally, when crossed with 5xFAD mice,
astrocyte-specific APOE allele switching from E4 to E2 was sufficient
to decrease total amyloid levels, reduce gliosis and plaque-associated
ApoE, and improve cognition. Collectively, these data suggest that
even a short-term, postdevelopmental transition from E4 to E2
broadly affects the cerebral transcriptome and lipidome, and can
simultaneously decrease multiple AD pathologies. These findings
highlight this inducible system as a promising preclinical model in
which to assess the timing, cell-specific contributions and overall
therapeutic potential of APOE gene editing.

APOE ‘switch’ mice efficiently transition from
E4toE2

To investigate the in vivo effects of an APOE4 to APOE2 allelic
switch, we generated APOE4s2*""*" (APOE4s2) mice that express a
floxed coding region (exon 4) of human APOE4 followed by exon 4
of human APOE2 (Fig. 1a). APOE4s2 mice were crossed to a tamox-
ifen (TAM)-activable strain ROSA26-CreER™ Cre to generate floxed
ROSA26-CreER™(APOE4s2°), allowing for temporal induction of global
(‘G’) APOE allele switching. To confirm that TAM successfully induces
awhole-body transition from expression of E4 to E2, 2-month-old
APOE4s2° mice were compared to TAM-treated Cre” APOE4s2
(APOE4s2) littermates and human APOE2-targeted and APOE4 TR
mice’®?., Asbrainand liver are the two major sources of ApoE, efficiency
of the E4 to E2 switch was assessed using quantitative PCR (qPCR) to
determine APOE mRNA expression in these two tissues. Allelic dis-
crimination plots demonstrated an efficient transition from APOE4 to
APOE2mRNA inboth the liver and the brain (Fig. 1b,c). Targeted mass
spectrometry (MS)-based proteomic analysis confirmed the E4 to E2
transition at the protein level, where 84-93% and 92-99% of the ApoE
peptides detected in the brain and plasmarespectively from APOE4s2°¢
mice wereuniqueto E2 (Fig. 1e,f, Extended Data Fig.1). Together, these
data demonstrate that APOE4s2°¢ mice synthesize human ApoE4 at
baseline, and that TAM induces a highly efficient transition to APOE2
and ApoE2 at the gene and protein level.

Whole-body switch results in an ‘E2-like’
metabolic profile

Given ApoE’s central role inlipid metabolism, we first asked if the global
E4 to E2 switch could affect peripheral and cerebral metabolic path-
ways. E2-TR mice display a plasma lipid profile similar to the type Il
hyperlipoproteinemia found in -5-10% of E2/E2 humans, particularly
when challenged with a high-fat diet (HFD)*. To determine if APOE4s2°¢
mice phenocopy this hyperlipidemic profile after the E4 to E2 transi-
tion, mice were fed a Western diet for 4 months. Blood was collected
3 monthsinto the diet before TAM treatment, and 1 month after the
allelic switch.

Before TAM, total plasma triglyceride (TG) levels in APOE4s2
and APOE4s2° mice were indistinguishable from the E4-TR controls
(Fig. 2a). However, 1 month after TAM, APOE4s2° mice fed a Western
diet displayed a substantial increase in very-low-density lipoprotein
(VLDL) TGs and plasma ApokE levels, which rose to E2-TR levels (Fig. 2b-e
and Extended DataFig. 2d). APOE4s2° mice fed anormal chow diet also
showed elevationsin TGs, cholesterol and phospholipids relative to the
APOE4s2 controls, althoughthe increases were more modest (Extended
DataFig.2e-j). Brain ApoE levels were also elevated in APOE4s2° mice
1 month after switching (Fig. 2f). Colocalization of ApoE with
cell-specific markers for astrocytes, microgliaand neurons showed that
likethe E2-TR, E4-TR and APOE4s2 controls, ApoE primarily colocalized
with astrocytes (glial fibrillary acidic protein (GFAP)") in APOE4s2¢
mice, with measurable, but much lower, colocalization with the micro-
glialmarker IBA1(Fig.2g,h and Extended Data Fig. 2k-0). While neurons
synthesize ApoE under certain conditions, we observed negligible
colocalization of ApoE with NeuN (Extended Data Fig. 2k-o0).

We next examined possible changes to the cerebral lipidome using
anuntargeted LC-MS/MS approach. A comparison of APOE4s2°¢ mice
versus Cre” APOE4s2 controls identified 14 lipid species that were
significantly differentin abundance between the two groups (Fig. 2i,j).
Inagreement with previous postmortem AD studies®>*, many of these
lipids were glycerophospholipids, including many phosphatidylcho-
line (PC) and ceramide (CER) species. Interestingly, there were nuanced
changes within these lipid classes; in both PC and CER classes, some
lipid speciesincreasedin abundance while others decreased. For refer-
ence,acomparison of E2-TR and E4-TR control miceidentified 57 lipids
of differing abundance, again most of which were glycerophospho-
lipids (Extended Data Fig. 20,p). We then performed a weighted gene
coexpression network analysis (WGCNA) on the cerebral lipidome,
where we identified five coexpression modules, including one net-
work that was significantly correlated with the E4 to E2 switch (blue
module) and consisted primarily of PC and phosphatidylethanolamine
(PE) species (Fig. 2k,1). Together, these data demonstrate that even a
short-term transition from E4 to E2 in the adult mouse is sufficient to
drive alterations in ApoE concentrations and lipid metabolism, most
notably increases in multiple PC species within the brain.

Full-body switching drives AD-relevant
transcriptomic changes

To unbiasedly examine how switching from APOE4 to APOE2 globally
influences cell-type-specific changes to the brain transcriptome, we
performed single-cell RNA sequencing (scRNA-seq) on whole-brain
tissue from 6-month-old APOE4s2° mice, Cre” APOE4s2 controls and
age-matched and sex-matched E2-TR and E4-TR mice. Dimensional-
ity reduction identified 41 clusters, which were assigned to one of 12
unique cell types, with celland cluster proportions similarly distributed
acrossallgroups (Fig. 3aand Extended Data Fig. 3). Analysis of differen-
tially expressed genes (DEGs) revealed astrocytes, oligodendrocytes,
microglia and endothelial cells as the cell types most affected by a
1-month-long APOE4to APOE2 switch (Fig. 3b, Extended Data Fig. 4 and
Supplementary Table1). Across these cell types, there was notable over-
lap of DEGs from APOE4s2° mice versus APOE4s2 controls with DEGs
from E2-TR versus E4-TR mice (Fig. 3¢), suggesting that many genes
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Fig.1| APOE ‘switch mice’ efficiently transition from the expression of ApoE4
to ApoE2. a, Schematic depicting the genetic construct for the APOE4 to APOE2
‘switch’ mouse (APOE4s2) and the experimental design for the experiments
performed in APOE4s2 mice crossed to a globally (‘G’) expressed ROSA26-CreER™
recombinase (APOE4s2°). Homozygous floxed Cre” littermates (APOE4s2) were
used as controls. b,c, Allelic discrimination plots depicting a shift from APOE4

to APOE2 mRNA expression (b) in APOE4s2° mice in both the brain (b) and liver
(c) compared to Cre” APOE4s2 littermates and ApoE2 and ApoE4 TR controls

E4-TR

E2-TR APOE4s2  APOE4s2°

injected with TAM. d, Methodology used to semiquantitatively detect the ratio of
peptides unique to E2 or E4 in the brain and plasma using liquid chromatography
(LC)-MS/MS-based proteomic analysis. e,f, Ratio of unique E2 versus E4 peptides
detected using LC-MS/MS-based proteomic analysis showing an efficient
transition to E2in both the brain (f) and plasma (g) of APOE4s2° (n = 4), APOE4s2
(n=4),E2-TR (n=2) and E4-TR (n = 2) mice. Data are represented as mean

values +s.e.m.RFU, relative fluorescence unit.
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thatdistinguish ‘lifetime’ expression of E4 are acutely malleable. Gene  Table 2). Furthermore, many of the genes altered by the E4 to E2 switch
Ontology (GO) analysis of switch-related DEGs highlighted anumberof  fellunder one of six primary AD ‘umbrella’ terms—pathwaysimplicated
pathways related to metabolism, including substrate transport,redox  across multiple postmortem AD studies®*—in particular those related
management and cellular respiration (Fig. 3d-g and Supplementary  to cerebral metabolism, inflammation and cytoskeleton/vascular
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Fig.2|Whole-body APOE switching results in an ‘E2-like’ peripheral and
cerebral metabolic profile. a, Plasma TGs before the TAM-induced switch
(E2-TR,n=8;E4-TR, n=8; APOE4s2, n = 8; APOE4s2G, n = 8; one-way analysis of
variance (ANOVA) with Tukey’s multiple comparisons test). b, Plasma TGs after
TAM (E2-TR, n=8;E4-TR, n=8; APOE4s2,n =7; APOE4s2G n=7; one-way ANOVA
with Tukey’s multiple comparisons test). ¢, TGs in each lipoprotein fraction

after switching (E2-TR, n =3 pooled; E4-TR, n = 3 pooled; APOE4s2, n =3 pooled;
APOE4s2G, n=3 pooled). d,e, ELISA quantification of ApoE in plasma before
TAM (d) and after the TAM-induced switch (e) (E2-TR,n=5; E4-TR, n=5; APOE4s2,
n=6; APOE4s2G, n=7; one-way ANOVA with Tukey’s multiple comparisons

test). f, ELISA quantification of ApoE in whole-brain tissue after TAM (E2-TR,
n=3;E4-TR,n=3; APOE4s2, n =5; APOE4s2G, n = 5; one-way ANOVA with Tukey’s
multiple comparisons test). g,h, Representative images showing GFAP (green) (g)
orIBA1(green) (h) and ApoE (red) in APOE4s2 controls (top) or APOE4s2¢ brains
(bottom). i, Volcano plot comparing brain lipids altered in APOE4s2° mice versus
Cre” APOE4s2 controls (APOE4s2, n = 8; APOE4s2, n = 8; all female). The cutoff
value for significance is log,,(P) > 1.3.j, Heatmap depicting the top ten most

significantly changed lipids between APOE4s2¢ and APOE4s2 controls.

kI, WGCNA analysis identified lipid modules associated with the switch from E4 to
E2.k, Module-trait correlations between modules and APOE expressionindicated
by the numbersin the table, with Pvalues shown in parentheses. I, Network plot
of lipids identified in the blue module. a-f, For detailed statistical information,
see Supplementary Table 3. Data represent mean + s.e.m. of biological replicates.
Individual data points have been plotted; in the box plots, the center line
indicates the median; the box limitsindicate the upper and lower quartiles; and
the whiskers indicate the minimum and maximum. **P < 0.001, ***P < 0.0001.
i1, Twenty-two classes of lipids were detected: CER; cardiolipin (Cl); coenzyme
(CO); diglyceride (DG); dimethyl phosphotidylehtanolamine (DMEPE); fatty

acid (FA); ganglioside (GM); lysodimethylphosphatidylethanolamine (LDMEPE);
LPC; lysophosphatidylethanolamine (LPE); lysophosphatidylglycerol (LPG);
lysophosphatidylinositol (LPI); lysophosphatidylserine (LPS); (O-acyl)-w-
hydroxy FA (OAHFA); phosphatidic acid (PA); PC; PE; phosphatidylglycerol (PG);
phosphatidylinositol (PI); phosphatidylserine (PS); sphingomyelin (SM); and TG.
HDL, high-density lipoprotein. LDL, low-density lipoprotein.

integrity (Fig. 3h). Finally, the DEGs associated with the E4 to E2 switch
also strongly reflected several APOE-associated and AD-associated
gene lists, particularly the late-onset AD (LOAD) genes identified in
and merged from publicly available human transcriptomic datasets
(Fig. 3i)> %, Collectively, these results demonstrate that, even in the
absence of AD pathology, a postdevelopmental transition fromexpres-
sion of E4 to E2 is sufficient to drive transcriptomic changes in pathways
previously implicated in AD.

Astrocyte-only switch to E2 drives similar

gene expression

Considering the potential translational concerns associated with ger-
mline, whole-body APOE editing, we reasoned that a central nervous
system (CNS)-selective APOE4to APOE2 switch could afford the neuro-
protection of E2 while minimizing off-target effects. Because astrocytes
synthesize most of CNS ApoE and were the cell type most affected by
the global E4 to E2 transition, we generated APOE4s2/>"*/ Aldh111-
CreER™ APOE switch mice (APOE4s2*) that would express APOE4in all
CNS cell types except for astrocytes, which would selectively transi-
tion to APOE2 upon TAM injection®**° (Fig. 4a). Cell-type specificity
was confirmed via colocalization of GFAP with tdTomato expression
in APOE4s2* mice crossed to an Ai9 Cre reporter strain (Fig. 4b and
Extended Data Fig. 5a). Leveraging the Ai9 cross, we then used cell
sorting and qPCR to validate the high efficiency and cell specificity of
the astrocyte-specific E4 to E2 switch (Fig. 4c). A similar, albeit more
modest, shift toward APOE2 expression was observed in whole-brain tis-
sue, suggesting that most of total brain ApoE is derived from astrocytes,
which were now synthesizing E2 (Fig. 4d). While the Aldh1l1-CreER™
showed high specificity for astrocytesin the brain; plasmalipid profil-
ing and peripheral ApoE measuresindicated that thereis also notable
E2 expressionin the periphery (Extended Data Fig. 5d,e).

We next asked if an astrocyte-specific switch could induce similar
transcriptomic changes as the full-body APOE allele switch. Analysis
of DEGs showed that the astrocyte-specific APOE4 to APOE2 transi-
tion primarily affected similar cell types as observed in the global
model (Fig. 4e and Extended Data Fig. 5). Additionally, as seen in the
whole-body model, the DEGs associated with an astrocyte-specific E4

to E2 switch also strongly mirrored the LOAD gene lists (Fig. 4f). Inter-
estingly, several cell types that continued expressing E4 in APOE4s2*
mice (thatis, microglia, oligodendrocytes) still showed a high number
of DEGs, suggesting non-cell-autonomous effects of astrocyte-derived
E2. There was also substantial overlap (39-60% depending on the
cell type) between the specific DEGs associated with a global versus
astrocyte-specific E4 to E2 switch (Fig. 4g). Across all cell types, path-
way analyses of astrocyte switch DEGs revealed similar terms to those
seeninwhole-body APOE4s2¢ mice, particularly in pathways related to
neurotransmission, redox status and metabolite transport (Fig. 4h-k).
Together, these datasuggest that astrocyte-exclusive expression of E2
issufficient to drive AD-relevant alterationsin the glial transcriptome,
even when all other cell types continue to express E4 and evenin a
model that lacks overt AD pathology.

Astrocyte-only E4 to E2 switch decreases amyloid
plaqueload

Wethentestedif an astrocyte-specific E4 to E2 switch could directly
affect AD pathology. To this end, we crossed APOE4s2* mice to the
5xFAD model of AD (4s2*/FAD) and administered TAM at 6 months
of age. At 8 months of age, associative fear conditioning and the
Morris water maze were used to assess contextual, cued and spatial
memory; brains were subsequently collected for histopathological
analyses (Fig. 5a). While the Morris water maze did not show striking
differences in spatial learning or memory, 4s2*/FAD mice showed
improvements in associative learning and more robust contextual
and cued memory, an effect that was strongest in females (Fig. 5b-d
and Extended Data Fig. 6a-d).

Previous work established that human APOE affects amyloid
plaque deposition in the 5XFAD brain in a genotype-dependent fash-
ion (E4 > E2)*. To test if a late-stage, astrocyte-only replacement of
APOE4 with APOE2 could decrease plaque load, we performed immu-
nohistochemical analyses of amyloid accumulation. Strikingly, after
a2-monthastrocyte-specific allelic switch, 4s2*/FAD animals showed
significant reductions in total amyloid levels (Fig. 5e,f and Extended
Data Fig. 6e-h). When compared to ‘baseline’ amyloid measures at
6 months of age, the reduced burden in 4s2*/FAD mice was due to

Fig. 3 | Full-body APOE allele switching drives AD-relevant transcriptomic
changes in multiple CNS cell types. a, Uniform manifold approximation and
projection (UMAP) of all 85,701 cells analyzed, classified based on canonical
gene expression markers into 12 cell types (APOE4s2¢, n =3; APOE4s2,n=3;
E2-TR,n=3,E4-TR, n=2; all females). b, Number of DEGs between APOE4s2°¢
and Cre” APOE4s2 controls according to cell type (P,4;=<0.001). ¢, Venn
diagrams revealing commonality of DEGs in the APOE4s2° versus APOE4s2 and
E2-TR versus E4-TR datasets. d-g, Upregulated and downregulated GO terms
associated with DEGs from astrocytes (d), oligodendrocytes (e), microglia

(f) and endothelial cells (g). The cutoff value for significance was set at a false
discovery rate (FDR)-adjusted Pvalue of 0.05. h, Pie charts visualizing the
categorical distribution of APOE switch-related GO terms into AD-related
pathways. Upregulated (left) AD pathways account for 24%, while downregulated
(right) AD pathways account for 21% of total downregulated GO terms. i, Overlap
of the APOE switch transcriptomics dataset with five relevant gene lists from
AD-related transcriptomic studies. DAA, disease-associated astrocyte; OPC,
oligodendrocyte precursor cell; Transcription corep. binding, transcription
corepressor binding; VLC, vascular leukocyte.
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Fig.4 | Anastrocyte-specific APOE4 to APOE2 switch also drives AD-relevant
transcriptomic changes. a, Graphic depicting astrocyte-specific APOE4s2*
mice with Aldh1l1-CreER™. b, Representative images showing colocalization of
tdTomato Ai9 Cre reporter (red) and GFAP (green). ¢,d, Allelic discrimination
plots measuring APOE4 versus APOE2 mRNA expression in astrocytes (c) sorted
from other cell types in the brain, or from whole-brain homogenates (d), of
APOE4s2* mice versus APOE4s2 controls (E2-TR, n=2; E4-TR, n = 2; APOE4s2%,
n=6;APOE4s2, n=6).e, Number of DEGs between APOE4s2* and Cre" APOE4s2

controls according to cell type (P, < 0.001) (APOE4s2*, n = 3; APOE4s2,n = 3).

f, Overlap of the APOE switch transcriptomic dataset with five other gene

lists from AD-related transcriptomic studies. g, Venn diagrams revealing the
commonality of DEGs in the APOE4s2" versus APOE4s2 and APOE4s2° versus
APOE4s2 datasets. h-k, GO analysis for downregulated and upregulated terms
associated with DEGs from microglia (h), oligodendrocytes (i), astrocytes (j) and
endothelial cells (k). The cutoff value for significance was set at an FDR-adjusted
P<0.05andfold change >1.3.

slowed or delayed amyloid accumulation (Fig. 5f and Extended Data
Fig. 7). Anatomical analyses revealed decreases in many regions,
with significant reductions in the hippocampus, olfactory area and
thalamus primarily driving the decrease in plaque load (Fig. 5g,h).
Enzyme-linked immunosorbent assay (ELISA) quantification of Af,,
and AP,,inwhole-brainsoluble and insoluble fractions revealed reduc-
tionsinboth soluble and insoluble AB,,and AB,, observed in 4s2*/FAD
brains (Fig. 5i-1and Extended Data Fig. 7).

Overall, there were very few sex differences in AD-related pathol-
ogy. While higher amyloid plaque loads were observed in female
compared to male 4s2/FAD Cre™ controls, we did not detect any other
amyloid-dependent sex differences, nor was this difference reflected
in the soluble and insoluble AB,, and Af,, measures (Extended Data
Fig. 7e-h). We did note subtle sex differences in the expression of the
postsynaptic density marker PSD95 in the cortex, although this was
limited to plaque-distal regions and was not seenin the hippocampus
(Extended Data Fig. 7i-m).

Because APOE4 is also a risk factor for cerebral amyloid angi-
opathy (CAA)*, we measured CAA before and after the inducible,
astrocyte-specific transition to APOE2. Interestingly, we observed
no differences in CAA between 4s2*/FAD and 4s2/FAD controls at
8 months of age (Fig. 5m,n). Finally, we measured the expression of
thetightjunction protein ZO1and found no change after the switch to
astrocyte-derived E2 (Extended Data Fig. 7n-r). Together, these results
suggest that a relatively late-stage switch to astrocytic expression of
E2 is sufficient to substantially lower parenchymal plaque burden,
but not CAA, and improve some, but not all, of the cognitive deficits
associated with E4.

Astrocyte E4 to E2 replacement lowers
plaque-associated gliosis

In addition to the reduction in parenchymal amyloid plaque load, we
also observed significantly lower levels of GFAP in 4s2*/FAD mice com-
pared to controls (Fig. 6a,b). Interestingly, although only astrocytes
transitioned to the expression of E2 in the 4s2*/FAD mice, we noted
adramatic reduction in microglial IBA1 positivity (Fig. 6¢), again sug-
gestive of non-cell-autonomous effects of ApoE2. Like the regional
reductionsinplaqueload, GFAP and IBAllevels were most substantially
decreased in the hippocampus, thalamus and cortical areas (Fig. 6d,e
and Extended Data Fig. 8a-c).

Reductions in total GFAP and IBALl levels were especially pro-
nounced in close proximity to amyloid plaques. 4s2*/FAD mice
showed decreased colocalization of amyloid with GFAP* and IBA1*
puncta (Fig. 6f-i and Extended Data Fig. 8d-g); plaque proximity
analyses showed more pronounced decreases in GFAP and IBAl in
4s2*/FAD mice when close to the plaque center, with distribution of
the GFAP" and IBAL" signal becoming more similar to controls as the
distance from the center increased (Fig. 6j—m and Extended Data
Fig. 8h-k). Together, these findings highlight a strong decrease in
plaque-associated astro-gliosis and micro-gliosis after an astrocytic
E4 to E2 switch.

E4 to E2 switchreduces reactive microgliaand
plaque ApoE

We nextinvestigated more nuanced changes to microglia by meas-
uring major histocompatibility complex class Il (MHC-II), amarker
of activated-response microglia (ARM), an Apoe-dependent sub-
population®. 4s2*/FAD mice showed a decrease in total MHC-1I" area
and a decrease in colocalization between MHC-II + IBA1" cells and
amyloid plaques (Fig. 7a-d and Extended Data Fig. 9a-f), indicating
areductionin ARMs after the 2-month astrocyte-specific switch to
E2. Notably, sex-based analysis showed significantly more cortical
plaques with MHC-II" microgliain female mice than males (Extended
Data Fig. 9c). Although there was no change in homeostatic gene
expression, decreased expression of several disease-associated
microglia (DAM) genes, including Trem2, Clec7a and APOE, was
also noted after the astrocyte-specific transition to E2 (Fig. 7e,f
and Extended Data Fig. 9g,h).

While there was no difference intotal ApoE protein levels between
the 4s2*/FAD and 4s2/FAD mice, we observed a striking difference in
plaque-associated ApoE. Control mice expressing E4 in all cell types
displayed many bright halos of ApoE staining surrounding the cores of
plaques (Fig. 7g,h and Extended Data Fig. 8i-m). However, these intense
bursts of plaque-associated ApoE signal were largely absent in 4s2*/
FAD mice, highlighting potential differential effects of the E2 versus
E4 isoforms on plaque expansion or compaction. ELISA quantification
of ApoE supported these findings, with significant reductions of ApoE
within the insoluble (plaque-associated) brain fractions from 4s2*/
FAD mice, but no differences in soluble ApoE (Fig. 7i,j and Extended
DataFig. 9n,0).

Fig. 5| Astrocyte-specific APOE switching improves associative memory

and decreases plaque load in amodel of AD. a, Schematic depicting the
APOE4s2* x 5XFAD cross to generate the 4s2*/FAD mice. b-d, Percentage time
freezing measured during fear conditioning (learning) (b), and the contextual
(memory) (c) and cued memory test (d) tests, in 4s2*/FAD mice compared

to Cre” controls 2 months after TAM (4s2*/FAD, n=16,4s2/FAD,n=16;
*P<0.01,***P<0.001, ***P < 0.0001, using a repeated measures ANOVA).

e, Representative images of Amylo-Glo (blue) and nucleus (red) stainingin
4s2*/FAD and 4s2/FAD mice. f, Quantification of the total percentage amyloid*
areain 4s2*/FAD mice showed significant decreases in total amyloid measured
according to the percentage of the amyloid* area. The dashed line represents the
mean amyloid percentage area in 4s2/FAD mice at the 6-month pre-switch time
point (y = 0.118). **P < 0.01, using a two-tailed unpaired t-test. g,h, Heatmap (g)
and quantification (h) of the percentage of amyloid* areaaccording toregionin
4s2*/FAD versus 4s2/FAD mice (4s2*/FAD, n=10; 4s2/FAD, n = 10; two-way ANOVA
with multiple comparisons). i-1, ELISA quantification of AR, (i,j) or AP, (k1)

insoluble (PBS) or insoluble (5 M GuHCI) whole-brain fractions from 4s2*/FAD
mice compared to 4s2/FAD controls (4s2*/FAD, n =14; 4s2/FAD, n=14; *P< 0.05,
*P < 0.01, ***P < 0.0001, using a two-tailed unpaired ¢-test). m, Representative
images of mOC31anti-CAA (green) and CD31 (red) staining in the cortex of
8-month-old 4s2*/FAD and 4s2/FAD mice. n, Quantification of CAA* vessels
normalized to total CD31* areain 8-month-old 4s2"/FAD mice and 4s2/FAD
controls after the switch compared with 6-month-old mice before the switch
(4s2*/FAD 8 months, n = 8; 4s2/FAD 8 months, n = 8; 4s2/FAD 6 months, n=8§;
*P<0.05, **P< 0.01, using a two-way ANOVA with multiple comparisons).

a-n, For detailed statistical information, see Supplementary Table 3. Data
represent mean + s.e.m. of biological replicates. Individual data points have
been plotted. Sex is denoted by the shape of the symbol: females (circle), males
(triangle). Inthe box plots, the center line indicates the median; the box limits
indicate the upper and lower quartiles; and the whiskers indicate the minimum
and maximum.
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Fig. 6 | Replacement of astrocyte E4 with E2 reduces plaque-associated
gliosis. a, Representative images of Amylo-Glo (blue), IBA1 (green), GFAP
(orange) and nucleus (red) staining in 4s2*/FAD mice and 4s2/FAD controls.

b,c, Quantification of the percentage GFAP* (b) or IBA1* (c) areain 4s2*/FAD
mice versus 4s2FAD controls (4s2*/FAD, n =16; 4s2/FAD, n = 16; **P < 0.001,

***+p < 0.000, using a two-tailed unpaired ¢-test). d,e, Quantification of GFAP* (d)
or IBA1' (e) percentage area according to region in 4s2*/FAD and 4s2/FAD mice
(4s2*/FAD n=10;4s2/FAD n=10; *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001,
using a two-way ANOVA with multiple comparisons). f, Representative images of
Amylo-Glo (blue), IBA1(green), GFAP (orange) and nucleus (red) proximity and
colocalization. g-i, Percentage area of colocalization of Amylo-Glo and GFAP
(g), Amylo-Glo and IBA1 (h) or Amylo-Glo with GFAP and IBA1 (i) in 4s2*/FAD and

Distance from plaque (pm)

4s2/FAD mice (4s2*/FAD, n=16,4s2/FAD, n=16; *P < 0.01, **P < 0.001, using a
two-tailed unpaired t-test). j-m, Histograms (j,I) and area under the curve (AUC)
quantification of histograms (k,m) from plaque proximity analyses measuring
the percentage area of GFA" (j k) and IBA1" (I, m) cells from the plaque center in
4s2*/FAD mice compared to 4s2/FAD controls (4s2*/FAD, n = 8; 4s2/FAD, n=8).
a-m, For detailed statistical information, see Supplementary Table 3. Data
represent mean + s.e.m. of biological replicates. Individual data points have
been plotted. Sex is denoted by the shape of the symbol: females (circle), males
(triangle). In the box plots, the center line indicates the median; the box limits
indicate the upper and lower quartiles; and the whiskers indicate the minimum
and maximum. NS, not significant.
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Finally, we linked behavioral and pathological measures from
each individual mouse to identify potential significant correlations
between cognition and AD-associated pathologies. Several measures
were significantly correlated but, paradoxically, positively correlated
in 4s2/FAD mice yet negatively correlated in 4s2*/FAD mice (Fig. 7k).
Takentogether, these results suggest that astrocyte-selective expres-
sionof ApoE2leads to downstreamreductions in microglial activation
and lower levels of plaque-associated ApoE, and that these various
measures of gliosis differentially correlate with memory.

Discussion

Inthe current study, we describe anew APOE ‘switch’model (APOE4s2)
that allows for inducible, cell-specific, in vivo replacement of the
high-risk APOE4 allele with the protective APOE2 variant. We charac-
terize how a global E4 to E2 replacement drives peripheral metabolic
changesand AD-relevant alterationsin the cerebral transcriptome and
lipidome. We further show that an astrocyte-selective replacement of E4
with E2 significantly alters the transcriptomic profiles of multiple CNS
celltypes, reduces amyloid plaque load, dampens gliosis and improves
cognitive outcomes in an amyloidosis model of AD. These findings
underscore the dynamic and reversible nature of APOE’s contribution
to AD pathology and suggest that targeted APOE allele replacement,
particularly in astrocytes, may offer a promising therapeutic avenue
to modify multiple AD-relevant pathways simultaneously.

APOE4s2° mice, in which all cell types transition from APOE4 to
APOE2, reliably phenocopy the humanized E4-TR mice before the
switch and E2-TR mice within 1 month after the switch. Specifically,
untargeted lipidomic profiling of the brain revealed that the allelic
switch altered multiple PC, CER and lyso-PC (LPC) species, a class of
pro-inflammatory lipids that act as ‘find me’ signals for myeloid cells.
Theseresultsalignwith our previous work showing decreased PC levels
inthe aged E4 and E4 5xFAD mouse brain, albeit relative to E3 (ref. 33).
They also closely parallel the lipidomic profiling of postmortem AD
brains, where several PC species show E4-associated decreases rela-
tive to E2 (ref. 22). Interestingly, the most significantly upregulated
lipidinour datasetisa CER (Cer(d40:2)) involved in glucosylceramide
synthesis, aprocess downregulated in AD brains**. Alterations to lipid
species such as CERs or PCs could have important implications for
intracellular and cell-cell communication, membrane composition
and apoptosis®.

Across multiple studies, glial cells show APOE4-associated
transcriptomic changes in both human E4* brains and E4-TR mice’.
Interestingly, these are the same primary cell types affected by a
short-term E4 to E2 transition. Our results showing changes in micro-
glia, oligodendrocyte and endothelial cell transcriptomes after the
astrocyte-selective switch also suggest strong non-cell-autonomous
effects of astrocyte-derived E2. These findings were mirrored by his-
topathological reductions in microglial reactivity in 4s2*/FAD mice
and are in line with previous studies showing profound downstream
effects on microglia after an astrocyte-specific knockout of APOE4
(refs. 5,15-36). Direct comparison of the DEGs distinguishing E2-TR

from E4-TR mice to the DEGs of APOE4s2° versus APOE4s2 mice showed
some commonality (-20%) across multiple cell types, suggesting that
E4’s transcriptional signature is not permanently established during
development or early life. Rather, many of these DEGs are acutely
malleable, at least within the specific parameters tested in this study.

Further analyses of these DEGs revealed that the pathways most
affected by the E4 to E2 switch—both whole-body and astrocyte-
specific—were pathways centered on cerebral metabolism, inflamma-
tion and cytoskeleton/vascular integrity, which are strongly reminis-
cent of the lipid metabolism, immune and matrisome findings from
in vitro comparisons of isogenic APOE glia®*’. Furthermore, with the
caveat that comparisons to late-disease postmortem tissue is inher-
ently limiting, several pathways altered by ashort-term E4 to E2 transi-
tion were cellular pathways that are also perturbed across 17 large-scale
human AD snRNA-seq studies®. Importantly, this overlap with AD
scRNA-seq datasets occurred inboth the global and astrocyte-specific
switch models that lack overt AD pathology. Excitingly, this may sug-
gest that the overarching cellular pathways that define AD inthe human
brain could be altered by transitioning from E4 to E2.

While fully ‘correcting’ the E4 risk allele to the neuroprotective E2
allele could, in principle, simultaneously improve cerebral function
across multiple fronts and greatly decrease AD risk, this approach
is not without its own risks. An estimated 5-10% of E2/E2 individuals
present with type Il hyperlipoproteinemia (HLP-III), and E2 carriage
has been linked to a higher risk of melanoma*®, age-related macular
degeneration® and even some neurological disorders such as post-
traumatic stress disorder*® and progressive supranuclear palsy*. In
fact, peripheral phenotyping of APOE4s2° mice showed that the in vivo
E4 to E2 switch shifted animals to an HLP-IlI-like plasma lipid profile.
Because Sullivan et al.” reported HLP-1I-like plasma lipids in E2-TR
mice, the increases in plasma TGs and ApoE observed in APOE4s2°
mice ‘after the switch’ were exciting confirmatory results regarding the
effectiveness of our model design. On the other hand, the potential of
inducing HLP-Ill or increasing therisk of other disorders after eithera
germline or universal (that is, ‘whole-body’) allelic switch to E2 raises
important translational concerns.

To this end, we reasoned that CNS APOE targeting would hold
the greatest therapeutic promise for AD. Strikingly, we show that a
2-month-long astrocyte-specific E4 to E2 switch after pathology onset
is sufficient to decrease plaque load, reduce markers of glial reactivity
andimprove associative, but not spatial, memory in the 5xFAD model.
Itis possible that reductionsin microglial reactivity are merely a conse-
quence of decreased amyloid burden. However, the astrocyte-driven,
APOE-dependent alterations to the microglial transcriptome found
in our scRNA-seq data, coupled with glia-plaque colocalization data
showing less IBA1" and ARM microglia around plaques, suggest an
alternative scenario where astrocyte-derived E2 could be having
non-cell-autonomous effects on microglial activation and response to
plaque (possibly viaisoform-specific differences in ApoE-low-density
lipoprotein receptor family interactions)*>*’. While these findings may
appearin contrastto studiesindicatinga cell-autonomous pathogenic

Fig. 7| Reactive microglial subpopulations and plaque-associated ApoE
decrease after an astrocytic switch to APOE2. a, Representative images of
Amylo-Glo (blue), IBA1 (green), MHC-II (orange) and nuclei (red) staining.

b-d, Quantification of total MHC-II" percentage area (b), colocalized MHC-II
and IBA1" area (c), and colocalization of MHC-II*, IBA1" and Amylo-Glo* area (d)
in4s2*/FAD and 4s2/FAD mice in the cortex and hippocampus (4s2*/FAD, n =16;
4s2/FAD,n=16;*P< 0.0, **P < 0.01, **P < 0.001, ***P < 0.0001 using a two-way
ANOVA with multiple comparisons). e,f, Fold change of Tmem119, P2ry12 and
Cx3crl (e) or Clec7a, Trem2 and APOE (f) gene expression normalized to 18S

in the whole brain from 4s2*/FAD mice compared to 4s2/FAD controls (4s2*/FAD,
n=14;4s2/FAD,n=14; *P< 0.0, *P < 0.01using a two-tailed unpaired t-test).

g, Representative images of Amylo-Glo (blue), ApoE (green) and GFAP (orange)
in 4s2*/FAD mice and 4s2/FAD controls. h, Quantification of plaque-associated

ApoE in4s2*/FAD mice relative to 4s2/FAD controls in both the cortex and
hippocampus (4s2A/FAD, n=16,4s2/FAD, n =16; *P< 0.05, *P< 0.01, using a
two-way ANOVA with multiple comparisons).ij, ELISA quantification of ApoE
within the soluble (PBS) (i) and insoluble (5 M GuHCI) (j) brain fractions of 4s2/
FAD and 4s2*/FAD whole-brain tissue (4s2*/FAD, n = 14; 4s2/FAD, n=14; *P < 0.05,
using a two-tailed unpaired t-test). k, Correlation of cognitive measures and
neuropathological analyses. The red squares indicate a positive correlation;
the blue squaresindicate a negative correlation. a-k, For detailed statistical
information, see Supplementary Table 3. Datarepresent mean + s.e.m. of
biological replicates. Individual data points have been plotted. Sex is denoted
by the shape of the symbol: females (circle), males (triangle). In the box plots,
the center line indicates the median; the box limits indicate the upper and lower
quartiles; and the whiskers indicate the minimum and maximum.
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role of ApoE in microglia, macrophages and neurons, these phenomena
are not necessarily mutually exclusive?¢44%,

Similarly, findings from astudy by Mahan et al.>* suggested a role
forastrocyte-derived ApoE in amyloid reduction and associated gliosis.
While that study did not report decreases in IBAl as those seen in this
study, they observed a similar decrease in reactive microglia using
Clec7a, and areduction in plaque-associated ApoE. Using an inverse
approach, Liu et al.*® showed that astrocyte-specific expression of E4
suppressed amyloid clearance, with particularly strong effects during
theamyloid seeding phase. In this study, we observed that expression
ofastrocytic E2 slowed amyloid deposition during the 2-month period
after the allelic switch in 4s2*/FAD mice. To fully tease out the exact
mechanisms at play, more nuanced experiments and timing paradigms
will be required to examine how cell-specific ApoE contributes to
amyloid deposition and the glial response to plaque.

Despite reductions in parenchymal plaque load, we observed
similar levels of CAAin the 4s2*/FAD and 4s2/FAD mice. These findings
may reflect human AD studies in which both E4 and E2 carriage were
associated with higher CAA compared to E3/E3 individuals**, and
could have translational implications for amyloid-related imaging
abnormalities and other APOE-associated vascular disorders. Addi-
tionally, microglia cluster around AP deposits in CAA*. In this study,
we show that short-term expression of astrocyte-derived E2 reduces
proximity and colocalization of reactive microgliato plaques. Perhaps,
thelack of observed effects on CAA after the astrocytic-E2 switch can be
attributed to adampened microglial response. While the specific role of
microgliain CAAstill requires moreinvestigation, decreased microglial
reactivity could also reduce or impair recruitment of other immune
cells, such as perivascular or border-associated macrophages®°.

Lastly, we show that a late disease stage ‘switch’ to expression
of astrocytic E2 reduces plaque-associated ApoE. ApoE is a major
component of plaques’. The literature suggests that there are
isoform-dependent differencesin ApoE-plaque associations but that
several factors, such as ApoE lipidation state, compartment or cell type
of origin, and AP conformational state, also have important roles in
ApoE-ABinteractions®* ¢, Our findings, taken together with thelitera-
ture, suggest that astrocyte-derived E4’s ability tobind A increases A
accumulationand ApoE protein aggregation within or surrounding the
plaque. These results are consistent with studies implicating ApoE in
plaque compaction and reflect asimilar loss of function as seenin Apoe
knockout mice, which also feature reductions in plaque-associated
microgliosis”. Also in line with these results is a recent study, which
showed that plaque-associated ApoE attracts microglia to the plaque
and stimulates their activation via a vascular cell adhesion molecule
1-based mechanism™.

In summary, the current study leverages targeted APOE allele
replacement as a promising therapeutic intervention to mitigate
AD risk and describes a model in which we can recapitulate poten-
tially beneficial or deleterious effects of APOE replacement. How-
ever, several limitations should be addressed. First, the degree of
risk and protection afforded by E4 and E2 respectively vary accord-
ing to ancestry* %%, Thus, some populations may not appreciably
benefit from E4-E2 replacement strategies; future APOE-targeted
therapies should take ancestry into account when conducting risk-
benefit analyses. Second, the 5XFAD model used in this study pro-
vided a model with well-characterized APOE-dependent changes in
amyloid pathology*>****. However, future studies should consider
theroles of other facets of the disease, including tauopathies. Finally,
Aldh1l1-CreER™is highly selective for astrocytes in the CNS, but Aldh1l1
isalso expressedintheliver®, as evidenced by the plasmal lipid profile of
APOE4s2" mice. Our study suggests that astrocyte-exclusive ‘switching’
from E4 to E2inthe CNS can mitigate AD pathologies; however, future
studies should specifically dissect out the role of the peripheral ApoE
on the CNS. Ultimately, we hope that this and other inducible APOE
models will provide clean experimental systems to test the efficacy

of several APOE gene editing strategies. In combination with select
Crestrains and other molecular biology approaches, next-generation
‘switch’ models can provide cell-specific and temporally controlled
editing among APOE alleles. Using this framework, future studies
can help determine optimal cell-specific contributions of ApoE to AD
pathogenesis, test for potential off-target effects of APOE manipula-
tion and establish optimal therapeutic windows for APOE-directed
clinical strategies.
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Methods

Animals

Allanimal procedures and protocols were approved by the Institutional
Animal Care and Use Committee and the University of Kentucky. APOE
switchmice (APOE4s2) were generated on a C57BL/6N background at
TransViragen. Mouse Apoe exons 2-4 were replaced by human APOE
exons 2-4. The coding region of APOE (exon 4) was followed by a stop
cassette (3x SV40 poly(A)) and flanked with loxP. After the coding
region for APOE4, an additional exon 4 contained the sequence for
APOE2. ROSA26-“R"! (strain no. 004847, research resource identi-
fier (RRID): IMSR JAX:004847) and Aldh1lI-Cre/ER™ mice (strain no.
029655, RRID: IMSR _JAX: 029655) were purchased from The Jackson
Laboratories and crossed with homozygous APOE4s2/"x" mjce
to generate ROSA26* /APOE4s2"1ox* (APOE4s2°) or Aldh1l1¢*/
APQE4s2/"oxP (APOE4s2*) mice. APOE4s2* mice were further crossed
to 5XFAD mice to generate Aldh1l1°®*/APOE4s2/>""*" hemizygous for
the familial AD mutation (4s2*/FAD). Human APOE TR mice homozy-
gous for APOE2 or APOE4and Cre’ littermates were used as controls”.

Genotyping

Animals were genotyped at 21 days for the APOE switch (APOE4s2)
transgene using PCR. Animals were bred to homozygosity for the
APOE4s2 allele. Primers specific for the humanized target allele
were used to identify whether animals were homozygous for the
APOE4s2 allele. Primers for the native and target alleles are as follows:
WT-1 forward (5-AGGGGTTACCTCCAGGAAAGG-3’); WT-1 reverse
(5-TGGATCCGCTGCCAAAA-3’); WT-2 forward (5-CAAAGGCTG
GAATTACAGG-3'); WT-2 reverse (5-TTGGGCTCCATGAGCTCTGG-3');
Tg-1 forward (5-AGGGGTTACCTCCAGGAAGG-3’); Tg-1 reverse
(5-GCCGTGTTCCATTTATGAGC-3); Tg-2 forward (5’-TTCTCCCCGG
CCTGCTTGTT-3');and Tg-2reverse (5-TTGGGCTCCATGAGCTCTGG-3).

TAM administration

TAM (cat. no. T5648, Sigma-Aldrich) was dissolved overnight at
37 C° with gentle rocking in sterile sunflower seed oil (cat. no. S5007,
Sigma-Aldrich) at a concentration of 20 mg ml™ and protected from
light. TAM was administered via intraperitoneal (i.p.) injection once
every 24 h for five consecutive days. The injection dose of 75 mg kg™
was determined according to animal body weight.

Gene expression analysis

Brain and liver were collected from APOE4s2¢, APOE4s2*, APOE4s2,
E2-TR and E4-TR mice switched between 4-6 months of age 72 h,
1month, 3 months, 6 months or 12 months after TAM administration.
RNA was extracted from whole-brainand liver tissue using the RNeasy
Mini Kit (cat. no. 74104, QIAGEN) and converted to complementary
DNA (cDNA) (cat. no. 4388950, Thermo Fisher Scientific). The APOE
genotype was determined using PCR with TagMan assay primers for
the two allele-determining single-nucleotide polymorphisms of APOE:
rs7412 and rs429358 (cat. no. 4351379, Thermo Fisher Scientific). Posi-
tive human DNA controls for the APOE genotypes E2/E2 and E4/E4 were
included with each assay.

To quantify expression of homeostaticand DAM genes in4s2/FAD
and 4s2*/FAD mice, brains were collected 2 months after TAM. RNA was
extracted and converted to cDNA as described above. TagMan Gene
Expression Assays (cat. no. 4331182, Thermo Fisher Scientific) were
used to measure Cx3cr1 (Mm02620111_s1), Tmem119 (Mm00525305_
ml), P2ry12 (Mm01950543 _s1), Trem2 (Mm04209422_ml), Clec7a
(MmO01183349 m1) and APOE (Hs00171168_m1). Data were normalized
to endogenous 18S control (Hs99999901 s1) and the fold change was
calculated between groups using 2-24 Cvalues.

Brain tissue sample processing
Brains were collected from mice who were transcardially perfused
with sterile 0.9% saline (cat. no. S9625, Sigma-Aldrich) unless stated

otherwise. The brain was dissected into two hemispheres. The left
hemisphere was flash-frozenin liquid nitrogen for biochemical analy-
ses while the right hemisphere was drop-fixed in 4% paraformaldehyde
for histology. For the biochemical analyses, the left hemisphere was
cryopulverized and 25 mg of tissue was homogenized in radioim-
munoprecipitation assay buffer supplemented with a cOmplete
protease inhibitor (cat. no. 11836153001, Sigma-Aldrich) and PhosS-
TOP phosphatase inhibitor (cat. no. 4906837001, Sigma-Aldrich)
unless specified otherwise. The homogenate was passed through
a20-g needle, agitated for 15 min using a Disrupter Genie (cat. no.
7403-2380, USA Scientific) and centrifuged for 30 minat 15,000 rpm
at 4 °C. To extract the soluble and insoluble brain fractions, 25 mg
of liquid-nitrogen-pulverized whole-brain tissue was sequentially
homogenized with PBS and then 5 M guanidine buffer with protease
and phosphatase inhibitors. PBS buffer was added at 20 pl mg™; then,
the homogenate was passed througha20-g needle, agitated for 15 min
and centrifuged for 30 minat 15,000 rpmat 4 °C. The supernatant was
collected and saved as a PBS-soluble fraction. The same amount of
5M guanidine buffer was added to the pellet and agitated for 15 min
followed by 1-h rotation at room temperature. The homogenate was
centrifuged for 30 min at 15,000 rpm at 4 °C. The supernatant was
collected asaninsoluble fraction.

Proteomics

Plasma ApoE was concentrated using the AlbuVoid Albumin Depletion
Kit (cat. no. AVK10, Biotech Support Group) and filter centrifugation
(cat.no.UFC503024, EMD Millipore). Brain homogenates were immu-
noprecipitated for ApoE using magnetic Dynabeads (cat.no.10018D,
Thermo Fisher Scientific) and incubated with 100 pg of sample for
1hatroomtemperature. Samples were eluted from the beads using a
denaturing elution with elution buffer and 2x Laemmliloading buffer
(cat. no. S3401-10VL, Sigma-Aldrich). Equal amounts of protein were
loaded (40 pg) with 2x Laemmli loading buffer and run on a 4-20%
gel (cat. no. 5671024, Bio-Rad Laboratories). The gel was stained with
SimplyBlue SafeStain (cat. no. LC6060, Thermo Scientific) for 1 h at
roomtemperature.

Protein bands corresponding to ApoE (-36 kDa) were excised
from the gel and subjected to a dithiothreitol reduction, iodoaceta-
mide alkylation and in-gel trypsin digestion. Peptides were extracted
and concentrated using filtration with a 0.22-pm polyvinylidene
fluoride filter and then subjected to LC-MS/MS analysis using the
Q Exactive Orbitrap Mass Spectrometer (Thermo Fisher Scientific).
The LC-MS/MS datasets were searched in MASCOT against a cus-
tom database of exclusively human ApoE2 and ApoE4 peptides,
including dynamic modifications of carbamidomethyl (C) and
oxidation (M). The overall ratio of E2 to E4 peptides detected in
each sample was calculated as the total intensity for specific E4 or
E2 peptides.

Plasmallipid quantification

Experimental and control animals were fed either normal chow or a
Western diet (cat. no. TD.88137, Envigo) for 4 months to exacerbate
hyperlipidemic phenotypes. Blood was collected from fasted ani-
mals at 3 months (before the switch), and at the end of the 4-month
study (after the switch). Total plasma TG, cholesterol and phos-
pholipid levels were quantified using colorimetric assays (Fujifilm
Wako Chemicals).

Plasma lipoprotein fractions were separated using fast protein
liquid chromatography. Plasmasamples were pooled to afinal volume
0f100 pl (n =4 per group) and separations were performed on an AKTA
pure instrument equipped with Superose 6 (GE Healthcare) columns
arranged in series. Plasma was run over the columns at a flow rate of
0.5 mlmin™in PBS buffer and 0.5-ml fractions were collected. TG,
cholesterol and phospholipid levels were quantified in each fraction
using colorimetric assays (Fujifilm Wako Chemicals).

Nature Neuroscience


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-025-02094-y

ApoE ELISAs

Acommercially available sandwich ELISA kit (cat.no.ab108813, Abcam)
was used to measure total ApoE in the periphery and brain,and ApoEin
soluble andinsoluble whole-brain fractions. Plasmawas diluted 1:400
and whole-brain homogenate was diluted 1:10. PBS-soluble brain frac-
tions were diluted 1:10 and insoluble fractions were diluted 1:50. The
average absorbance of each standard and sample were calculated and
corrected by the dilution factor. ApoE concentration was calculated
using the equation of the standard curve and normalized by total
tissue weight.

Untargeted lipidomics

Untargeted lipidomic analysis was performed on whole-brainhomoge-
nate from 6-8-month-old TAM-treated APOE4s2¢, APO4s2, E2-TR
and E4-TR mice by a commercial company (BGI) using LC-MS/MS. A
high-resolution Q Exactive mass spectrometer (Thermo Fisher Scien-
tific) was used for data acquisition in positive-ion and negative-ion
mode, respectively, to improve lipid coverage. Data were processed
using LipidSearch v.4.1 and the BGI’s statistical software package,
metaX. Metabolite abundance averages were calculated within groups
and multiple group t-tests were performed on the entire dataset.
Volcano plots were made for each condition in the dataset and also
according to lipid class.

Brain single-cell suspension, cDNA library and sequencing
Mice were anesthetized using 5.0% isoflurane before exsanguination
and transcardial perfusion with ice-cold Dulbecco’s PBS (DPBS) (cat.
no. 14040133, Gibco). After perfusion, brains were quickly removed and
wholeright hemispheres sans brainstem and cerebellum were quickly
minced using forceps ontop of anice-chilled Petri dish. Minced tissue
from the hemispheres (n=3 APOE4s2°,n=3 APOE4s2", n=1APOE4s2,
n=2E2-TR and n=1E4-TR) were immediately transferred into a gen-
tleMACS C-tube (cat. no. 130-093-237, Miltenyi Biotec) containing
Adult Brain Dissociation Kit (ABDK) enzymatic digest reagents (cat. no.
130-107-677, Miltenyi Biotec) prepared according to the manufacturer’s
protocol. Tissues were dissociated using the 37C_ABDK’ protocol on
the gentleMACS Octo Dissociator instrument (cat. no. 130-095-937,
Miltenyi Biotec) with heaters attached. After tissue digestion, cell
suspensions were filtered through 70-pm mesh cell filters to remove
debrisaccording to the manufacturer’s suggested ABDK protocol. The
resultant suspension was sequentially filtered (x2) using fresh 30-um
mesh filters. Cell viability was checked using the Acridine Orange/
Propidiumlodide viability kit (cat. no. LGBD10012, Logos Biosystems).
After viability and counting, cells were diluted to achieve a concen-
tration of ~1,000 cells per 100 pl. The diluted cell suspensions were
loaded onto the 10x Chromium instrument. Each sample was loaded
into a separate channel on the Single Cell 3’ Chip and libraries were
prepared using the Chromium v3 Single Cell 3’ Library and Gel Bead
Kit (10x Genomics). Final library quantification and quality checking
were performed using a Bioanalyzer instrument (Agilent Technolo-
gies); 150-bp paired-end sequencing (Novogene) was performed ona
NovaSeq 6000 S4 flow cell.

scRNA-seq data processing

After libraries were sequenced and quality control was performed,
samples were aligned with STAR aligner to the mm10 mouse reference
genome using the Cell Ranger v.6.1.1 pipeline. The expression matrix
was loaded into R for further analysis and visualization using Seurat
(v.5.0.3). Ambient RNA contamination was removed using the SoupX R
package. Doublets were removed using the scDbIFinder package. Cells
were thenfiltered toreduce the potential of including low-quality cells
with the following criteria: 200 < nGene <2000; 200 < nCount; and
percent.mito <20%. Feature counts were normalized using sctransform
and the effects of percent.mito were regressed out. Datasets were
integrated using the Seurat standard protocol. Principal component

analysis was performed and nearest neighbor analysis was done using
the FindNeighbors function. FindClusters with a Louvain algorithm
was used to identify clusters, and clustering was performed using a
resolution of 1.0. Dimension reduction was performed using UMAP on
the top 50 principal components. Forty-five clusters were identified.
Four mixed clusters with high hemoglobin were removed along with
several clusters with pituitary contamination (high expression of Gh,
Prland Lhx3).

To assign glial cell type identity to each cluster, we manually exam-
ined the expression levels of cell-type-specific markers across each
cluster using the Partek Flow software to identify clusters contain-
ing unique populations of different cell types. Canonical CNS cell
type markers were compiled from previous studies®* . This process
resulted in stringent filtering of cells with ambiguous assignments,
leaving a total of 85,701 cells in 41 carefully assigned clusters.

GO analysis of DEGs

TheSeurat function FindMarkers with the MAST differential expression
test were used to conduct the DEG analysis viagrouping for comparison
according to clusters and treatment group. DEGs were selected if the
P,4;<0.001 and the absolute value of the log fold change was higher
than 1.0. Based on the identified DEGs, enrichment analyses of GO
terms (Biological Process (BP2021)) were performed via Enrichr or
the rwWikiPathways R software package’, with cutoff represented by
an FDR-adjusted P < 0.05. Bar plots of the top five most significant
downregulated and upregulated pathways were generated for the
visualizations.

Fluorescence-activated cell sorting

Mice were anesthetized using 5.0% isoflurane before exsanguination
and transcardial perfusion withice-cold DPBS. After perfusion, brains
were quickly removed and whole right hemispheres sans brainstem and
cerebellum were quickly minced using forceps ontop of anice-chilled
Petridish. Minced tissue from the hemispheres wasimmediately trans-
ferred into a gentleMACS C-tube containing ABDK enzymatic digest
reagents prepared according to the manufacturer’s protocol. Tissues
were dissociated using the ‘37C_ABDK’ protocol on the gentleMACS
Octo Dissociator instrument with heaters attached. After tissue diges-
tion, cell suspensions were filtered through 70-pm mesh cell filters
to remove debris according to the manufacturer’s suggested ABDK
protocol. Theresultant suspension was sequentially filtered (x2) using
fresh 30-pm mesh filters. Cell viability was checked using the Acridine
Orange/Propidium lodide viability kit. Cell suspensions were then
subjected to fluorescence-activated cell sorting to sort tdTomato
expression astrocytes from non-fluorescent Cre cells in the brain. A
total of ~110,000 cells were sorted and collected in DPBS. Cells were
subsequently prepped for RNA isolation.

Immunofluorescence

Brains were post-fixed in 4% paraformaldehyde (cat. no. 043368.9M,
Thermo Fisher Scientific) for 24 hat 4 °C then stored ina30% sucrose
solution with 0.05% sodium azide (cat. no. 76102-628, VWR). Coronal
cryosections (30 pM) were obtained using a Leica Cryostat (CM1520)
and serially collected in a cryoprotectant solution (50% 0.1 M PB, 30%
ethyleneglycol,20% glycerol). Hippocampus-containing sections were
selected for all stains, which were performed free-floating unless stated
otherwise. Forimmunofluorescence detection of ApoE (1:500 dilution,
cat. no. 13366S, Cell Signaling Technologies), GFAP (1:500 dilution,
cat. no. 13-0300, Invitrogen), IBA1 (1:500 dilution, cat. no. 3NB100-
1028, Novus Biologicals; 1:500 dilution, cat. no. ab178846, Abcam),
MHC-11 (1:200 dilution, cat. no. 14-5321-82, Thermo Fisher Scientific),
PSD95 (1:500 dilution, cat. no. 51-6900, Invitrogen), anti-CAA mOC31
(1:100 dilution, cat. no. ab201059, Abcam), ZO1 (1:00 dilution, cat.
no. 40-2200, Invitrogen) and CD31 (1:100 dilution, cat. no. ab56299,
Abcam), sections were washed three times for 5 min in 1x PBS and
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permeabilized in 1x PBS + 0.2% Triton X-100 for 10 min. Sections were
blockedin10%goat serumin1x PBS + 0.2% Triton X-100 (ApoE + GFAP)
or 10% donkey serum in 1x PBS + 0.2% Triton X-100 (ApoE + IBA1) for
1hat room temperature. Primary antibody cocktails were diluted in
3% goat or donkey serum and sections were incubated overnight at
4 °C. Sections were washed three times for 10 min in 1x PBS before
applying the corresponding secondary antibodies (Goat anti-Rabbit
AlexaFluor 488, cat.no.A32731, Invitrogen; Goat anti-Rat Alexa Fluor
568, cat. no. A11077, Invitrogen; Donkey anti-Rabbit Alexa Fluor 488,
cat.no.A32790, Invitrogen; Donkey anti-Goat Alexa Fluor 555, cat. no.
A32816, Invitrogen) at a dilution of 1:250. Sections were incubated in
secondary antibodies for 2 h at room temperature, protected from
light. Sections were briefly washed in 1x PBS and mounted and cover-
slipped using a mounting medium with DAPI (cat. no. H-1500, Vector
Laboratories) or NucSpot nuclear stain (cat. no. 23016, Biotium). For
immunofluorescence detection of amyloid, sections were mounted
ontoslides after secondaryincubation and allowed to dry. Slides were
stained for amyloid plaques using Amylo-Glo (cat. no. TR-300-AG,
Biosensis) and coverslipped with a mounting medium containing a
far-red nuclear stain (cat. no. 23016, Biotium).

Fluorescence microscopy and HALO quantification

Imaging of GFAP, Ibal and Amylo-Glo tissue-mounted slides was per-
formed using the ZEISS AxioScan 7 to capture full mouse brain coronal
sections.Images were uploaded to the Indica Labs HALO image analysis
platform. All other tissue was imaged using a Nikon AX/AXR confocal
microscope to capture the superior half (including the hippocampus
andisocortex) of whole mouse brain coronal sections. Allimages were
uploaded and analyzed with the Indica Labs HALO image analysis plat-
formusing the following algorithms: Area Quantification FL (v.2.3.3);
Co-localization FL (v.2.1.4); and Proximity analysis (v.2.1.4).

Behavioral assessments

Associative fear conditioning. Associative learning and memory
were assessed using the cued and contextual fear conditioning test
over the course of 2 days. Mice were placed in a sound-attenuated
chamber with grid flooring capable of delivering an electric shock.
Freezing was measured with an overhead camera and the EthoVision
XT software as afear response output measure. Onday 1, each chamber
was prepared with context no. 1 consisting of white walls, gray metal
grid flooring and MB-10 cleaning solution scent. Mice were placed
in the chamber and were undisturbed for 3 min as baseline freezing
was recording. On the third minute, a paired light and tone cue was
played for15s; thiswasimmediately followed by delivery of a 0.35-mA
shock stimulus that lasted for 1s. This cue and stimulus combination
was repeated four times on every 60-s increment. On day 2, 24 h after
day 1, mice were again placed in a chamber with context no. 1 for the
contextual test. Mice wererecorded for 5 min with no cues or stimulus
to assess their ability to associate the context of the chamber from the
conditioned fear response. After recording, mice were removed from
the chambers. All chambers were thoroughly cleaned and prepared
with context no. 2, which consisted of vertical black and white striped
walls, white floors and a vanilla scent. Two hours later, mice performed
the cued test, in which they were placed in chambers with context no.
2. Mice were undisturbed for 3 min, after which three paired light and
tone cues were played for 15 s each on every 60-s interval. Percentage
freezing wasrecorded in 60-s intervals.

Morris water maze. The water maze consisted of a circular pool, filled
with opaque water (white paint added, 24 °C) divided conceptually
into four quadrants. Mice were trained to locate an ‘escape’ platform
(Plexiglas circle, 6-cm radius) submerged 2 cm below the surface of
the water for five consecutive days during the ‘hidden platform’ trails,
which required mice to rely on extra-maze cues for spatial reference
and orientation. Extra-maze cues consisted of four large (50 x 50 cm)

cues of different shapes and color combinations, positioned at the
borders of the four quadrants. The platform was not rotated during
the hidden platformtrials, remaininginthe ‘target’ quadrant. However,
the location in which mice were dropped into the pool differed for
each session between the four quadrants to avoid procedural bias in
task learning. Mice were given two sessions per day (separated by 3 h)
consisting of two trials each (separated by 10 min). Spatial memory
retention was assessed 72 h after the final ‘hidden platform’ training
session. The submerged platform was removed and spatial memory
retention assessed during these ‘probe’ trials by analyzing the number
of times mice crossed over the location of the platform and the time
spent swimming inthe target quadrant compared to the time spentin
the three non-target quadrants.

Statistics

All values are reported as + s.e.m. All statistical analyses were con-
ducted in Prism 10 (GraphPad Software) unless noted otherwise;
t-tests were used for assessing significance between two groups, while
two-way ANOVAs were used to assess significance between more than
two groups. Significance was determined as P < 0.05 for all tests unless
stated otherwise. Significant P values, the value of n per group and
experimental groups can be found in the figure legends.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The scRNA-seq datawere deposited into the Gene Expression Omnibus
underaccessionno. GSE300079. We reanalyzed data from the following
existing sources: Murdock & Tsai (syn18485175 GSE138852, GSE147528;
syn21125841, GSE157827, GSE129308, GSE146639, GSE163577,
GSE148822; and syn3219045, GSE181279, GSE134578, GSE160936); De
Bastianietal. (GSE149661, GSE145907, GSE28146, GSE29378, GSE36980,
GSE48350, GSE84422 and GSE123496); Zhao et al. (syn22307008);
Habib et al. (GSE143758); Keren-Shaul et al. (GSE98971); and Krasemann
etal. (GSE101689). All other data supporting the findings of this study
are available within the paper and its Supplementary Information.
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Extended DataFig. 1| Peaks for unique E2 and unique E4 peptides look
similar in TR mice and APOE4s2 and APOE4s2° mice. a,d,g,j, Extracted-ion
chromatogram (XIC) of peaks from unique E4 peptide LGADMEDVR in an E4-TR
control sample (a) and an APOE4s2 sample expressing E4 protein (d) or peaks
from unique E2 peptide LGADMEDVRGC in and E2-TR control sample (g) or an
APOE4s2°¢ sample (j) expressing E2 protein. b,e,h,k, Mass spectra (MS) showing
peaks with similar mass to charge ratios of unique E4 peptide LGADMEDVR
inan E4-TR control sample (b) and an APOE4s2 sample expressing E4 protein
(e) or peaks from unique E2 peptide LGADMEDVRGC in and E2-TR control
sample (h) or an APOE4s2° sample (k) expressing E2 protein. ¢,f,i,1, Tandem

mass spectra (MS/MS) showingion fragment peaks with similar mass to charge
ratios of unique E4 peptide LGADMEDVR in an E4-TR control sample (c) and

an APOE4s2 sample expressing E4 protein (f) or peaks from unique E2 peptide
LGADMEDVRGC in and E2-TR control sample (i) or an APOE4s2° sample (1)
expressing E2 protein. m, Peptide sequences unique to ApoE2 or ApoE4 at amino
acid residues 112 and 159 following trypsin digestion. Sequences were used

to create a custom database of hApoE2 and hApoE4 peptides. LC-MS/MS data
sets generated from plasma and brain samples were searched in against these
sequences at both amino acid residues to generate a semi-quantitative ratio of
E2:E4in APOE4s2 and APOE4s2° samples.

Nature Neuroscience


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-025-02094-y

& APOE mRNA in Brain (Rosa26-CreERT")

. Bodyweight C ApoE (Plasma)
5 B E4TR 80
A ® oo w“ o E2TR
3 4 A APOE4s2 & EATR
B APOE4s26 (72 hrs) o = 601 A A~ APOE4s26
g @ APOE4s2° (3mo.) £ 601 E V- APOE4s2
] © APOE4s2® (6mo.) 5 T E 40 s
vy V APOE4s2¢ (12mo.) X 40 w V.
Q 8
< < 504
204
o . S
0 % % G
APOE2 Exprossed E4TR  E2TR APOE4s2 APOEAs? VLDL IDL/LDL HDL
d Triglycerides (Whole Plasma) e Triglycerides f Total Cholesterol (Whole Plasma) g Cholesterol
250 5 viDL DL HDL o E2TR 400 - = 6 ViDL LDL HDL o E2TR
. . 7\ & E4TR = [ — ) ° = E4TR
3 200{ - 3 4 N A APOE4s2® T 300 ; 2 \ 3 A APOE4s2®
2 A v APOE4s2 £ 54 | [ V- APOE4s2
= 150 = 3 / \ = - 3
. s Ta |
g 100 % g 2 A2 3 == s,
Z 2 ¥\ S 100 =)
=) © < =
to - E T
o X e
o 0 s 0
E4TR E2TR APOE4s2 APOE4s2® E4TR E2TR APOE4s2 APOE4s2 5 10 15 20
Cre: - - - + ! el N N M Elution volume (mL)
TAM: + + + + Elution volume (mL) -

>

Phospholipid (Whole Plasma) Phospholipids
LDL HDL

N

=)

=3
®

VLDL

W
1=}
=)

o

Fgﬁ

E4TR E2TR APOE4s2 AP0E4525
Cre: - 5

o
1=}
N

— o

Phosphatidylcholine (mg/dL)
S
3

Phosphatidylcholine (mg/dL)
H

o

hmﬁ.

15

EIut|on volume (mL)

k__ | B4R E2R__ M| ER  EB2TR

Merged

@ E2-TR
& E4-TR
A APOE4s26
V- APOE4s2

20

(0] | E2-TRvs. E4-TR

e

Extended Data Fig. 2 | See next page for caption.

1‘
e

Pc(16:0/18:1)
Gm(d38:1)
Lpe(22:6)
Pc(40:5)
Pe(34:2p)
Cer(d17:0/26:2)
Sm(d14:2)
Co(q9)
Pe(18:2/20:4)

Pg(22:6/22:6)

2 ;
[ . .
Genotype
E2-TR
= E4-TR
Lipid Class

CER
Cco
GM
LPE
PC
PE

PG
SM

Log10(p)

Merged

n Cell-Specific APOE Colocalization in Hippocampus

E4-TR I Astrocytes
5 Il Microglia
EZTRE | Not detected ©9
APOE4s2 [ Neurons
APOE4s2¢
E4- TR
E2TR| =@
APOE4s2{D®
APOE4s26 (D<@
E4-TR [ON0—==s50) J'
E2-TR o ¢
APOE4s2 do ]
*
APOE4s2¢ F——o
0 20 40 60

% ApoE Colocalized

E2-TRvs. E4-TR |

Down in E2 Upin E2
4

Gm(d38:1) ® CER ®
Pe(18:2/20:4) @ Cl ]
3 Pc(40:5) eco e
Pg(22:6/22:6) Pe(34:2p) o @ DG ®
Co(@9)~ Pc(16:0/18:1) O DMEPE @
2 ;Q, do—Lpe(226) oFA o
90 3 ecM o
@ B RO B i ® LDMEPE @
1 e LPC @
® LPE O
® LPG ©

Log2(FC)

LPI
LPS
OAHFA
PA
PC
PE
PG
Pl
PS
SM
TG

Nature Neuroscience


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-025-02094-y

Extended Data Fig. 2 | Peripheral and cerebral metabolic profiling of APOE4s2
and ApoE-TR mice and ApoE colocalization with glia. a, Allelic discrimination
plot of mRNA analysis showing efficient and sustained expression of APOE2in
APOE4s2°mice at 72 h, 3 months, 6 months, and 12 months post switch compared
to E2-TR, E4-TR, and APOE4s2 controls (ng1p = 6, Ngg1r = 6, Mpporasr = 6, Maporasa = 6
for alltimepoints).). b, Percent change in bodyweight recorded between mice
onwestern diet (APOE4s2°: n =12 total, n = 6 female, n = 6 male; APOE4s2:n=13
total, n = 6 females, n = 7 males; E2-TR: n =18 total, n = 10 females, n = 8 males;
E4-TR:n=12total, n =9 females, n = 3 males; no significance; 2way ANOVA with
multiple comparisons). ¢, ApoE quantified in SEC fractions corresponding

to VLDL, IDL/LDL and HDL lipoprotein classes. d,f,h, Triglycerides (d), total
cholesterol (f), and phospholipids (h) quantified in plasma from E2-TR, E4-TR,
APOE4s2, and APOE4s2° mice on normal chow (fg,g =3, Mgyt = 3, Raporsss = 5,
Naporssac = 35 *p < 0.08, **p < 0.01, ***p < 0.0001; 2way ANOVA with multiple
comparisons). e,g,i, Triglycerides (e), total cholesterol (g), and phospholipids

(i) quantified in FPLC eluants corresponding to VLDL, LDL and HDL (ng, 1 =3

pooled, ng, 1z =3 pooled, Nuporss, = 4 pooled, Nyporssag = 4 pooled). j, Representative
images of ApoE (red), NeuN (green), and DAPI (blue) staining in APOE4s2° and
APOE4s2 controls. Scale is 100um. k, Representative images of ApoE (red)

and NeuN (green) with DAPI nuclear stain (blue) in E4-TR and E2-TR brains.
Scaleis100um. |, Representative images of ApoE (red), IBA1(green), and DAPI
(blue) in E4-TR and E2-TR mice. Scale is 100um. m, Representative images of
ApoE (red), GFAP (green), and DAPI (blue) in E4-TR and E2-TR brains. Scale is
100um. n, Quantification of ApoE with astrocytes, microglia, and neuronsin the
hippocampus. *p < 0.05, **p < 0.001, 2way ANOVA with multiple comparisons.
0, Heatmap depicting top 10 most significantly changed lipids between E2-TR
and E4-TR controls. p, Volcano plot showing differentially expressed lipids
betweenE4-TRvs. E2-TR mice (ng, 1 = 8, ng, 1z = 8; all females). (FDR adjusted

p <0.05(loglO(P) >1.3)). For detailed statistical information, see supplementary
table 3. Datarepresent mean +s.e.m. of biological replicates. Individual data
points plotted. Box plots show center line, median; box limits, upper and lower
quartiles; whiskers, minimum and maximum.
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Extended DataFig. 4 | Plotted DEGs for all single cell comparisons. a, Volcano plots depicting differentially expressed genes in microgliaidentified between,
plots depicting differentially expressed genes in astrocytes identified between APOE4s2"*vs. APOE4s2, APOE4s2¢vs. APOE4s2, and E2-TR vs. E4-TR comparisons.
APOE4s2"*vs. APOE4s2, APOE4s2°vs. APOE4s2, and E2-TR vs. E4-TR comparisons.  p=0.001,10g2FC =1.0.d, Volcano plots depicting differentially expressed genes
p=0.001,l0g2FC =1.0.b, Volcano plots depicting differentially expressed genes in endothelial cells identified between APOE4s2" vs. APOE4s2, APOE4s2° vs.
inoligodendrocytes identified between APOE4s2" vs. APOE4s2, APOE4s2C vs. APOE4s2,and E2-TR vs. E4-TR comparisons. p = 0.001,10g2FC =1.0.

APOE4s2, and E2-TR vs. E4-TR comparisons. p = 0.001,10g2FC =1.0. ¢, Volcano
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Extended DataFig. 5| Validation and plasma lipid profiling of astrocyte-
selective APOE4s2”* mice. a, Allelic discrimination plot of mRNA analysis from
whole brain tissue showing efficient and sustained expression of APOE2in
APOE4s2" mice at 72 h, 3 months, 6 months, and 12 months post switch compared
to E2-TR, E4-TR, and APOE4s2 controls (Ng,1p = 6, Neg1r = 6, Npporass = 6, Mapopasaa = 6
for all timepoints) b, Ratio of unique E2 vs. E4 peptides detected using mass spec
based proteomic analysis (1gy1g = 2, Mgs1r = 2, Raporasa = 3 Raporss2a = 3)- €, Percent
td-tomato Aldhl1lI-Cre reporter positive area vs. tdTomato Aldh1lI-Cre reporter
colocalized with GFAP staining in APOE4s2* (65%) mice vs. APOE4s2 Cre-negative
controls (4%%) (aporss2a = 3, Maporss: = 3)- d-€, Allelic discrimination plot from liver
tissue (d) with ratios of relative fluorescence from SNPs associated with APOE2 vs.
APOE4 showing an average of 81% APOE2 mRNA expression in the liver (e)
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(Ngyr = 6, Npgrr = 6, Mapopas = 6, Maporssaa = 6). f, ApOE quantified by ELISA in

SEC fractions corresponding to VLDL, IDL/LDL and HDL lipoprotein classes.

g-i, Triglycerides (g), total cholesterol (h), and phospholipids (i) quantified

in plasma from E2-TR, E4-TR, APOE4s2, and APOE4s2”* mice on normal chow
(N7 =3, Nea1r =3, Naporasa = 5 Maporasac = 55 *p < 0.05, *'p < 0.01, **p < 0.001,

**p < 0.0001; 2way ANOVA with multiple comparisons). j-1 Triglycerides (j), total
cholesterol (k), and phospholipids (I) quantified in FPLC eluants corresponding
to VLDL, LDL and HDL lipoprotein classes (ng,1z = 3 pooled, ng, 1 =3 pooled,
Npporssz = 4 pooled, Nyporssac = 4 pooled). a-i, For detailed statistical information,
see supplementary table 3. Data represent mean +s.e.m. of biological replicates.
Individual data points plotted. Box plots show center line, median; box limits,
upper and lower quartiles; whiskers, minimum and maximum.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Sex stratified analysis of behavior showing
improvementsin associative, but not spatial learning and memory.

a-d, Percent time freezing measured during conditioning in 4s2*/FAD vs. 4s2/
FAD stratified by sex. Analyses showed only one significant sex difference where
4s2/FAD males froze more than 4s2/FAD females. (1,54 /rsp = 8 females; 8 males,
Nysyeap = 8 females; 8 males; *p < 0.05, *p < 0.01, ***p < 0.001, ***p < 0.0001;
Repeated measures ANOVA with multiple comparisons; symbols denote
significance by sex(es). e, Latency to platform measured in 4s2*/FAD compared
to tamoxifen treated, Cre-negative 4s2/FAD controls over the 5-day hidden
platform training trials (1,54 /eap = 10, Nyeyeap = 10; two-tailed, paired t-test).

f, Thigmotaxis (defined by 30 s of swimming around perimeter) in 4s2*/FAD and
4s2/FAD controls during hidden platform trials (s /eap = 10, Nygy6ap = 10; two-
tailed, paired t-test). g, Latency to platform by sex showing no sex differencesin
452*/FAD or 4s2/FAD controls. (g rap = S females; 5 males, g,/ = 5 females;
Smales; 2way ANOVA with repeated measures and multiple comparisons).

h, There were no significant sex-based differences in thigmotaxis (s /rap = 5
females; 5 males, n,qp = 5 females; 5 males 2way ANOVA with repeated
measures and multiple comparisons). i-k, Number of platform crosses (i),
occupancy of target quadrant (j), and occupancy of target quadrant compared to
other quadrants (k) in the 72-hour memory probe. (11,4 /rap = 5 females; 5 males,
N,eap = 5 females; 5 males; *p < 0.01, ***p < 0.001, ***p < 0.0001; two-tailed,
unpaired t-test (I,k); 2way ANOVA with multiple comparisons (k)). I-n, Sex-based
analyses of platform crosses (I), time in target quadrant (m), and frequency in
quadrants relative to other quadrants (n) showed no sex differences (1455 ka0 = 5
females; 5 males, n,q, e = 5 females; Smales; *p < 0.05, **p < 0.01, ***p < 0.001,
4 < 0.0001; 2way ANOVA with multiple comparisons. a-n. For detailed
statistical information, see supplementary table 3. Datarepresent mean +s.e.m.
of biological replicates. Individual data points plotted. Sex is denoted by symbol
shape: females (circle), males (triangle). Box plots show center line, median; box
limits, upper and lower quartiles; whiskers, minimum and maximum.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7| Amyloid deposition by sex, plaque toxicity, and tight
junction protein quantification. a, Quantification of total amylo-glo+area by
sex showing significantly higher amyloid+areain 4s2/FAD females than 4s2/FAD
males (1,4rap = 8 females; 8 males, n,, ¢5p = 8 females; 8 males; **p < 0.01; 2way
ANOVA with multiple comparisons). b, Representative image of amylo-Glo (blue)

and nuclei (red) staining in 6-month-old (pre-switch) 4s2/FAD mice. Scaleis1 mm.

¢, Percent amyloid+ area quantified over the 2-month period of astrocytic E2
expression showing asignificant increase in amyloid+ percent areain8-month-
old 4s2/FAD mice. (Mys;a/kap-6mo = 8 Masyyran-smo. = 16, Musonskan-smo. = 16; **p < 0.01; 2way
ANOVA with multiple comparisons). d, Average plaque size at 8 mo. between
4s2/FAD controls and 4s2*/FAD mice (ygeap = 7, Rusarran = 7; tWo-tailed, unpaired
t-test). e-h, Sex based analyses ELISA quantification of soluble and insoluble
Ab,,and Ab,, species show no sex differences but suggest decreases in amyloid
could be driven by trends within one sex (f,,a/rap = 7 females; 7 males, 1y, p =7
females; 7 males; *p < 0.05, **p < 0.01, **p < 0.001, 2way ANOVA with multiple
comparisons). i, Representative image of proximity analysis used to quantify
PSD-95 puncta in 3um increments up to 15um from the plaque. PSD-95 (green),
Amylo-Glo (blue), nuclei (red). Scaleis100um. j, I, PSD-95 quantificationin

the cortex showing decreases in PSD-95 in 4s2*/FAD mice starting at 12um

from plaque center (j). Sex based analyses revealed that 4s2/FAD females

had significantly more PSD-95 puncta than 4s2/FAD males farther from the
plaque (1) (g4 /pap = 6 females; 6 males, nyg, e = 6 females; 6 males; **p < 0.01,
***p < 0.001, ***p < 0.0001; 2way ANOVA with multiple comparisons). k, m, PSD-
95 quantification in the hippocampus (r,4/kp = 6 females; 6 males, n,q/pp = 6
females; 6 males; 2way ANOVA with multiple comparisons). n, Representative
images of CD31(red), ZO1 (green), and DAPI (blue) staining. Scale is 100um.

0, q, Quantification of tight junction protein ZO1 (o) with sex stratified analyses
showing that 4s2*/FAD females have higher ZO1 than 4s2*/FAD males (q)
(Nyson/pap = 8 females; 8 males, nyg, e = 8 females; 8 males; **p < 0.01; 2way ANOVA
with multiple comparisons). p, r, Quantification of total % area of CD31+ vessels
(Nygon/pap = 8 females; 8 males, nyg, e = 8 females; 8 males; 2way ANOVA with
multiple comparisons). a-r, Detailed statistical information in supplementary
table 3. Datarepresent mean +s.e.m. of biological replicates. Individual data
points plotted. Sex is denoted by symbol shape: females (circle), males (triangle).
Box plots show center line, median; box limits, upper and lower quartiles;
whiskers, minimum and maximum.
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Extended Data Fig. 8| Amyloid-associated gliosis measures stratified by sex.
a,c, Quantification of total percent GFAP+ (a) or IBA1+ (c) area in 4s2*/FAD and
4s2/FAD controls at 8 months compared to baseline measures of gliosis at

6 months (Mxpogas2 6mo = 8, Mapokasz-smo. = 16, Mapokaszasmo. = 16; p < 0.0L ****p < 0.000,
2way ANOVA with multiple comparisons). b,d, Quantification by sex of total
percent GFAP+ (a) or IBA1+ (c) areain 4s2*/FAD and 4s2/FAD controls at 8 months
compared to baseline measures of gliosis at 6 months (M poessa-6mo = 8, MapoEas2-smo. =
8females; 8 males, Nyporssansmo. = 8 females; 8 males; *p < 0.05, **p < 0.01,

***++p < 0.0001; 2way ANOVA with multiple comparisons). e-g, Sex stratified
analyses for colocalization of GFAP+ astrocytes and plaque (e), IBA1+ microglia
and plaque (f), and plaque with both GFAP+ astrocytes and IBA1+ microglia (g).
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(NApoEssz-6mo = 8) Mapor4sz-smo. = S females; 8 males, Nxporssansmo. = 8 females; 8 males;
*p < 0.05, **p < 0.01;2way ANOVA with multiple comparisons). h,j, Representative
images exemplifying plaque and glial cell proximity analyses in HALO software
for proximity analysis of amyloid plaques and GFAP positive cells (h), or amyloid
plaques and IBA1 positive cells (j). Scale is 100um. i-k, Plaque proximity analyses
by seX (Raporssz-6mo = 4> Maporssz-smo, = 4 females; 4 males, naporssansmo. = 4 females;

4 males; *p < 0.05; 2way ANOVA with multiple comparisons). a-k, Detailed
statistical information in supplementary table 3. Data represent mean +s.e.m.
of biological replicates. Individual data points plotted. Sex is denoted by symbol
shape: females (circle), males (triangle). Box plots show center line, median; box
limits, upper and lower quartiles; whiskers, minimum and maximum.
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Extended Data Fig. 9| Sex based analyses of microglia sub-populations and
plaque-associated ApoE. a-c, Sex stratified quantification of cortical MHCII+
percent area (a) MHCII+and IBA1+ percent area (b) or MHCII +, IBA1 +, and
amylo-glo+ percent area () (Maporssz-smo = 8, Marorasz-smo. = S females; 8 males,
Naporss2asmo. = 8 females; 8 males; *p < 0.0S, **p < 0.01, ***p < 0.001.2way ANOVA
with multiple comparisons). d-f, Sex stratified quantification of hippocampal
MHCII+ percent area (d) MHCII+ and IBA1+ percent area (e) or MHCII +, IBA1 +,
and amylo-glo+ percent area (f) (Naporssz-6mo = 8, Maporssz-smo. = S females; 8 males,
Npporssaasmo. = S females; 8 males; *p < 0.05, **p < 0.01, ***p < 0.001, 2way ANOVA
with multiple comparisons). g-h, Sex stratified analysis of homeostatic (g)

and DAM (h) gene expression showed no sex differences between groups.

i, Representative images of ApoE (green), amylo-glo (blue), and IBA1 (orange)
staining. Scale is 100um. j-k, Quantification of percent area of total ApoE in the
cortex (j) or cortical plaque-associated ApoE (k) with significant reductionin

total cortical ApoE, as well as plaque-associated ApoE, appearing to be driven by
452*/FAD females (Myporssr-6mo = ) Maporasz-smo. = S females; 8 males, Myporssansmo. = S
females; 8 males; *p < 0.05. 2way ANOVA with multiple comparisons.

I-m, Quantification of percent area of total ApoE in the hippocampus (I) or
plaque-associated ApoE (M) (Myporssa-6mo = 8, Maporss2-smo. = S females; 8 males,
Npporsszasmo. = 8 females; 8 males; 2way ANOVA with multiple comparisons).

n-o, ELISA quantification of total brain soluble ApoE (n) and insoluble ApoE (o)
by sex 4s2/FAD females had higher insoluble ApoE than males. (f4pog462-6mo = 8,
Npporssa-gmo. = S females; 8 males, Nypopssonsmo. = 8 females; 8 males; *p < 0.05,

**p < 0.01.2way ANOVA with multiple comparisons. a-0, Detailed statistical
informationin supplementary table 3. Data represent mean +s.e.m. of biological
replicates. Individual data points plotted. Sex is denoted by symbol shape:
females (circle), males (triangle). Box plots show center line, median; box limits,
upper and lower quartiles; whiskers, minimum and maximum.
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A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection

Data analysis

n/a

scRNAseq data processing

After libraries were sequenced and quality control was performed, samples were aligned with STAR aligner to the mm10 mouse reference
genome using the Cell Ranger 6.1.1 pipeline. The expression matrix was loaded into R for further analysis and visualization using Seurat
(v.5.0.3). Ambient RNA contamination was removed using the SoupX R package. Doublets were removed using the scDblFinder package. Cells
were then filtered to reduce the potential of including low-quality cells using the following criteria: 200 < nGene < 2000; 200 < nCount; and
percent.mito <20%. Feature counts were normalized using scTransform and the effects of percent.mito were regressed out. Data sets were
integrated using Seraut tandard protocol. Principal component analysis (PCA) was performed and nearest neighbor analysis was done using
FindNeighbors function. FindClusters with a Louvain algorithm was used to identify clusters and clustering was performed using a resolution
of 1.0. Dimension reduction was performed using UMAP on the top 50 principal. A total of 45 clusters were identified. 4 mixed clusters with
high hemoglobin were removed along with several clusters with pituitary contamination (high expression of Gh, Prl, and Lhx3).

To assign glial cell type identity to each cluster, we manually examined the expression levels of cell type-specific markers across each cluster
using Partek software to identify clusters containing unique populations of different cell types. Canonical CNS cell type markers were compiled
from42,56,80,81 and included: Aldoc, Agp4, Gjal, Aldh1l1, Gfap, Slc7a10, Sox9 (Astrocytes), P2ry12, Tmem119, Aif1, Slc2a5, Trem2, Cx3crl,
Itgam, Gpr34, C3ar1, Csflr, Fcrls (Microglia), Mgl2, Mrc1, Pf4 (Macrophages), Mog, Opalin, Mag, Ermn, Cldn11 (Oligodendrocytes), Pdgfra,
Opcml, Tnr, Myt1 (Oligodendrocyte precursors), KI, Car12, Ttr (Choroid plexus), Ccdc153, Dnah11 (Ependymal), Cd3d (Lymphocytes), FIt1,
Emcn, Cldn5, Cdh5, Vwf, Tek, Cd34 (Endothelial), Slc47al, Mgp (Vascular leptomeningeal), Acta2, Bgn (Vascular smooth muscle), Vtn, Kcnj8
(Pericytes), Rbfox3 (Neurons) and Dcx (Neuroprogenitors). This process resulted in stringent filtering of cells with ambiguous assignments
leaving a total of 85,701 cells within 41 carefully assigned clusters.
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Gene Ontology analysis of Differentually Expressed Genes

The Seurat function FindMarkers with MAST differential expression test conducted the DEG analysis via grouping for comparison by clusters
and treatment group. The DEGs were selected if the adjusted p-value was less than 0.001 and the absolute value of log-fold change was
higher than 1.0. Based on the identified DEGs, the enrichment analyses of GO terms (Biological Process (BP2021) were performed via Enrichr
or the rwWikiPathways R software package82 with cutoff by FDR-adjusted p values 0.05. Bar-plots of the top 5 most significant down and
upregulated pathways were generated for the visualizations.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Single-cell RNA sequencing data were deposited into the Gene Expression Omnibus (GEO) database under accession number GSE300079. We re-analyzed data from
the following existing sources: Murdock et al. (syn18485175, GSE138852, GSE147528, syn21125841, GSE157827, GSE129308, GSE146639, GSE163577, GSE148822,
syn3219045, GSE181279, GSE134578, GSE160936), De Bastiani et al. (6SE149661, GSE145907, GSE28146, GSE29378, GSE36980, GSE48350, GSE84422,
GSE123496), Zhao et al. (syn22307008), Habib et al. (GSE143758), Keren-Shaul et al. (GSE98971), Krasemann et al. (GSE101689). All other data supporting the
findings of this study are available within the paper and its Supplementary information.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender n/a

Reporting on race, ethnicity, or n/a
other socially relevant

groupings

Population characteristics n/a
Recruitment n/a
Ethics oversight n/a

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Given the single-source experimental design for several outcome measures (ex. behavioral tests and histological measures were performed
on the same mice), power analyses were calculated based on the output measures with highest sample-to-sample variability (behavioral
testing). The required sample size per group was based on our preliminary experiments and the published literature.

Data exclusions  No data were excluded.
Replication The data reported here represent a minimum of three distinct experimental cohorts tested over the course of several months. Tamoxifen

treated Cre negative siblings were used as controls within each experimental cohort and cohorts were comprised of mice from several
different breeding pairs. Both male and female mice were included for the majority of measures reported.
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Randomization  Whenever possible (i.e. within experimental cohorts based on date of birth), mice were randomly assigned an order for in vivo measures
(injections, behavioral testing, blood collection and dissections, etc) using a random number generator function.




Blinding Mice were assigned a secondary ID number and primary investigators were blinded to mouse experimental group by a colleague for
behavioral testing and histochemical analyses.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

[] Antibodies [ ] chip-seq

IXI|[ ] Eukaryotic cell lines [] Flow cytometry

|Z| |:| Palaeontology and archaeology |:| MRI-based neuroimaging
[] Animals and other organisms

XI|[ ] Clinical data

IXI|[ ] Dual use research of concern

X[ ] Plants

Antibodies

Antibodies used anti-Apok (Cell Signaling Technologies, cat. #13366S, 1:500),
anti-GFAP (Invitrogen, cat. #13-0300,1:500)
anti-IBA1 (Novus, cat. #NB100-1028, 1:500)
anti-IBA1 (Abcam, cat. #ab178846, 1:500)
anti-MHCII (Thermo Fisher, cat. #14-5321-82, 1:200)
anti-PSD95 (Invitrogen, cat. #51-6900, 1:500)
anti-CAA mOC31 (Abcam, cat. #ab201059, 1:100)
anti-ZO1 (Invitrogen, cat. #40-2200, 1:100)
anti-CD31 (Abcam, cat. #ab56299, 1:100)

Validation anti-ApoE validated using western blotting, IHC (both paraffin and frozen), IF and IP.
anti-GFAP validated by western blotting, ICC/IF, and IHC.
anti-IBA1 (Novus) validated by western blotting, ICC/IF, and IHC.
anti-IBA1 (Abcam) validated by western blotting, ICC/IF, and IHC.
anti-MHCII validated by western blotting, ICC/IF, and IHC.
anti-PSD95 validated by western blotting, ICC/IF, and IHC.
anti-CAA mOC31 validated by ICC/IF, and IHC.
anti-Z01 validated by western blotting, ICC/IF, and IHC.
anti-CD31 validated by western blotting, ICC/IF, and IHC.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals APOE switch mice (APOE4s2) were generated (on a C57BL/6N background) at TransViragen Inc (Chapel Hill, NC). Mouse Apoe exons 2
— 4 were replaced by human APOE exons 2 - 4. The coding region of APOE (exon 4) was followed by a stop cassette (3x SV40 polyA),
and flanked with loxP. Following the coding region for APOE4 was an additional exon 4 containing the sequence for APOE2. ROSA26-
CreERT1 (Strain #004847, RRID:IMSR_JAX:004847) and Aldh1l11-CreERT2 mice (Strain #029655, RRID:IMSR_JAX: 029655) were
purchased from Jackson Laboratories and crossed with homozygous APOE4s2flox/flox mice to generate ROSA26Cre/+/APOE4s2flox/
flox (APOE4s2G) or Aldh1l1Cre/+/APOE4s2flox/flox (APOE4s2A) mice. APOE4s2A mice were further crossed to 5XFAD mice to
generate Aldh1l1Cre/+/APOE4s2flox/flox hemizygous for the familial AD mutation (4s2A/FAD). Human APOE ‘targeted
replacement’ (TR) mice homozygous for APOE2 or APOE4 and Cre-negative littermates were employed as controls.

Wild animals n/a
Reporting on sex Sex was considered as a variable in the current study. Tests were powered (n=8 males, n = 8 females per group) for sex based
analyses in 4s2/FAD lines where all measures pertaining to cognition, amyloid, and gliosis reported in the extended data. Based on

the costly nature of the experiments, omics studies did not include sex as a variable.

Field-collected samples  n/a
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Ethics oversight All animal procedures and protocols were approved by the Institutional Animal Care and Use Committee and the University of
Kentucky.




Note that full information on the approval of the study protocol must also be provided in the manuscript.
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