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Abstract

INTRODUCTION: The apolipoprotein E gene (APOE) is an established central player

in the pathogenesis of Alzheimer’s disease (AD), with distinct apoE isoforms exert-

ing diverse effects. apoE influences not only amyloid-beta and tau pathologies but

also lipid and energy metabolism, neuroinflammation, cerebral vascular health, and

sex-dependent diseasemanifestations. Furthermore, ancestral backgroundmay signif-

icantly impact the linkbetweenAPOEandAD,underscoring theneed formore inclusive

research.

METHODS: In 2023, the Alzheimer’s Association convened multidisciplinary

researchers at the “AAIC Advancements: APOE” conference to discuss various

topics, including apoE isoforms and their roles in AD pathogenesis, progress in

apoE-targeted therapeutic strategies, updates on disease models and interventions

that modulate apoE expression and function.

RESULTS: This manuscript presents highlights from the conference and provides an

overview of opportunities for further research in the field.

DISCUSSION: Understanding apoE’s multifaceted roles in AD pathogenesis will help

develop targeted interventions for AD and advance the field of AD precisionmedicine.

KEYWORDS
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Highlights

∙ APOE is a central player in the pathogenesis of Alzheimer’s disease.

∙ APOE exerts a numerous effects throughout the brain on amyloid-beta, tau, and

other pathways.

∙ The AAIC Advancements: APOE conference encouraged discussions and collabora-

tions on understanding the role of APOE.

1 INTRODUCTION

In 1973, researchers identified an arginine-rich protein in the very low-

density lipoprotein (VLDL) of patients with a rare lipid metabolism

disorder called familial hypercholesterolemia type III.1 This protein

was further characterized and named apolipoprotein E, or apoE,2

which is encoded by the apolipoprotein E gene (APOE) and has three

main alleles: ε2, ε3, and ε4 that translate to three isoforms: apoE2,

apoE3, and apoE4, respectively.3 The apoE protein was later found

to play a role in lipid metabolism, cardiovascular disease (CVD), and

Alzheimer’s disease (AD).4–8

Over the past decades, apoE has attracted greater attention in

AD research. The APOE ε2 allele has been determined to be pro-

tective against AD, while the ε4 allele was found to be associated

with increased AD risk.7–9 Research has also found an important

correlation between the frequency of APOE variants across different

populations and their associated risk for AD pathology.10 This land-

scape of findings has opened an important avenue for a more precise

mechanistic understanding of AD etiology and pointed toward numer-

ous potential treatment targets. However, it is important to note that

most research in the area of apoE and AD has focused on non-Hispanic

White populations, leading to a lack of diversity in the field and under-

mining the breadth and impact of apoE and AD research on diverse

populations.

The Alzheimer’s Association convened the Alzheimer’s Association

International Conference (AAIC) Advancements: APOE conference

on March 6-7, 2023, to foster new collaborations and develop novel

research directions with the potential to break down multidisci-

plinary barriers and drive transformative neuroscience research. This

manuscript provides an overview of the discussions from this confer-

ence while highlighting knowledge gaps in the field that need to be

addressed by future research.

mailto:cmkloske@alz.org
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2 THE APOE GENE AND NEURODEGENERATIVE
DISEASE RISK

The APOE ε4 has been identified as the most significant genetic risk

factor associated with AD11 and other neurodegenerative diseases,

including frontotemporal lobar dementia (FTLD), Lewy body demen-

tia (LBD), and other amyloid-beta (Aβ) and tau pathologies.12 While

APOE ε2 is established as protective against AD, APOE ε4 is gener-

ally associated with greater AD risk if using APOE ε3 as a reference

allele. In addition, APOE ε4 is associated with decreased age of AD

onset and promotion of Aβ and tau pathology, inflammation, and

neurodegeneration.13 Pathways associated with the risk of AD and

other dementia, such as lipid metabolism, cardiovascular and cere-

brovascular diseases, altered efferocytosis, inflammation, trafficking,

and integrated stress response, are also associated with APOE.13–18

By interrogating the relationship between APOE and various disease

states andpathways, researchers have learned thatAPOE can influence

AD risk through a variety of pathways.

Several rare APOE variants have also been identified. For example,

the rare APOE-Ch (R136S) mutation, located within the overlapping

N-terminal heparan sulfate proteoglycan (HSPG) and receptor binding

domain of apoE,4,19 was identified in a Colombian kindredwith a domi-

nant PSEN1 E280A mutation.20 While PSEN1 mutation carriers often

exhibit significant Aβ and tau and burden, hippocampal atrophy, and

brain hypometabolism,21,22 APOE-Ch carriers with PSEN1 mutation

have been shown to be protective against AD, with one homozygous

individual exhibiting minimal tau pathology, hippocampal atrophy, and

hypometabolism despite the presence of a PSEN1mutation.20,21 Stud-

ies using the Alzheimer’s Disease Sequencing Project (ADSP) data

have identified several other rare APOE variants associated with AD,

including the R145C commonly found in the African American AD

population.23 The R145C variant causes a heterozygotic effect, associ-

ated with an increased risk of AD and reduced age of onset only in the

presence of an ε4 allele.24 Insights from the conference highlight APOE

variants identified in populations of European ancestry including L28P,

V236E (also known as the Jacksonville variant), and R251G. Studies

have shown that the V236E and R251G variants are associated with

decreased AD risk, whereas the L28P variant has not been associated

with AD risk.23,24

3 RACIAL AND ETHNIC DIFFERENCES IN APOE
AND AD RISK

Although significant progress has beenmade in understanding the link

between APOE and AD, most studies have focused on non-Hispanic

White populations anddonot adequately represent humandiversity.25

The AAIC advancements: APOE conference emphasized the need to

explore and address population-level distinctions in APOE and AD,

particularly through research involving diverse populations. For exam-

ple, several presentations highlighted that the frequency of APOE ε4
varies substantially across different populations, with central Africa

and northern Europe displaying the highest APOE ε4 frequencies.25

RESEARCH INCONTEXT

1. Systematic review: The role of apolipoprotein E (APOE)

in neurodegenerative diseases, including Alzheimer’s

and other dementia, is an active and growing area of

research. The authors of this manuscript report updates

and advances in research presented at the 2023 AAIC

Advancements: APOE Conference, held in March of

2023.

2. Interpretation: There have been strides in research iden-

tifying the role of APOE in dementia research. This

manuscript highlights the research presented at the 2023

AAIC Advancements APOE Conference including the

role of apoE isoforms and their roles in AD pathogen-

esis, progress in apoE-targeted therapeutic strategies,

and updates on disease models and interventions that

modulate apoE expression and function. This manuscript

also highlights apoE influences not only amyloid-beta and

tau pathologies but also lipid and energy metabolism,

neuroinflammation, cerebral vascular health, and sex-

dependent disease manifestations. Furthermore, ances-

tral backgroundmay significantly impact the linkbetween

APOE and AD, underscoring the need for more inclusive

research.

3. Future directions: Understanding apoE’s multifaceted

role in AD pathogenesis will help develop targeted inter-

ventions for AD and advance the field of AD precision

medicine.

Among European, African American, Hispanic, and Japanese pop-

ulations, APOE ε4/ε4 homozygotes are most common in Japanese

populations.26

The three most common APOE alleles appear within the general

global population at varying frequencies. The APOE ε3 allele is the

most common across all human populations, with frequencies rang-

ing from 85% in Asia to 69% in Africa. The APOE ε4 allele is enriched

in indigenous populations of Central Africa, Oceania, and Australia,

with frequencies ranging from 26% to 40%, while the Mediterranean

area or south China has a low frequency of <10%. The APOE ε2
allele is the least common, with a worldwide frequency of about

7% and no apparent geographical trend.13 Overall, accumulating evi-

dence suggests that the frequencies of the major APOE alleles dif-

fer dramatically across geographical, racial, and ethnic groups, the

genetic-environmental interplay heterogeneously impacts disease risk

within those populations,27–29 and APOE-related risk of AD may be

sex-dependent.29,30

Furthermore, research has shown that the impact of APOE geno-

type on AD risk varies across populations with diverse ancestral

backgrounds. For example, in Caribbean Hispanic individuals, African-

derived ancestry of APOE genotype is associated with a lower risk of
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AD compared to individuals with European-derived APOE genotype.31

These results are consistent with studies in African American and

Puerto Rican populations.32 Therefore, a commitment to the diversifi-

cationofAPOEandADresearch is needed toexpand theunderstanding

of the role of APOE in AD for diverse populations affected by the

disease.

4 STRUCTURE OF THE APOE PROTEIN AND ITS
BIOCHEMICAL PROPERTIES

apoE is the most abundant apolipoprotein in the brain33 and, depend-

ing on the isoform, can either contribute to AD pathologies or protect

against them. Initially studied in hyperlipidemia, APOE encodes a 317-

amino-acid protein, apoE, that includes an 18-residue signal peptide.

Cleavage of this signal peptide, followed by glycosylation at one of the

several glycosylation sites within the sequence, results in the mature

apoE protein, 299 amino acids in length and approximately 34 kDa.

This protein’s tertiary structure comprises two independently folded

domains separated by a hinge region. The N-terminal domain includes

the receptor binding domain and one of two heparin-binding regions.

TheC-terminal domain includes the lipid-binding domain and the other

heparin-binding region. The work presented at the conference and

through this section suggests these domains enable the spectrum of

interactions and functions that make apoE a critical component of

various neurodegenerative diseases.34

4.1 Conformational heterogeneity in apoE protein

While apoE plays a significant role in AD pathology, the structural

determinants of apoE that contribute to this pathogenicity remain

unclear. In vivo, apoE is secreted primarily by astrocytes in discoidal

HDL-like lipoproteins.35–37 Under disease conditions, microglia upreg-

ulate apoE expression.38,39 Research suggests that apoE can exist

in various conformational states in lipid-free and lipid-bound forms,

which may have important implications for its biological functions.40

apoE undergoes extensive conformational changes upon binding

to lipids. The four-helix bundle in nonlipidated apoE unfolds, and

the hydrophobic portions of the amphipathic α-helix associate with

lipid.41,42 This conformational change is critical to apoE’s function as

nonlipidated apoE is unable to bind low-density lipoprotein receptor

(LDLR).43,44

The structural changes accompanying lipidation are poorly under-

stood. The monomeric form of the nonlipidated apoE has been

proposed as the competent form for lipid binding.45 However,

structural characterization has been elusive because of the strong

propensity of apoE for oligomerization, with dimers already forming

at a nanomolar concentration.45–47 As a result, the structural features

of nonlipidated apoE have been determined only for N-terminal

domain fragments that lack the C-terminal domain46,47 and for a

“monomeric” mutant of apoE ε3 that contains several mutations in the

C-terminal domain.48 To close this knowledge gap and overcome these

experimental challenges, single-molecule Förster resonance energy

transfer (smFRET) was implemented to isolate apoE4 monomers

and measure distances between fluorescently labeled positions of

apoE4.40 smFRET revealed three major conformational ensembles

of apoE, which differ largely for the conformations of the C-terminal

domain with respect to the closed, open, and extended N-terminal

domains. Furthermore, smFRET experiments using DMPC liposomes

to analyze lipidated apoE4 revealed both compact and expanded

conformations.40

4.2 Biochemical and structural changes in rare
APOE variants

Recombinant forms of apoE ε3 variants—apoE3-Christchurch (apoE3-

Ch) and APOEapoE3-R145C, but not apoE3-Jacksonville (apoE3-

Jac)—show reduced heparin-binding affinity and mixed LDLR binding

affinity.20,49,50

Molecular dynamics simulations allow for comparing conforma-

tional and structural characteristics of common and rare apoE isoforms

when in a closed conformation. Hydrogen bond occupancy analy-

ses between common apoE isoforms, apoE ε3, apoE ε2, and apoE ε4,
support prior findings that apoE ε2 has altered hydrogen bond occu-

pancy between residues in the receptor binding domain.51 In addition,

all apoE isoforms show similar conformational flexibility measured

via root mean square fluctuation; however, the C112R substitution

present in apoE ε4 may increase conformational motion in specific

functional domains of apoE ε4 compared to apoE ε3 and apoE ε2.
While the rare variant apoE4-R251G has the same C112R substitu-

tion, it shows a distinct pattern of conformationalmotion in these same

regions compared to apoE ε4.

4.3 Post-translational modifications in apoE

Post-translational modifications (PTMs) are chemical transformations

that proteins undergo after translation, resulting in a functional alter-

ation for the protein. Many proteins associated with AD undergo

PTMs, including apoE, APP, tau, andAβ. Inmost cases, PTMs are imper-

ative to the proper functioning of a protein. Such PTMs can directly

affect apoE structure and function. However, some PTMs may impede

protein function and result in downstream consequences. One par-

ticularly critical PTM in AD is glycosylation, a process required to

produce mature apoE.52 Immunoprecipitation and mass spectrome-

try assessing O-glycosylated apoE in plasma and cerebrospinal fluid

(CSF) samples of older adults showed that CSF-derived apoE has a

higher proportion of total glycosylation than plasma-derived apoE.52

In addition, plasma-derived apoE O-glycosylation levels differ signif-

icantly by APOE genotype and CSF amyloid status, with APOE ε4/ε4
carriers showing low apoE O-glycosylation. These findings presented

at the conference suggest that O-glycosylation of apoE could be a

potential CSF or blood-based biomarker for brain amyloidosis and AD

diagnosis.
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4.4 Role of apoE and ABCA1 in lipid transport
and metabolism

In addition to modifications to APOE, APOE also plays an impor-

tant role in interacting with other proteins. The adenosine triphos-

phate (ATP)-binding cassette transporters A1 (ABCA1) and apoE are

both critical players in lipid metabolism, particularly in the context

of lipid transport in the central nervous system (CNS).53 In high-

density lipoprotein (HDL) particles, apoA1 binds ABCA1, leading

to the translocation of cholesterol across the phospholipid bilayer

membrane, thereby regulating cholesterol efflux. ABAC1 is a critical

element to consider in AD studies because of its potential rele-

vance to apoE metabolism and supporting apoE protein levels in

the CNS. Given that research suggests a link between ABCA1, apoE

levels in the CNS, and AD pathology, proper ABCA1 functioning is

important to understanding apoE metabolism and AD progression.

While the structure of APOE is necessary to consider, the additional

functions of APOE were also discussed at the AAIC Advancements

conference.

5 APOE, MICROGLIAL FUNCTION,
IMMUNOMODULATION, AND CHANGES TO GLIAL
LIPID METABOLISM IN AD

The mechanisms underlying the pathogenic effects of apoE in AD are

complex and involve multiple pathways.54 apoE is involved in several

potentially pathologic processes that may lead to the development of

dementia. For example, apoE isoforms are linked to differential lev-

els of Aβ-accumulation in the brain, with apoE ε4 associated with the

highest accumulation levels and apoE ε2 associated with the lowest.55

In addition, apoE plays a role in blood-brain barrier (BBB) integrity

and inductionofmicroglia-drivenphagocytosis and inflammation. apoE

ε4 is associated with BBB dysfunction, increased phagocytosis, and

proinflammatory activity.56–58 A growing number of studies suggest

that apoE mediates the induction of disease-associated microglia

(DAM).38 apoE has also been implicated in several metabolic abnor-

malities, including abnormal glucose metabolism, altered lipidome and

metabolome, mitochondrial dysfunction, and decreased oxygen con-

sumption, all of which are involved in the pathology of dementias.59–63

The AAIC Advancements: APOE conference highlighted new data

to help delineate the mechanisms underlying apoE’s contribution to

AD-associated pathologies.

Evidence suggests that inflammation and immunomodulation path-

ways play a role in the pathogenesis of AD. Pathways that rely on

or are modulated by specific AD risk factors, including triggering

receptors expressed on myeloid cells 2 (TREM2) and specific cell

types, such as glial cells, have been implicated in AD. The combi-

nation of these risk factors, cellular changes, and individual APOE

genotypes results in the heterogeneous immunophenotypes observed

in AD.64

5.1 apoE in microglial functions and AD

Research frommouse models of AD pathology suggests that while the

microglial response to Aβ is generally protective against axonal injury,
microglial responses to tau pathology promote neurodegeneration. In

Aβ and tau pathology, microglia exhibit TERM2 and apoE-dependent

upregulation of genes, colloquially referred to as DAM. apoE isoforms

may differentially impact microglial activation in a cell-autonomous

manner.64 One study presented at the conference suggestedmicroglial

apoE ε3 expression improves cognitive behavior, synaptic function,

and microglial responses to injury in a tamoxifen-inducible trans-

genic animal model, iE3/Cx3cr1-CreER mice, while microglial from

iE4/Cx3cr1-CreER elicits minimal or an opposite effect. Furthermore,

microglial apoE ε3 expression increases plaque-associatedmicrogliosis

and reduces Aβ deposition and associated neuronal toxicity, whereas

microglial apoE ε4 expression either compromises or has no effects on

these outcomes by impairing lipid metabolism.65

In addition, research has shown that TREM2 can interact with apoE

and its isoforms to induce microgliosis.66 Research presented at the

conference showed that TREM2-independent microgliosis promotes

tau-mediated neurodegeneration in the presence of APOE4, increas-

ing neutral lipid accumulation in microglial phagolysosomes.67 TREM2

deletion does not counteract the detrimental effect of apoE ε4 on

tau-mediated neurodegeneration and synaptic loss, nor does it lower

tau pathology or attenuate microglial lysosomal burden. Homeostatic

microglial markers are preserved despite neurodegeneration in Tau-

APOEε4 (TE4)-TREM2 knockout (KO) mice. However, some reactive

microglial markers, such as Clec7a, are reduced by TREM2 KO in

TE4 mice. TE4 and TE4-TREM2 KO mice display increased lysosomal

enzymes; thus, TREM2 KO increases phagolysosome volume in TE4

mice.67

5.1.1 apoE-modulated microglial response to
myelin damage

Many of the identified 75 genomic loci that impact the risk of AD

regulate lipid metabolism.11 Recently, it has been shown that apoE

ε4 is associated with gene expression changes in cholesterol- and

lipid-related pathways across all human brain cell types.10,68 This dys-

regulated cholesterol activity is associated with reduced myelination

in apoE ε4 carriers. Solubilizing cholesterol relieves the cholesterol

burden, and treatment with cyclodextrin increases myelination in

apoE ε4 culture and restores axonal myelination in apoE ε4 KI mice.

Notably, cyclodextrin-treated mice exhibit greater interhemispheric

fast gamma phase-locking, associated with improved cognition.68

In response tomyelin damage,microglia clearmyelin debris, secrete

regenerative factors, and modulate the extracellular matrix. Microglial

response to myelin damage is a common pathological feature in neu-

rodegenerative disorders. To determine how apoE isoforms affect

microglial responses to myelin damage, a recent study by Wang et al.
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used the apoE-targeted replacement (TR) mouse models fed with

normal diet or cuprizone to induce demyelination. Significant isoform-

dependent differences in microglial activation and function were

observed. apoe ε4-TR mice had more myelin debris accumulation than

apoe ε2-TRmiceuponcuprizone treatment. Themicroglia in apoe ε2-TR
mice proliferated more and demonstrated hyperactivity compared to

apoe ε4-TRmice. Genes related to the immune response, inflammatory

signaling, and lipid metabolism were upregulated in apoe ε2-TR mice

and downregulated in apoe ε4-TRmice. Moreover, apoe ε4 microglia

had a reduced ability to clear myelin debris due to a weaker phago-

cytosis ability and enhanced lipid droplet accumulation than apoe ε2
microglia.69 Thus, apoE isoforms may differentially regulate microglia

activation and lipid metabolism in the context of myelin damage.

5.2 apoE, immunomodulation, and
immunometabolism in AD

A study presented at the conference demonstrated that mice with

tauopathy, but not Aβ, developed a unique innate and adaptive immune

response and that the depletion of microglia or T-cells or inhibition of

interferon-gamma (IFN-γ) signaling can significantly ameliorate brain

atrophy and improve cognitive behavior. Consistent with the find-

ing that apoE ε4 exacerbates tau-mediated neurodegeneration, T cell

infiltration increases in mice with apoE ε4 but did not present in

the tau mice lacking apoE. These data suggest apoE is important in

immunomodulation andmay link innate and adaptive immunity.70,71

Spatial transcriptomics in 5XFADmice expressing apoE ε4 revealed

a unique cortical transcriptomic signature characterized by increased

expression of DAM/MGnD microglia genes and biomarkers related

to microglial activation, lipid metabolism, complement activation, and

synapse pruning.72 Furthermore, in the presence of both advanced

age and Aβ overexpression, apoE ε4 exacerbated expression of plaque-
induced genes (PIGs), decreased expressionofmyelin andoligodendro-

cyte genes (OLIGs), and was associated with transcriptomic signatures

related to microglial activation and lipid metabolism.73 Finally, when

analyzing the brain in a spot-by-spot manner, increases in local plaque

load were highly correlated with changes in genes related to lipid

metabolism in apoE ε4 but not apoE ε3, expressing 5XFADmice. These

data suggest that apoE ε4 negatively impacts microglial function and

alters lipid metabolism, which in concert may lead to the dysregulated

immunometabolism characteristic of AD.72

5.3 apoE and glial lipid metabolism

Lipids play a major role in the processes that are associated with AD

pathogenesis, including synaptic plasticity, inflammation, and oxidative

stress. Glial lipid metabolism is one of the several pathways implicated

in AD pathology.74 Researchers have interrogated the relationships

between AD pathologies and lipid metabolism, such as the associa-

tion of specific apoE isoforms and calcium-dependent phospholipase

A2 (cPLA2) activation.75 For example, apoE ε4 increases calcium-

dependent cPLA2 activation, leading to accentuated eicosanoid lipid

metabolism and neuroinflammation. Compared to individuals with

the apoE ε3/ε3 genotype, astrocytes from apoE ε4 carriers exhibit

increased cPLA2 expression, particularly surrounding Aβ plaques.

Notably, cPLA2 reduction ameliorates cognitive deficits in an AD

mouse model and resolves chronic neuroinflammation from low

docosahexaenoic acid DHA diets in apoE ε4-TR mice and increases

brain DHA and eicosapentaenoic acid (EPA) levels.76 cPLA2 inhibition

also reverses acute LPS-induced inflammation. No cPLA2 inhibitor has

progressed to human studies; future research will involve examining

small molecules that inhibit cPLA2 for mitigating neuroinflammation.

Another major piece of lipid metabolism involves cholesterol.77,78

Cholesterol metabolism is dysregulated in both post mortem AD brains

and animal AD models, leading to cholesterol ester accumulation

in the brain and glial cells in a manner consistent with defects in

cholesterol efflux. apoE ε4 microglia display cholesterol dysregulation

consistent with a cholesterol ester storage disorder.79–83 A recent

study presented at the conference suggests the potential mechanism

underlying dysregulated cholesterol metabolism in apoE ε4/ε4 astro-

cytes. A change in intracellular cholesterol distribution causes cells

to upregulate de novo cholesterol synthesis and increase cell sur-

face lipid receptors to facilitate cholesterol uptake.84 Simultaneously,

reduced phagocytic capacity, apoE levels, and lipid transporter lev-

els lead to decreased cholesterol secretion and efflux. apoE ε4/ε4
astrocytes exhibit an overall decrease in genes associated with the

autophagy pathway and network, especially lysosomal acidification,

membrane, biogenesis, and hydrolases. Compared to apoE ε3/ε3 astro-
cytes, apoE ε4/ε4 astrocytes exhibit more LDL binding but reduced

uptake of lipids, exposing lipids on cell surfaces and leading to reduc-

tion of adhesion to the actin cytoskeleton by apoE ε4/ε4 astrocytes.

Furthermore, enriched matrisome pathways associated with upregu-

lated chemotaxis, glial activation, and lipid biosynthesis originate from

astrocytes in the presence of neurons in the AD brain.84

Another way to interrogate the relationship between AD and

lipid metabolism is through unbiased lipidomics analysis of induced

pluripotent stem cells (iPSC)-derived brain cells. Lipidomics data

demonstrates that APOE genotypes uniquely affect lipidmetabolism in

iPSC-microglia, neurons, and astrocytes. Compared to apoE ε3, apoE ε4
microglia and astrocytes display increased triglycerides85 and choles-

terol ester levels.86,87 Proteomic analyses showed an upregulation of

mitochondrial pathways in apoE ε4 and apoE KO astrocytes, whereas

the same pathways are downregulated in the apoE ε4 and apoE KO

microglia. Additionally, apoE ε4 glia increased cholesterol synthesis

and altered immune signaling, indicating tight coupling between

intracellular cholesterol distribution and immune activity of glia.86,87

Using a novel conditional mouse model, researchers have identi-

fied that a “midlife midlife switch” involving a full-body transition from

the expression of apoE ε4 to apoE ε2 impacts the cerebral transcrip-

tome and lipidome. Single-cell RNA sequencing identified astrocytes,

oligodendrocytes, endothelial cells, and microglia as the cell types

most impacted by the apoE ε4 to apoE ε2 “switch.” Each of these cell

typeshasdifferentially expressedgenes thathavebeenassociatedwith

AD-related pathways, particularly pathways involved with lipid and
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carbohydratemetabolism. Lipidomic analyses further showed that sev-

eral glycerophospholipid species, including phosphatidylcholines, were

impacted by the midlife apoE ε4:apoE ε2 allele switch, which is con-

sistent with previous post mortem human AD studies. These findings

suggest that apoE ε4’s transcriptional and lipidomic signatures are not

set in stone during development or early life. Rather, these signatures

appear acutely malleable within the specific parameters tested here

whenmice are switched at a “mid-lifemidlife’” (6 months) and assessed

1month post apoE ε4:apoE ε2 switch.88

Using unbiased lipidomics coupled with immunostaining, a recent

study demonstrated that apoE ε4 promotes cholesterol ester accumu-

lation in the endolysosomal compartment of microglia of aged P301S

tauopathy mice when compared to P301S mice expressing apoE ε3
or apoE KO animals.83 Increasing cholesterol efflux via LXR agonist

diet or by ABCA1 overexpression significantly decreased lipid droplet

accumulation in vitro anddramatically reduced taupathologyandasso-

ciated neurodegeneration, neuroinflammation, and microglial choles-

terol ester accumulation in vivo. These data demonstrate that promot-

ing cholesterol efflux could be a beneficial therapeutic approach to

reduce tau pathology and apoE ε4-linked neurodegeneration.

6 APOE AND NEUROVASCULAR DYSFUNCTION
IN AD

6.1 Role of apoE receptors in cerebrovascular
integrity

apoE ε4 has been previously shown to impair neurovascular integrity,

which may in turn enhance neurodegeneration.89 At the conference,

research presented highlighted that deleting the major apoE receptor

LRP1 affects the cerebrovascular system and cognitive performance in

a genotype-dependent manner. Specifically, impaired spatial memory,

excessive perivascular glial activation, reduced cerebrovascular colla-

gen IV, and disrupted BBB integrity were observed in apoE ε4mice, but

not in apoE ε3 mice with smLrp1 removed. This suggests that LRP1 in

vascular mural cells maintains cerebrovascular integrity and functions

in an apoE genotype-dependent manner.90

One mechanism underlying the link between apoE ε4 and impaired

neurovascular integrity could be attributed toBBB leakage.HumanAD

brains showwidespread decreases in tight junction proteins, which are

critical for maintaining BBB integrity.10 APOE ε4 carriers display BBB

breakdown in the hippocampus and medial temporal lobe, while non-

carriers do not. This BBBbreakdown increaseswith impaired cognition

and is independent of CSF Aβ and CSF tau presence.57

6.2 Role of border-associated macrophages

Recent findings also suggest that apoE ε4-induced neurovascular dys-

function may be mediated by border-associated macrophages, specifi-

cally perivascularmacrophages (PVM). A recent study presented at the

conference showed that apoE ε4, but not apoE ε3, induces reactive oxy-

gen species (ROS) production in PVM in vivo and ex vivo. Conditional

deletion of apoE ε4 in PVMrescues neurovascular dysfunction, indicat-

ing that PVM cells are both the source and target of apoE ε4 and drive

neurovascular dysfunction.91

6.3 apoE and blood pressure variability in
dementia

Blood pressure variability (BPV) has also emerged as a risk factor

for dementia, particularly in individuals with apoE ε4. Elevated BPV,

independent of mean BP, has been associated with cognitive decline,

AD progression, and cerebrovascular disease burden. Interestingly, a

recent observational study found that only peoplewith apoE ε4 isoform
displayed an association between high BPV and cognitive decline.92

The accelerated cognitive decline among apoE ε4 carriers may be due

to the “tsunami effect,” in which large fluctuations of BP exacerbates

apoE ε4-associated vulnerability, such as a leaky BBB. Such findings

provide opportunities to develop targeted interventions for APOE ε4
carriers with high BPV.92

7 MODELS OF APOE PHENOTYPES

Both animal and iPSCmodels are important not only for understanding

the pathology and biological mechanisms of apoE but also for devel-

oping therapeutics. These models provide opportunities for preclinical

therapeutic testing once researchers have identified mechanisms for

modifying apoE function. Although iPSC lines enable researchers to

study molecular mechanisms, the AD research community has pri-

marily used animal models to characterize apoE’s broad physiological

effects. Recently, researchers have developed humanized mouse mod-

els by using knock-in (KI) techniques to integrate human APOE into the

mouse genome.93

7.1 Mouse models

The first KI mouse model of human APOE was developed by

researchers at Duke University, which is now distributed through

Taconic Biosciences. The Jackson Laboratory (Jax) Model-AD

Consortium also developed KI mouse models of apoE ε3 and apoE ε4
on the C57BL6/J background. Jax is currently developing models of

the apoE ε3-Ch and apoE ε3-Jac variants, as well as inducible apoE

reporters and flips of apoE ε4 to ε3, apoE ε3 to ε4, and apoE ε3 to ε2.
The Cure Alzheimer’s Fund also has a KI model with floxed alleles

that allow for conditional deletion.93 Understanding the limitations of

each model is important in deciphering the results from studies and

furthering the understanding of the field.

Most phenotypes of Jax and Taconic mouse models are repro-

ducible, but some researchers have not observed increases in SER-

PINA3 as previously described in the Taconic model. In addition, apoE

expression levels are typically higher in Jax mice compared to the



KLOSKE ET AL. 6597

Taconic mice, which may be due to a leftover neomycin cassette in the

Taconic model. Other phenotypic changes are limited by age, as these

mousemodels do not show behavioral differences until 16months old.

However, Jax has observed sex-dependent changes in vascular cou-

pling from fluorodeoxyglucose (FDG) positron emission tomography

(PET) by 12months old.

7.2 Other animal models

Using rats as an apoE model can potentially facilitate greater char-

acterizations in vascular changes and CSF flow. In addition, the Jax

Marmo-AD program aims to develop an early-onset AD marmoset

model harboring a PSEN1 mutation and a late-onset AD marmoset

model harboring an ABCA7 mutation. However, nonhuman primate

(NHP)models can limit study sample sizes and increase study timelines

due to challenges in producing large, aged cohorts of NHPs.93

8 THERAPEUTIC STRATEGIES

A range of therapeutic strategies targeting apoE or apoE signal-

ing mechanisms and building on recent technological advances are

in various stages of development. These approaches include genetic

therapies such as an adeno-associated virus (AAV), antisense oligonu-

cleotides (ASOs), and RNA interference (RNAi); antibodies; and small-

molecule drugs. Incorporating refined trial designs and biomarker

developmentsmay facilitatemeaningfulmechanistic insight regardless

of trial outcomes.94

8.1 RNAi modulation of apoE expression

Using RNAi to silence disease-associated genes on demand is a par-

ticularly attractive strategy in the context of neurodegeneration. The

entrapment of siRNA compounds in the endolysosomal system creates

a slowly released intracellular depot of drug that enables multimonth

efficacy. In addition, optimization of chemical scaffolds for DNA deliv-

ery (i.e., dianophores) enables the selective delivery of siRNAs to the

CNS or other target tissues.95 The recent development of a novel diva-

lent siRNA dianophore enables potent and sustained modulation of

gene expression throughout the CNS of mice as well as larger NHPs,

specifically reducing gene expression in the CNS bymore than 99% for

up to 12months.96

RNAi for apoE ε4 is currently under development as a novel

therapeutic approach for treating late-onset AD (LOAD). Genetic evi-

dence suggests that in the CNS, apoE ε4 promotes neurodegeneration

through a toxic gain-of-function mechanism55,77,97 and that removing

apoE completely in a mouse model of tauopathy blocks most tau-

mediated neurodegeneration98 and decreasing apoE ε4 in the brain by
∼50% using antisense oligonucleotides also significantly reduces tau-

mediated neurodegeneration.99 However, because apoE is critical for

systemic cholesterol metabolism, maintaining the systemic function of

apoE is essential.100–102 These findings constrain the development of

RNAi to target apoE ε4.

8.2 Correcting endolysosomal dysfunction
mediated by apoE ε4

Converging lines of research implicate dysfunction of the endolysoso-

mal system in aging andADand suggest that apoE ε4exacerbates these
deficits.14,15,103–111 At a fundamental level, differences between the

net charge of the apoE ε2, apoE ε3, and apoE ε4 isoforms confer differ-

ences in the isoelectric point (IEP) (i.e., the point at which the surface

charge is neutral), which leads to differences in how the isoforms are

processed and trafficked by the endolysosomal system.111

The match between the IEP of apoE ε4 and the pH of early endo-

somes suggests that apoE ε4 may lose solubility in the early endosome

leading to increased self-interaction of apoE particles. This, in turn,

would be predicted to increase their apparent affinity to clustered

apoE receptors within the endosome, hindering the dissociation of the

particles from their receptors and thereby impairing normal endosome

maturation, recycling, retrograde sorting, and lysosomal degradation.

In support of this idea, it has been shown that biochemical and

genetic inhibition of a proton leak channel in the early endosome,

the Na+/H+ exchanger 6 (NHE6), restores normal apoE and gluta-

mate receptor trafficking through the endosomal compartment.111

Furthermore, NHE6 disruption equalizes the phenotypes between

apoE isoforms and prevents Aβ plaque accumulation in apoE ε4 KI

mice. Targeting endolysosomal dysfunction thus presents a pharma-

cologically tractable mechanism that may be fundamental to AD risk.

Furthermore, taken together these findings suggest that balancing

endolysosomal pH homeostasis may be a possible pathway for AD pre-

vention, not only for the increased risk imposed by apoE ε4 but also for
other forms of AD.109

8.3 Targeting microglial pathways downstream of
apoE/TREM2

The Target Enablement to Accelerate Therapy Development for AD

(TREAT-AD) initiative has developed a strategy for small-molecule

targeting of pathways downstream of apoE and TREM2. Analysis of

apoE/TREM2 signaling networks identified inositol polyphosphate-5-

phosphatase (INPP5D), also known as SHIP1, to have a significant

genetic associationwithLOAD. INPP5D/SHIP1 is co-expressedwith73

other genes in an AD immune response module, selectively expressed

in microglia, and postulated to limit TREM2-mediated microglia acti-

vation. Furthermore, studies using the 5xFAD mouse model show

that INPP5D/SHIP1 is upregulated as Aβ pathology progresses and

that INPP5D/SHIP1 haploinsufficiency normalizes AD-related neu-

ropathology and behavioral deficits, which suggests that inhibition

of INPP5D/SHIP1 early in AD would increase TREM2 signaling and

microglial protective functions, resulting in reduced rate of disease

progression and cognitive decline in AD.112
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A high-throughput small-molecule screen (HTS) for INPP5D/SHIP1

inhibitors using co-purified INPP5D/SHIP1 identified a lead candi-

date chemical probe, called compound 23. In vitro studies in primary

mouse microglia demonstrated concentration-dependent effects of

compound 23 on INPP5D/SHIP1 signaling, a lack of toxicity, and good

exposure in brain and plasma. Next steps include additional structure-

activity studies and development of a lead clinical compound. Studies

are also underway to identify inhibitors of additional neuroinflam-

mation targets and, in parallel, to develop relevant biomarkers for

INPP5D/SHIP1 and other identified targets.113 In addition, a “Tar-

get Enablement Package,” available on the AD Knowledge Portal has

been recently released that includes data, methods, and research tools

to catalyze further drug discovery efforts by academic and industry

researchers.114

8.4 Novel interventions targeting apoE-heparan
sulfate proteoglycan interactions

Compared to apoE ε3, apoE ε4 displays a higher affinity to hep-

aran sulfate proteoglycans (HSPGs), whereas apoE ε2 and apoE3-Ch

display lower binding affinities when used heparin-affinity chromatog-

raphy to model this interaction.20 This observation suggests that the

protective effect of the apoE3-Ch variant in the Colombian PSEN1

FAD kindred may be mediated by diminished interactions between

apoE-Ch and HSPGs. Marino and colleagues generated anti-apoE-

HSPG antibodies to mimic the reduced apoE-Ch-HSPG interaction,

and characterized them using both biomolecular approaches. Among

the antibodies screened for inhibition of binding, the top candi-

date, 7C11, was tested in vitro and in vivo. Notably, 7C11 reduced

the cytotoxicity of apoE4 in vitro and rescued apoE4-induced tau

pathology in vivo. Recently, a study using isogenic hiPSC-derived

neurons with apoE4 or apoE4-Ch showed that apoE4-Ch reduced

HSPG-mediated tau uptake by neurons in culture.115 Together, these

findings suggest that developing novel inhibitors of apoE-HSPGs

interactions might lead to effective disease-modifying therapies

for AD.116

8.5 APOE-targeted epigenome therapy

A global reduction in overall brain APOE levels may have beneficial

effects on AD pathogenesis.99,117–120 Consistently, integrative single

nucleus multiomic analysis revealed an overexpression of APOE ε3
in specific cellular subtypes in AD brains versus control, as well as

more open chromatin in several genomic sites linked to the promoter

of the APOE gene, which implies disease-associated cis-regulatory

elements.121 In addition, a new study suggested that apoE ε4 drives

AD risk through a gain of abnormal function (contrary to the earlier

mentioned loss), providing further support that reducing apoE ε4
levels is a promising therapeutic strategy.97 These findings informed

the development of an epigenome therapeutic approach for treat-

ing AD based on a modification of the CRISPR/Cas9 technology

and delivered by an all-in-one viral vector platform that specifically

recognizes the APOE ε4 allele and represses and fine-tunes APOE

ε4 expression. Homozygous APOE ε4 and APOE ε3 hiPSC-derived

cholinergic neurons and organoids showed that expression of the

APOE ε4 allele, but not the APOE ε3 allele, was specifically repressed.

In vivo studies following injection into mouse hippocampus found

that apoE protein expression was reduced by approximately 70%

and that the repression effect exhibited sex-specific differences.

This novel epigenome therapy platform offers the opportunity for

refinement to develop gene-, allele-, cell type-, and population-specific

therapies, thereby advancing strategies for precision medicine in

LOAD.122

8.6 Phase 1 AAV gene therapy in patients with
APOE ε4 homozygote AD

While APOE ε4 is associated with great AD risk and earlier age of

onset, emerging evidence suggests that APOE ε2 has protective effects
against AD. Lexeo Therapeutics has a clinical program that is investi-

gating their AAVrh10 gene therapy candidate, LX1001, in patientswith

homozygous APOE ε4-associated AD. LX1001 is designed to deliver

into the CSF and express the protective APOE ε2 gene. Administering

the APOE ε2 gene to APOE ε4 homozygous individuals has the potential

to address several pathways that are involved in the progression of AD

disease.101,123

LX1001 is being evaluated in an open-label, dose-escalation Phase

1/2 clinical trial in APOE ε4 homozygous individuals who are 50 years

of age or older and have mild cognitive impairment (MCI) to moderate

dementia and biomarkers consistent with AD. The primary endpoint is

safety; additional measures include expression of APOE ε2 in the brain,
CSF biomarkers (Aβ42, t-tau, p-tau), Aβ and tauPET scans, quantitative
MRI, and cognitive testing. In the first dose cohort in the trial, the study

investigators observed a consistent trend toward improvement in AD

CSF biomarkers, such as total tau and phosphorylated tau. Investiga-

tors have also observed expression of the protective apoE ε2protein
in all patients in the first dose cohort with follow-up data. Among all

patients, treatment with LX1001 has been well-tolerated with no seri-

ous related adverse events reported as of July 2023. Although these

initial data are promising, evaluation of the dose-response relationship,

effects of higherdoses, and inclusionofmorepatientswill provideaddi-

tional insight into this therapeutic approach and its potential clinical

impact (Clinical Trial NCT03634007).

8.6.1 Hormone replacement therapy in women
with APOE ε4

Estrogen decline during the menopausal transition is emerging

as a key factor enhancing AD risk in women.124 Estrogen regu-

latesmultiple neurophysiological processes, including cerebrovascular

function, BBB integrity, synaptic plasticity, neuroinflammation, and

brain energy metabolism. Furthermore, estrogen and progesterone
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receptors are expressed in multiple brain regions relevant to cogni-

tive function andAD.125 Hormone replacement therapy (HRT) has thus

been of interest as a strategy to reduce cognitive decline in women,

although clinical trial results have been inconsistent thus far.126–128 A

recently published study by Saleh and colleagues investigatedwhether

HRT would have greater cognitive benefits in APOE ε4 compared to

non-APOE ε4 women, particularly when introduced early during the

menopausal transition. The study found that APOE ε4 women on HRT

compared to non-HRT scored higher on delayed memory tests and

had larger entorhinal and amygdala volumes. Interestingly, earlier HRT

initiation was associated with larger hippocampal volume. Findings

thus far emphasize the importance of personalized medicine in AD

prevention.129

9 CONCLUSION

The neurodegenerative disease and biomedical research communities

have made significant progress in understanding the structure, func-

tion, associated pathologies, and clinical impact of apoE. The “AAIC

advancements: APOE conference,” which assembled over 850 partic-

ipants from 54 countries, helped to facilitate discussions on emerging

APOE research, formed collaborative efforts, and provided a for-

ward perspective on the field. The conversations clarified areas in

which further study is necessary and worthwhile, including studies

on the mechanisms underlying sex-dependent impacts of apoE iso-

forms, development of improved animal and cell models of AD and

other apoE-related diseases, clinical impact of modified apoE proteins

(e.g., lipidated), and assessment of therapeutics targeting apoE-related

physiological aberrations.

Another major priority for the entire research community is to

diversify the patient populations within studies and clinical trials

to be representative of the population impacted by APOE-related

conditions, particularly AD. To better understand the neural-genetic-

environmental interplay underlying apoE-pathology and improve the

livelihood of all individuals, research studies must prioritize under-

standing the intricacies of APOE in various geographical, racial, and

ethnic groups that are impacted. These approaches can improve the

many ongoing and future APOE-focused research studies and thera-

peutic trials and enable new discoveries that ultimately help prevent,

diagnose, and treat-AD.
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