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Alzheimer’s disease (AD) is a devastating neurodegenerative disorder characterized by

extracellular amyloid β (Aβ) and intraneuronal tau protein aggregations. One risk factor

for developing AD is the APOE gene coding for the apolipoprotein E protein (apoE).

Humans have three versions of APOE gene: ε2, ε3, and ε4 allele. Carrying the ε4 allele

is an AD risk factor while carrying the ε2 allele is protective. ApoE is a component of

lipoprotein particles in the plasma at the periphery, as well as in the cerebrospinal fluid

(CSF) and in the interstitial fluid (ISF) of brain parenchyma in the central nervous system

(CNS). ApoE is a major lipid transporter that plays a pivotal role in the development,

maintenance, and repair of the CNS, and that regulates multiple important signaling

pathways. This review will focus on the critical role of apoE in AD pathogenesis and

some of the currently apoE-based therapeutics developed in the treatment of AD.
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OVERVIEW

Polymorphism in the apolipoprotein E (APOE) gene is a major risk for developing late onset
Alzheimer disease (LOAD), whose symptoms are more frequently appearing after the age of
65 years (Yamazaki et al., 2019). The ε4 allele of APOE gene is the strongest risk factor for LOAD
(Yamazaki et al., 2019). The differences in the structure of apoE isoforms influence their ability to
bind lipids, receptors, and amyloid-β (Aβ), which aggregates in plaques within the brain. Human
and animal studies clearly indicate that apoE isoforms differentially regulate neuroinflammation,
tau hyperphosphorylation, Aβ aggregation and clearance (Tachibana et al., 2019; Kloske and
Wilcock, 2020; Vasilevskaya et al., 2020). ApoE regulates lipid homeostasis by mediating lipid
transport from one tissue or cell type to another (Holtzman et al., 2012; Chernick et al., 2018; Zhao
et al., 2018b). Since lipids such as cholesterol and triglycerides are insoluble in water, they must be
carried in the circulation by hydrophile-lipophile particles named lipoproteins. These lipoproteins
play a major role in the absorption and transport of dietary lipids between the small intestine, liver
and peripheral tissues to the brain where they are essential. In the periphery, it is established how
lipids travel in the blood using the different types of lipoproteins (Holtzman et al., 2012; Chernick
et al., 2018; Zhao et al., 2018b), whereas within the CNS, lipoproteins are often designated as
high-density lipoproteins (HDL)-like, yet their size, shape, and distribution remain unclear. ApoE,
present in the CNS and the periphery, represents a critical link between these two compartments
and could influence Alzheimer’s disease (AD) pathogenesis by disrupting the blood–brain barrier
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(BBB) integrity from both sides (Chernick et al., 2019). In
this review, the possible mechanisms by which apoE exerts its
modulatory effect on AD physiopathology are discussed and
new therapeutic perspectives targeting apoE for AD treatment
are also described.

HUMAN APOE GENE

Gene Polymorphism
All species have one version of APOE gene while humans
have three versions: APOE-ε2 (APOE2), APOE-ε3 (APOE3),
and APOE-ε4 (APOE4) allele (McIntosh et al., 2012). The
human APOE gene comprises of several single-nucleotide
polymorphisms (SNPs) distributed across the gene (Nickerson
et al., 2000). The most common SNPs are categorized as rs429358
(C > T) and rs7412 (C > T) that lead respectively in amino acid
change at position 112 and 158 within the apoE protein (Belloy
et al., 2019). The haplotype combination at the two SNPs results
in three apoE protein isoforms: apoE2 (Cys112, Cys158), apoE3
(Cys112, Arg158), and apoE4 (Arg112, Arg158). In non-human
mammals, APOE genotype is (Thr61/Arg112/Arg158) while all
human APOE alleles have an Arginine in position 61 (Arg61).
Combinations of these specific amino acids modify the protein
structure and functions. The world-wide frequency of human
APOE alleles varies considerably (Figure 1). APOE3 is the most
common among all human populations and its frequency ranges
from 85% (Asia) to 69% (Africa) (Singh et al., 2006). APOE4 allele
frequency varies considerably in native populations of Central
Africa (40%), Oceania (37%), and Australia (26%) (Corbo and
Scacchi, 1999). The distribution across Europe and Asia follows
an apparent gradient from north to south, with low APOE4 allele
frequencies in the Mediterranean or South China and higher
frequencies in northern regions (up to 25%) (Egert et al., 2012).
APOE2 is the least common allele with a global prevalence of
7.3% and is absent in many indigenous people without any clear
regional pattern (Corbo and Scacchi, 1999; Singh et al., 2006).

APOE Allele and Risk of Diseases
The different alleles of APOE confer differential risks of
developing pathologies (Wu et al., 2018). A meta-analysis
of clinical and autopsy-based studies on five ethnic groups
(Caucasian, African American, Hispanic, and Japanese) revealed
that among Caucasian subjects, the risk of developing AD
was increased in individuals with one APOE4 copy compared
to individuals homozygote for APOE3 (Farrer et al., 1997).
Compared to non-carriers of APOE4, the increased risk of AD
is 3–4 fold in heterozygotes and about 9–15 fold in APOE4
homozygotes (Farrer et al., 1997; Neu et al., 2017). The APOE4-
AD correlation was weaker among African–Americans and
Hispanics, and greater in Japanese people compared to Caucasian
cases (Table 1). The risk of AD was however decreased in
people carrying APOE2 compared to those carrying APOE3
(Farrer et al., 1997). According to a population-based cohort
study, lifetime risk of mild cognitive impairment (MCI) or
dementia is 30–35% for APOE4 homozygote individuals, 20–25%
for APOE4 heterozygote individuals (ε3/ε4 and ε2/ε4), and

10–15% for non APOE4 individuals (ε3/ε3, ε3/ε2, and ε2/ε2)
(Qian et al., 2017). With respect to other APOE genotypes,
familial type III hyperlipoproteinemia is associated to those
homozygous for APOE2 (Yang et al., 2007; McIntosh et al., 2012).
Altogether, these APOE-related risks for diseases point toward
differences in the structure and function of the proteins involved
in lipid metabolism.

APOE2, Guardian Angel Against AD?
A study on 38,537 people from six population-based cohorts
showed a survival benefit for APOE2 carriers (Wolters et al.,
2019). They identified 239 APOE2 homozygotes, who have
lived the longest lives. Another group reported that compared
with the ε3/ε3 genotype, individuals with the ε2/ε2 genotype
have larger gray-matter volume in brain areas subjected to AD
(i.e., hippocampi, medial temporal inferior temporal, cortex,
precuneus, superior parietal regions, and temporal pole) and in
areas related to cognitive resilience during aging (i.e., anterior
cingulate and medial prefrontal areas) (Arenaza-Urquijo et al.,
2019). APOE2 homozygotes have a 66% reduction in AD risk
compared to ε2/ε3 carriers, an 87% reduction in AD risk
compared to APOE3 homozygotes, and a 99.6% reduction in
AD risk when compared to APOE4 homozygotes (Reiman
et al., 2020). These recent studies on APOE2-related genotypes
might stimulate research interest for characterizing the molecular
advantages of apoE2 protein over the other isoforms.

APOE PROTEIN

Structure
Human APOE gene is located on the chromosome 19 at position
q13.32 (Figure 2A) and codes for a 299 amino acid protein
(∼36 kDa) whose primary function in the brain is to transport
cholesterol. ApoE contains three main regions: a N terminal
region containing the receptor-binding site and four helices, a
C-terminal region containing the lipid-binding site and three
helices, and an intervening flexible hinge region that links the
N- and C-terminal regions (Figure 2B) (Liu et al., 2013; Flowers
and Rebeck, 2020). ApoE isoforms differ by a unique amino acid
combination at position 112 and 158: apoE2 (Cys112, Cys158),
apoE3 (Cys112, Arg158), and apoE4 (Arg112, Arg158) (Yu et al.,
2014). The genotype-related change of one or two amino acids
within the apoE protein modifies its structure. For instance, Cys-
158 in apoE2 removes a salt-bridge between Arg158 and Asp154,
reduces the positive potential, and consequently changes the
receptor binding region (Wilson et al., 1991). Arg-112 changes
the lipid binding region of apoE4 and shifts the lipid binding
preference from HDL to very-low-density lipoproteins (VLDL)
(Mahley and Rall, 2000). The existing interaction between the
amino acid 61 and 112 influences the lipoprotein binding; it is
the main reason explaining the high affinity of apoE4 to VLDL
while apoE2 and apoE3 bind toHDL (McIntosh et al., 2012). Even
though apoE of the non-human mammals such as chimpanzee
is similar to the human ε4 allele, the presence of a threonine at
position 61 (Thr61) makes it work more like the human ε3 allele
(McIntosh et al., 2012).
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FIGURE 1 | Global distribution of APOE4 allele in Homo sapiens. Frequency of ε4 is low (light red regions) and high (dark red regions). The gray color indicates that

there are no data available for this country. The geographical map of APOE4 frequency was generated using the package, rworldmapR. State estimates were

generated by averaging the frequency of APOE4 allele across the various studies conducted in a specific country.

TABLE 1 | APOE genotypes, allele frequency distribution, and odds ratio for developing AD, stratified by AD patient cases and controls on five ethnic groups

(Farrer et al., 1997).

APOE genotype {(frequency (%) / APOE allele

AD Odds ratio (95 % confidence interval)} frequency (%)

Ethnic groups No E2/E2 E2/E3 E2/E4 E3/E3 E3/E4 E4/E4 E2 E3 E4

CAUCASIAN

CASE PATIENTS

5107 0.2/0.9 4.8/0.6 2.6/1.2 36.4/1.0 41.1/2.7 14.8/12.5 3.9 59.4 36.7

Controls 6262 0.8 12.7 2.6 60.9 21.3 1.8 8.4 77.9 13.7

AFRICAN AMERICAN 235 1.7/2.4 9.8/0.6 2.1/1.8 36.2/1.0 37.9/1.1 12.3/5.7 7.7 59.1 32.2

CASE PATIENTS

Controls 240 0.8 12.9 2.1 50.4 31.8 2.1 8.3 72.7 19.0

HISPANIC 261 0.4/2.6 9.6/0.6 2.3/3.2 54.4/1.0 30.7/2.2 2.7/2.2 6.3 74.5 19.2

CASE PATIENTS

Controls 267 0.4 12.0 0.8 67.4 17.6 1.9 6.7 82.3 11.0

JAPANESE 336 0.3/1.1 3.9/0.9 0.9/2.4 49.1/1.0 36.9/5.6 8.9/33.1 2.7 69.5 27.8

CASE PATIENTS

Controls 1977 0.4 6.9 0.8 75.7 15.5 0.8 4.2 86.9 8.9

Tissue Expression
The human APOE gene is expressed in several organs and in
various cell types. Ninety percent of the circulating apoE is
produced by the liver (Yu et al., 2014) and to a lesser extent
by the adrenal gland and macrophages (Kockx et al., 2008).
Other cells capable of synthesizing apoE include astrocytes,
macrophages, and endocrine cells such as ovarian and adrenal
cells (Huang et al., 2015). In the CNS, apoE secretion is
sustained by astrocytes, oligodendrocytes, pericytes, choroid
plexus and neurons (Kang et al., 2018; Flowers and Rebeck,
2020). ApoE lipoproteins produced by the choroid plexus are

directly secreted into the cerebrospinal fluid (CSF) (Achariyar
et al., 2016). ApoE is also synthesized by glial cells and
associates with lipids to form lipid-transport particles in the CSF
(Koch et al., 2001).

The expression level of apoE varies by genotype. For instance,
individuals carrying APOE2 have higher concentration of apoE
proteins in the CSF whereas APOE4 carriers have lower levels
(Castellano et al., 2011; Cruchaga et al., 2012). The same
observation was made in a mouse model whose APOE gene
was replaced by the human APOE2 (hAPOE2) or hAPOE4
(Ulrich et al., 2013). ApoE levels in the CNS of AD patients
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FIGURE 2 | Schematic illustration of structural and functional regions of apoE protein. (A) Location and structure of the APOE gene on chromosome 19 at position

q13.32. The APOE gene has 4 exons, respectively consisting of 44, 66, 193, and 860 nucleotides, with exon 4 coding for over 80% of the protein. Exon 1 contains

the 5′ untranslated region (5′UTR). The wild-type sequence is apoE3 (Cys112, Arg158). Point mutations in the exon 4 generate two single nucleotide polymorphisms

(SNPs): a T → C point mutation produces apoE4 (C112R), while C → T mutation gives apoE2 (R158C). (B) Diagram of human apoE structural domains. The

N-terminal region contains the receptor-binding site (residues 134–150) and four helices (1–4), the C-terminal region contains the lipid-binding region (residues

244–272) and the two domains are joined by a hinge region. The N-terminal region contains the two polymorphic positions (112 and 158) that discriminate the three

apoE isoforms. The lower part of the figure shows the α-helical segment (residues 134–150) that recognizes the LDL receptor. This segment is rich in positively

charged arginine and lysine residues.

are inconsistent with studies reporting either higher (Baker-
Nigh et al., 2016), lower (Cruchaga et al., 2012; Talwar et al.,
2016) or unchanged level of apoE (Martínez-Morillo et al., 2014)
compared to healthy individuals. However, the expression levels
of APOE mRNA in post-mortem AD brain tissues are elevated
compared to controls (Gottschalk et al., 2016), emphasizing the
difficulty to correlate APOE mRNA and protein levels.

APOE RECEPTORS

Affinity for apoE Isoforms and Their
Tissue Expression
ApoE is a ligand for cell surface lipoprotein receptors
belonging to the low-density lipoprotein receptor (LDLR)

family (Holtzman et al., 2012). The LDLR family consists of
eight receptors i.e., LDLR, very-low-density lipoprotein receptor
(VLDLR), apolipoprotein E receptor 2 (apoER2 or LRP8), LRP4,
LDLR-related receptor 1 (LRP1), LRP1b, megalin (LRP2), and
LR11/SorLA (Lane-Donovan and Herz, 2017). All LDLR family
members share structural properties that allow them to interact
with apoE isoforms but with distinct affinities. ApoE3 and apoE4
isoforms bind with high affinity to the LDLR and LRP1 (Ruiz
et al., 2005; Zhao et al., 2018b) whereas apoE2 binding to
LDLR is 50 times weaker than that of apoE3 or apoE4 (Hatters
et al., 2006a). VLDL receptor recognizes all apoE isoforms with
equal affinity (Ruiz et al., 2005). Co-immunoprecipitation assays
revealed differences in the formation of the apoE-LR11 complex
for each isoform (apoE4 > apoE3 > apoE2, apoE4 binding the
most), however the lipidation and oxidation status of apoE was
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not addressed in this study (Yajima et al., 2015). It remains
unclear whether apoE differentially activates apoE receptors.

These receptors are expressed by many tissues. LDLR, is
expressed by neurons and hepatocytes (Goldstein and Brown,
2015). LRP1 is ubiquitously expressed, but more abundantly in
vascular smooth muscle cells (SMCs), hepatocytes, and neurons
(Etique et al., 2013). LRP1 is present on plasma membrane of
various cells including microglia, astrocytes, and neurons. LRP1b
is primarily expressed in the brain, and a differentially spliced
form is present in the adrenal gland and in the testis (Marschang
et al., 2004). VLDLR is expressed by neurons and in tissues
throughout the body while apoER2 is restricted to the brain,
testis, and placenta (Dlugosz and Nimpf, 2018). Megalin is highly
expressed in the proximal tubule of the kidney (Christensen
et al., 1992) and in many other absorptive epithelia, e.g., lung,
retina, yolk sac, inner ear, and brain (Kounnas et al., 1994). LR11
is expressed in neurons of the central and peripheral nervous
system (Kim et al., 2009).

ApoE Receptors and AD
The role in AD pathogenesis for eachmember of the LDLR family
remains unclear. Overexpression of LDLR in the brain could
lower apoE levels, increase the clearance of Aβ which is one of
the neurological hallmarks of AD, and decrease the deposition
of Aβ (Kim et al., 2009). LRP1 could affect AD pathogenesis
by controlling amyloid precursor protein (APP) processing and
Aβ catabolism (Cam and Bu, 2006). Alterations in APP cellular
trafficking and localization directly impact its processing to Aβ,
and disrupting the interaction between LRP and APP could
decrease Aβ production which in turn affects development of
AD (Cam and Bu, 2006). LRP1b binds to APP and decreases the
processing of APP to Aβ (Cam et al., 2004). Hence, the expression
of LRP1b might also be involved in protecting against the
pathogenesis of AD by decreasing the generation of Aβ proteins
within the CNS (Cam et al., 2004). ApoE isoforms also affect
the endocytosis of receptors. For instance, carrying the APOE4
allele significantly impairs the recycling of apoER2 and VLDLR
compared to APOE3 and APOE2 (Chen et al., 2010). Since
apoER2 interacts with APP and affects APP processing, lower
recycling might increase output of Aβ (He et al., 2007). Unlike
other members of the LDLR family, SorLA expression does not
affect APP endocytosis, but rather mediates APP intracellular
transport processes (Kim et al., 2009). Megalin was thought
to clear Aβ from the brain at the choroid plexus across the
blood-CSF barrier (Spuch et al., 2015). It has been shown that
binding of megalin to Aβ is decreased in the CSF of AD patients,
suggesting that decreased Aβ sequestration in the CSF could be
associated with defective Aβ clearance and increased brain Aβ

levels (Spuch et al., 2015).

METABOLISM AND APOE ISOFORMS

Lipidation of apoE Isoforms
To perform its important functions (i.e., cholesterol
transport, immune modulation, synapse regeneration, and
clearance/degradation of Aβ), apoE must be secreted and

properly lipidated (Kanekiyo et al., 2014; Hu et al., 2015). ApoE
lipidation is facilitated by the cholesterol-efflux protein ATP-
binding cassette A1 (ABCA1). ABCA1 is present in a wide variety
of body cells, including the brain’s astrocytes, neurons, BBB and
in the choroid plexus (Flowers and Rebeck, 2020). ABCA1 is
essential for the proper lipidation of apoE and absence of ABCA1
in knockout mice leads to a decrease in the overall apoE level in
the CNS (Flowers and Rebeck, 2020). ApoE isoforms differ in
their lipid binding and lipoprotein preferences. The C-terminal
domain of apoE (273–299) is critical for the lipoprotein binding
and therefore determines apoE isoform lipidation specificity
and efficiency (Hu et al., 2015). Contrary to apoE2 and apoE3,
apoE4 is poorly lipidated (Kanekiyo et al., 2014). ApoE3 and
apoE2 preferentially bind to small phospholipid-rich HDL while
apoE4 strongly binds to large triglyceride-rich VLDL (Nguyen
et al., 2010). Reduced binding affinity of apoE4 for HDL results
in a greater proportion of unlipidated apoE, hence forming
aggregates (Hatters et al., 2006a). ApoE4 large aggregates are
more toxic for neurons than apoE2 and apoE3 aggregates
(Hatters et al., 2006b). Biophysical studies have shown that
lipid-free apoE appears to aggregate in vitro in an isoform-
dependent manner (apoE4 > apoE3 > apoE2), and lipidation
of apoE impedes aggregates formation (Hubin et al., 2019).
Unlipidated apoE monomers formmultimers such as dimers and
tetramers, and apoE can additionally aggregate to form fibrils
(Flowers and Rebeck, 2020). Free cholesterol, phospholipids,
and triglycerides are the main lipids present in apoE-containing
CNS particles (Peng et al., 2003). ApoE4-containing particles
have less cholesterol than those containing ApoE3 (Zhao N.
et al., 2017). APOE genotypes also modify lipidation states in
the periphery. In the homozygous and heterozygous (ε3/ε4)
genotypes, APOE4 is frequently associated with increased
LDL-cholesterol levels in plasma while in homozygous and
heterozygous (ε2/ε3) genotypes, APOE2 is correlated with
mild or low levels (Villeneuve et al., 2015). APOE2 genotype
correlates with higher triglyceride levels compared to APOE3
and APOE4 (Zhao N. et al., 2017). The amino acid substitution
in apoE2 impairs its binding with LDLR and impairs clearance
of triglyceride-rich lipoprotein remnant particles, leading to the
onset of type III hyperlipoproteinaemia (Phillips, 2014).

Lipid Transport Within the CNS
ApoE mediates delivery of cholesterol and other lipids to
neurons and glial cells. Cholesterol cannot not cross the BBB
and the choroid plexus Blood-CSF Barrier (BCSFB), but it
is converted into 24S-hydroxycholesterol by the enzyme 24-
hydroxylase cholesterol, specifically located in neurons and
24S-hydroxycholesterol can bind to apoE and easily cross the
BBB (Russell et al., 2009). It was suggested that apoE4 is
involved in AD pathogenesis by mechanisms linked to the
metabolism of brain lipids (Hauser et al., 2011). In cultured
neurons, apoE4 was less effective than apoE2 and apoE3
to transport brain cholesterol (Rapp et al., 2006). Because
cholesterol and phospholipids transport relies on apoE isoforms
(apoE2 > apoE3 > apoE4) (Hara et al., 2003), the lower efflux of
cholesterol and phospholipids by apoE4 might be involved in the
increased risk of LOAD in APOE4 carriers. Two recent studies on
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human iPSCs-derived astrocytes have shown higher cholesterol
accumulation inside apoE4-expressing astrocytes than inside
apoE3 astrocytes (Lin et al., 2018; Tcw et al., 2019), supporting
that the transport of cholesterol out of the astrocytes might be
deficient in APOE4 carriers. A more recent study using iPSC-
derived astrocytes showed that apoE4 is less lipidated than apoE3,
potentially impacting apoE4 neurotrophic role (Zhao J. et al.,
2017). In the CSF of middle-aged adults (average age 54.5 years)
with no dementia, apoE particles were smaller in both ε3/ε4 and
ε4/ε4 individuals than in ε3/ε3 individuals, but larger in ε2/ε3
individuals (Heinsinger et al., 2016; Nelson and Sen, 2019). The
cholesterol efflux ability of individuals homozygous for APOE4
is reduced in CSF (Yassine et al., 2016). The larger particle size
in APOE4 homozygote AD patients may inhibit particle binding
or endocytosis, thus depriving neurons of enough cholesterol for
repair (Yassine et al., 2016). In the CNS, apoE lipid transport
capability could also be influenced by the quantity of apoE
(Rebeck, 2017). Inmice, the amount of apoE in brain parenchyma
(Riddell et al., 2008) and CSF (Ulrich et al., 2013) has an isoform-
dependent gradient (apoE2 > apoE3 > apoE4). In humans, there
was however no isoform-dependent variations in levels of apoE
in the CSF in young control subjects (average 34.5 years) (Baker-
Nigh et al., 2016), cognitively healthy subjects (average 61 years)
and AD patients (average 78 years) (Martínez-Morillo et al.,
2014). In a cohort of Aβ-positive cognitively healthy individuals
as well as withMCI, levels of apoE in CSF were significantly lower
in APOE4 carriers relative to non-carriers (Baker-Nigh et al.,
2016). This indicates that extensive lipid homeostasis studies are
required to unravel a more comprehensive mechanism.

APOE ISOFORMS AND AD
PHYSIOPATHOLOGY

APOE genotypes can affect many cellular functions such as
synaptic integrity, lipid transport, glucose metabolism, Aβ

clearance, BBB integrity or mitochondria regulation (Figure 3).
For instance, recent reviews came to the conclusion that
apoE4 increases the pro-inflammatory response, which in turn
causes the dysfunction of BBB, and leads to cognitive deficits
(Marottoli et al., 2017; Teng et al., 2017; Kloske and Wilcock,
2020). ApoE isoforms also affect the primary neuropathological
markers of AD: neuroinflammation, Aβ plaques and tau protein
aggregations. Studies in humans and transgenic mice showed that
brain Aβ levels and amyloid plaque loads are higher in APOE4
carriers than the other genotypes, with the lowest levels in APOE2
carriers (Huang et al., 2017; Safieh et al., 2019; Tachibana et al.,
2019). The increase in Aβ plaques in APOE4 carriers may be due
to the enhanced ability of apoE4 to bind Aβ but also its inability
to completely remove Aβ from the brain (Kloske and Wilcock,
2020). Other mechanisms involve apoE4 in different pathways
such as interstitial fluid (ISF) drainage, uptake by microglial
phagocytosis (Figure 4), that could contribute to the decrease of
Aβ removal (Castellano et al., 2011; Tarasoff-Conway et al., 2015;
Ma et al., 2018). Tau protein hyperphosphorylation as well as the
formation of tangles differ by APOE genotype. Overexpression
of apoE4 in neurons abnormally increases tau phosphorylation

while apoE3 overexpression has no effects (Cao et al., 2017; Shi
et al., 2017; Wang et al., 2018; Vasilevskaya et al., 2020). ApoE
directly inhibits GSK-3β-mediated phosphorylation of tau (Hoe
et al., 2006). In the next sections we will discuss synergy between
apoE lipidation and sex specificity with LOAD.

Crosstalk Between apoE Lipidation
and AD
Lipidation of apoE and lipid transport within the CNS are
currently under investigation to clarify their roles in the
development of LOAD. ApoE is unique among apolipoproteins
with its minimal intracellular degradation (Yassine and Finch,
2020). Internalized lipids are dissociated from apoE into late
endosomal compartments after intracellular absorption of apoE-
containing lipoprotein particles, followed by recycling of apoE
into early endosomes and its re-secretion within or into HDL
particles (Yassine and Finch, 2020). ApoE4 has lower recycling
capacity due to its greater affinity for lipid binding. This property
reduces the efflux of cholesterol and enriches the cell membrane
with cholesterol (Yassine and Finch, 2020). ApoE recycling
controls the expression of several cell surface proteins, such as
ABCA1 (Rawat et al., 2019), the insulin receptor (IR), or LRP1
(Yassine and Finch, 2020). The reduced apoE4 recycling traps
ABCA1 in endosomes, away from the cell surface. Reduced
activity of ABCA1 hence contributes to lower efflux of cholesterol
to HDL and redistributes cholesterol to cell membranes (Rawat
et al., 2019). Greater cell membrane cholesterol enhances TLR4
signaling in macrophages which in turn, activates NFkB and
induces inflammatory genes response (Singh et al., 2020; Yassine
and Finch, 2020). Lower apoE4 recycling in the brain also
traps insulin receptor (IR) away from cell surface in the
endosome (Zhao N. et al., 2017), hence modifying its preferences
for cellular energy sources. Consequently, it reduces glucose
utilization to generate ATP and encourages oxidation of fatty
acids (Svennerholm et al., 1997). It is reported that the level of
phospholipids (PL) decreases in the brain by 42% between the
age of 20 and 100 years old, and that there is an additional loss of
20% in the AD brain (Mesa-Herrera et al., 2019). In humans, our
group also showed that beta-oxidation of docosahexaenoic acid
(DHA), a polyunsaturated fatty acid that is highly concentrated
in brain membranes, is higher in APOE4 carriers than the
non-carriers (Chouinard-Watkins et al., 2013). Since the brain
largely relies on glucose to fulfill its high energy-demand, the
decrease of glucose uptake through the BBB during aging had
been identified as a risk factor for developing AD (Fernandez
et al., 2019). This is especially true in APOE4 carriers since
it was reported that human astrocytes expressing apoE4 have
half of the glucose uptake capacity compared to apoE3 ones
whereas astrocytes expressing apoE2 have the highest glucose
uptake (Williams et al., 2020). Moreover, apoE4 proteins secreted
from primary astrocytes are poorly lipidated compared to apoE3.
Increasing the activity of ABCA1 could therefore provide a
therapeutic approach to promote the recycling of apoE4 from
endosomes and restore its function at the membrane level
(Yassine and Finch, 2020). A greater distribution of cholesterol
at the neuronal plasma membrane increases the expression of
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FIGURE 3 | Schematic overview of Aβ-independent roles for apoE in Alzheimer’s disease pathology. The isoform-dependent effects of APOE are indicated.

Abbreviations: apoE, apolipoprotein E; NFT, neurofibrillary tangle; BBB, blood brain barrier; IL, interleukin; TNF-α, Tumor necrosis factor-α; ROS, reactive oxygen

species.

BACE1 and APP processing to generate more Aβ (Cui et al.,
2011). In astrocytes and microglia, less efflux of cholesterol
decreases Aβ degradation which in turn might accentuate its
aggregation to form plaques. In astrocytes, LRP1 complexes with
apoE and the reduced plasma membrane recycling of LRP1
decreases the ability of astrocytes to degrade Aβ peptides (Prasad
and Rao, 2018), providing one mechanism for the increased
development of apoE4 associated amyloid plaques. Altogether,
there are emerging evidence that in APOE4 carriers, there are
metabolic shifts in the energy metabolism that could contribute
to LOAD pathogenesis during aging.

One interesting observation in individuals carrying one or
two APOE4 copies have usually “normal” brain functions until
older ages despite having low lipidation of their apoE4 protein.
Therefore, apoE4 lipid transport capabilities to supply neurons
and astrocytes are probably decreased in late stages of life in
APOE4 carriers. Hence, a young brain might have mechanisms

in place to cope with inadequate lipid transport related to apoE4
protein structure (Yassine and Finch, 2020). During aging, there
is a potential loss of these alternative mechanisms while there
is also a decreased production of cholesterol (Boisvert et al.,
2018), and both could lead to neuronal lipid deficits (Fernandez
et al., 2019). Identification of the coping mechanisms that are lost
during aging would highly benefit the field in moving forward
this research area.

Sex-Specificity in LOAD and for apoE4
Lipidation
The risk of developing LOAD is much higher for women than
men (Barnes et al., 2005). Women with a single APOE4 copy
have a significant increase risk of AD compared to men carrying
two APOE4 copies (Farrer et al., 1997). The risk factor for
women with one APOE4 copy is around 4-fold whereas in
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FIGURE 4 | ApoE isoform-dependent effects on Aβ metabolism and clearance. Aβ is mainly produced by neurons via proteolytic cleavage of APP. In the brain, apoE

is primarily produced by astrocytes and microglia, and is then lipidated by ABCA1 to form lipoprotein particles. ApoE accelerates isoform-dependent aggregation

and deposition of Aβ, but also promotes the cellular uptake and clearance of Aβ by astrocytes or microglia by endocytosis of the lipidated APOE-Aβ complex. This

endocytosis is mediated by various receptors, including LDLR and LRP1. ApoE facilitates isoform-dependent extracellular proteolytic degradation of Aβ. At the BBB,

soluble Aβ is mostly transported via LRP1 and P-glycoprotein from the interstitial fluid (ISF) into the bloodstream. ApoE also mediates perivascular drainage of Aβ.

Insufficient Aβ clearance can cause Aβ aggregation in brain parenchyma and can contribute to the formation of Aβ oligomers and amyloid plaques.

men with one APOE4 copy, the risk is 1-fold higher only
(Payami et al., 1994; Altmann et al., 2014). There are also marked
regional variations between men and women in the regulation
of fatty acid metabolism. Triglycerides (TG) are distributed
differently in the adipose tissue of male and females. Moreover,
concentrations of polyunsaturated fatty acids in the adipose
tissue are higher in pre-menopause women compared to men
(Lohner et al., 2013; Lim et al., 2020). Estrogen levels, higher
in women before menopause, play a key role in the transport
of lipids, increasing metabolic enzyme expression, and reducing
α-linolenic acid (ALA) oxidation, an essential polyunsaturated
fatty acid (Palmisano et al., 2018). In post-menopausal women,
the decrease in estrogen levels is associated with increased plasma
TG levels and lower HDL, both of which increase the risk
of cognitive decline (Ancelin et al., 2014; Chew et al., 2020).
Higher rate of cognitive decline was observed with increased

TG content and lower HDL levels (Ancelin et al., 2014). APOE4
allele increases the risk of abnormal Aβ aggregation in men
and women equally, but impacts tau hyperphosphorylation
more prominently in women (Altmann et al., 2014). Women
APOE4 carriers with MCI had higher CSF tau and tau/Aβ

ratios compared to APOE4 males with MCI (Payami et al.,
1994). Likewise, women APOE4 carriers with mild LOAD had
a greater risk of developing both neurofibrillary tangles and
Aβ plaques than APOE4 men with mild LOAD (Corder et al.,
2004). However, women and men carrying two APOE4 copies
have both a 15-fold higher risk of developing LOAD. The sex-
specific differences of APOE4 genotype can also occur at the level
of gene regulation as apoE4 functions as a transcription factor
in the brain, binding to the promoter regions of genes linked
to microtubule disassembly, programmed cell death, synaptic
function, and aging (Theendakara et al., 2016). ApoE4-mediated
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transcriptional activity is sex-specific for genes involved in the
response of the immune system, inflammation, oxidative stress,
aging and estrogen signaling as different patterns of activation
have been observed between female and male ε4-positive brains
(Hsu et al., 2019). Collectively, these findings show that there
are sex differences in the risk of developing LOAD based on
the APOE genotype. Therefore, sex should be considered when
investigating the impact of different therapeutic strategies on the
modulation of lipid metabolic pathways.

APOE-TARGETED THERAPIES FOR
LOAD

Carrying the APOE4 allele is associated with higher deposition
of Aβ in the brain however it remains to be proved that Aβ is
AD-causative (Bu, 2009) since Aβ deposition in human brain
without significant cognitive impairment are frequently observed
(Aizenstein et al., 2008). Moreover, clinical trials reporting
reduction of brain Aβ accumulation do not necessarily show
improvement of cognition supporting that there is no direct
link between Aβ plaque reduction and improved cognition (van
Veluw et al., 2017). As the disease is complex and multifactorial,
it is likely that the current developed drugs target the wrong
pathological substrates, or that a multi-target drug approach
could be required. We describe here apoE-targeted therapies
tested in animals and those in the early phases of clinical trials.
The current therapeutic strategies targeting apoE to treat LOAD
include: (1) targeting apoE structural properties and interaction
with Aβ, (2) modulating apoE level and lipidation, (3) targeting
APOE receptors, and (4) apoE gene therapies.

Targeting apoE Structural Properties and
Interaction With Aβ
Blocking apoE-Aβ interaction with peptide mimics might be
advantageous since the peptide can be very selective due to
its precise target (Cesa et al., 2015). Aβ12-28P, a peptide
corresponding to residues 12–28, reduces Aβ deposition and
insoluble tau accumulation in the brain of mice (Liu et al.,
2014), Treatment with Aβ12-28P reduces accumulation of
Aβ in brain, co-deposition of apoE within Aβ plaques and
neuritic degeneration in APOE2-TR and APOE4-TR Aβ mouse
models (Pankiewicz et al., 2014). 6KApoEp is a peptide that
inhibits apoE binding to the N-terminus of APP (Sawmiller
et al., 2019). Notably, in 5XFAD mouse model, 6KApoEp
injection reduces both Aβ and tau pathologies concomitantly
with improved memory and hippocampal-dependent learning
(Sawmiller et al., 2019). These findings indicate that blockers
of apoE-Aβ interaction may potentially be used to reduce the
therapeutic burden of Aβ and tau in the CNS.

It is possible to control the lipidation and secretion of
apoE using apoE mimic peptides (Osei-Hwedieh et al., 2011).
Mimic peptides correspond to the LDL receptor binding
domain (130–150 residues) of the apoE protein. These peptides
are designed to promote cholesterol trafficking but also
alter APP trafficking and processing, and anti-inflammatory
signaling within macrophages (Yao et al., 2012). ApoE mimetic

peptides, such as 4F, COG112, COG133, and COG1410,
increase apoE lipidation and apoE secretion, decrease Aβ levels
and tau hyperphosphorylation, inhibit neurodegeneration and
neuroinflammation, and improve cognitive functions (Chernick
et al., 2018). A recent study in E4FADmice showed that transient
treatment with CN-105 decreases Aβ pathology and rescued
memory deficits (Krishnamurthy et al., 2020). Mimic peptide
CN-105 has completed Phase I clinical trial (NCT03168581
and NCT03802396) in patients with intracerebral hemorrhage
(Guptill et al., 2017). This peptide is derived from the receptor
binding region of apoE-α helix and decreases neuronal injury
and neuroinflammation in acute brain injury mouse models
(Laskowitz et al., 2017; Liu et al., 2018). However, in the context
of human apoE isoforms, the effects of these peptides on Aβ

deposition and other LOAD-related pathologies have not been
thoroughly identified. Therefore, this strategy seem to have
gather some success although it still requires to be improved,
tested in specific population and to prove its efficacy on cognition
to become a therapy.

Another therapeutic strategy is to disrupt apoE4 interaction
domain with small molecules, modify apoE4 overall structure
and therefore modulate its adverse effects in LOAD pathogenesis
(Brodbeck et al., 2011). At least three regions (15–30, 116–123,
and 271–279 peptides) vary between apoE isoforms, and targeting
these regions with small molecules to switch apoE4 toward
an apoE2 and apoE3-like structure appears to be a more
direct approach to modulate apoE4 pathobiology (Frieden and
Garai, 2012). Small molecules such as PH-002, GIND-25, and
CB9032258 (a phthalazinone derivative) target the interaction
domain and thus modify the detrimental effects of apoE4 in
human neurons (Lin et al., 2018; Wang et al., 2018). This
approach is currently being further developed to verify whether
it has therapeutic benefits in vivo.

Modulating apoE Level and Its Lipidation
Instead of converting apoE4 structure, another strategy is to use
anti-apoE4 antibodies to neutralize the toxic effects of apoE4
(such as Aβ plaques), like the anti-Aβ-based immunotherapies.
Such antibodies can cross the BBB even though only a small
amount will penetrate the brain effectively (Kim et al., 2012).
Anti-apoE antibodies in mouse models were shown to effectively
prevent deposition of Aβ when added with pre-existing Aβ

deposits (Kim et al., 2012). In a subsequent study, administration
of anti-apoE antibodies directly into the brain prevented
deposition of new Aβ plaques as well as pre-existing plaques that
were cleared. It is very exciting that these anti-apoE antibodies
can interfere with the direct binding of apoE to Aβ deposits,
as this may act synergistically with anti-Aβ immunotherapy
in APOE4 patients to attain a higher degree of Aβ reduction
(Liao et al., 2014). A recent study has shown that the antibody
HAE-4, which preferentially binds the non-lipidated forms of
apoE4/apoE3, is highly effective in reducing the deposition of
Aβ in an APP/APOE4 mouse model when delivered directly
into the brain by intracerebroventricular injection (Liao et al.,
2018). Further testing of this approach are underway to verify the
off-target effect of these antibodies that could also detrimentally
interfere with the physiological functions of apoE.
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Instead of using an antibody to neutralize apoE4, another
strategy is to use antisense oligonucleotides (ASO) which can
target APOE4 mRNA and decrease its expression (Schoch and
Miller, 2017). Reduction of apoE expression by ASO significantly
decreased Aβ pathology during the early stages of plaque
formation in APP/PS1-21 mice homozygous for APOE4 or
APOE3 (Huynh et al., 2017). ASO therapies targeting APOE
receptors have also been tested in AD mouse models and
treatment of AD mouse with an anti-APOER2 oligonucleotide
resulted in increased synaptic function and improved learning
and memory functions (Hinrich et al., 2016). There are only
few ASO-mediated therapies in clinical trials for AD, the most
prominent one being the anti-tau ASO in phase1/2 trial (BIIB080
from Ionis/Biogen/Washington University) (DeVos et al., 2017)
but results are, to our knowledge, not yet published.

ApoE4 is hypolipidated suggesting that the pathological effects
depend on how much apoE4 is lipidated. Since ABCA1 plays
an important role in apoE lipidation, some groups worked
on increasing ABCA1 activity to improve apoE4 lipidation.
Bexarotene and 9-cis retinoic acid are drugs able to regulate
ABCA1 expression (Boehm-Cagan et al., 2016; Tachibana et al.,
2016). In an Aβ mouse model expressing human apoE4 and
apoE3, treatment with bexarotene and 9-cis retinoic acid
increased ABCA1 levels in both mice groups and reversed
Aβ and hyperphosphorylated tau accumulation in hippocampal
neurons, as well as cognitive deficits (Tachibana et al., 2016).
Intraperitoneal injection of CS-6253 injection, an ABCA1 agonist
peptide, increased apoE4 lipidation, decreased Aβ accumulation
and tau hyperphosphorylation as well as reduced cognitive
deficits in APOE4-TR mice (Boehm-Cagan et al., 2016). Taken
together, these studies show that modulating apoE4 lipidation
by increasing ABCA1 expression reduced Aβ accumulation and
thereby cognitive deficits.

Targeting apoE Receptors
Considering that Aβ clearance in the brain is partially mediated
by apoE receptors, especially LRP1, LDLR, and APOER2,
increasing the expression of these receptors is a possible
therapeutic strategy for reducing Aβ pathology. Fluvastatin,
a hydroxymethylglutaryl-CoA reductase inhibitor, decreases
Aβ deposition and enhances Aβ clearance in cultured brain
microvessel endothelial cells, possibly by increasing LRP1
expression (Qosa et al., 2012). Another study found that
increased Aβ clearance in brain endothelial cells and isolated
mice brain microvessels treated with rifampicin or caffeine
(Shinohara et al., 2010). In Aβ mouse models, conditional LRP1
knockout in neurons (Kanekiyo et al., 2013), astrocytes (Liu et al.,
2017), and vascular SMCs (Kanekiyo et al., 2012) resulted in
increased deposition of Aβ. In APOE4-TR mice but not in the
corresponding APOE3 or APOE-deficient (KO) mice, APOER2
levels in hippocampus are also reduced (Gilat-Frenkel et al.,
2014). Regulating expression levels of APOER2 could therefore
be considered as a good anti-AD strategy.

ApoE Gene Therapy
Adeno-associated viruses (AAVs) can mediate gene transfer
directly to the CNS (Ittner et al., 2019). AAVs have become the

most widely used gene therapy vectors for the CNS due of their
safety, nonpathogenic nature, and capability to infect dividing
and quiescent cells in vivo, particularly neurons (Ittner et al.,
2019). An ongoing trial is scheduled to start soon to test the
safety of AAV-APOE2 expression in APOE4 carriers1. Estimated
completion date of this trial is December 2021. Patients will
be injected with AAV-APOE2 in the cisterna magna and then
followed for at least 2 years about their general health. This trial
was made possible because previous studies in animals including
APP/PS1 and Tg2576 mice showed that AAV-APOE2 reduces Aβ

load after intracerebral administration of AAV-APOE4 (Hudry
et al., 2013). Another group performed an intracerebral injection
of AAV-APOE2 to APP/PS1/APOE4 TRmouse and reported that
it reduced Aβ deposition (Zhao L. et al., 2016). More recently,
a group used a non-viral delivery of plasmid encoding apoE2
(pApoE2) in the brain of mice using liposomes and showed a
significant increase of apoE levels in the brain of mice with one
single injection (dos Santos Rodrigues et al., 2019). Together
these studies show that increasing the expression of apoE2, but
not apoE4, could be efficient in reducing Aβ pathology.

While apoE-targeted therapies remain in an early phase of
development, they hold great promises in the fight against
LOAD. Up-regulation of apoE3 is likely to support synapses and
other apoE-related functions, while down-regulation of apoE4
decreases its toxic effects and minimize Aβ deposition. The
isoform-specific targeting approach would be an encouraging
strategy for treating AD due to the differential functions of apoE
isoforms in AD pathogenesis (Zhao et al., 2018a).

Current Challenges and Considerations
in Light of apoE-Targeted Therapies
All the recent phase three clinical trials for AD failed, highlighting
that this challenge always remains a priority. It is likely that
AD has a spectrum of diseases without a common trigger, with
slightly different initiators, accelerators and exacerbators (Suidan
and Ramaswamy, 2019). The mystery and ambiguity around the
cause of AD is primarily what to blame for the lack of successful
current therapeutics. It is highly probably that a cocktail of drugs
for different targets might be required and adapted along with the
disease progression.

One limitation in the recent studies is the small sample size
with regards to the APOE genotype stratification. Two important
questions in the field remain to be addressed: Is there a specific
patient population for which an apoE-directed therapy would
benefit the most? At what stage of the disease this therapy could
be most successful? People with one copy of APOE2 have half
the risk of developing LOAD as opposed to those with the most
common ε3/ε3 genotype. We do not know whether the risk of
ε2/ε2 is substantially lower than that of ε2/ε3 but new studies
specifically focused on APOE2 are likely to reinvigorate interest
among drug manufacturers. While it may be advantageous to
increase apoE2 levels in the brain, long-term expression of
APOE2 could increase the risk of cerebral amyloid angiopathy
(CAA), CAA-associated intracerebral hemorrhagic and possibly
primary tauopathy (Yamazaki et al., 2019).

1https://clinicaltrials.gov/ct2/show/NCT03634007
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Another limitation is the lack of understanding concerning
the relationship between apoE lipidation status and markers of
LOAD progression, such as Aβ ratio, phosphorylated tau, total
tau protein, and cognitive end points. ApoE biology is highly
complex and several factors must be addressed when targeting
this protein in LOAD, in particular the lipidation status of
apoE. It has proven difficult to develop molecules that modify
the conformation of APOE4 to APOE3 or APOE2 because the
variable degree of lipidation of APOE may affect its tertiary
conformation. On the other hand, for APOE4 homozygote
patients, approaches aiming at apoE4 reduction may be sufficient
(Suidan and Ramaswamy, 2019). It is possible that such therapies
slow the rate of cognitive decline in APOE4 carriers, but it is
likely that the neurodegenerative process will not be completely
halted (Safieh et al., 2019). Modulating the quantity of apoE or
peripheral expression of apoE receptors may also increase the risk
of atherosclerosis, hyperlipidaemia, and cardiovascular problems
due to defective lipoprotein metabolism.

While we strive to better understand LOAD and find
successful therapeutics, maintaining a healthy lifestyle
(nutritional guidance, physical exercise, cognitive training, and
management of metabolic and vascular risk factors) improve
memory and cognitive function of older people carrying APOE4
(Solomon et al., 2018) and can assist with the onset of disease and
symptoms. Indeed, not all APOE4 carriers will develop AD hence
supporting that there are potential lifestyle conditions lowering
the expression of the disease in this population.

CONCLUSION

Carrying APOE4 is the major genetic risk factor for developing
LOAD, although not everyone carrying APOE4 develops the
disease. APOE not only impacts lipid metabolism but various
CNS functions in an isoform-dependent manner. In addition of
controlling blood cholesterol levels, apoE proteins also regulate
Aβ deposition, aggregation and clearance. However, the exact

molecular mechanisms behind Aβ regulation observed in human
and animal models remain to be elucidated. It is still unclear
whether APOE4 allele affects LOAD pathogenesis by a gain of
toxic functions or a loss of defensive functions (or a combination
of both). To date, no drugs have been developed to cure/delay
AD or to target apoE4 pathways, and a long list of failures already
pave the road to the discovery of successful LOAD therapies.
This multifactorial disease might require a multi-target treatment
likely to be adapted toward the disease progression. The current
apoE-targeted strategies need to consider apoE lipidation and
global lipid homeostasis in the periphery and into the brain.
Combined therapy of increased lipidation with simultaneously
decreasing lipid-free apoE4 would be an appealing approach to
prevent the progression of AD. Exploring the biology of apoE
isoforms may also provide more promising approaches. Finally,
improving the lifestyle and diet also need to be considered
to minimize the risks associated with the APOE4 isoform.
Therefore, there is a need to generate fundamental knowledge not
specifically oriented on one biomarker such as Aβ but to adopt
an integrative systematic approach to tackle the understanding of
this complex disease.
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