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Abstract

Alzheimer’s disease (AD) is a multifactorial neurodegenerative disorder that
involves dysregulation of many cellular and molecular processes. It is noto-
riously difficult to develop therapeutics for AD due to its complex nature.
Nevertheless, recent advancements in imaging technology and the devel-
opment of innovative experimental techniques have allowed researchers to
perform in-depth analyses to uncover the pathogenic mechanisms of AD.An
important consideration when studying late-onset AD is its major genetic
risk factor, apolipoprotein E4 (apoE4). Although the exact mechanisms un-
derlying apoE4 effects on AD initiation and progression are not fully under-
stood, recent studies have revealed critical insights into the apoE4-induced
deficits that occur in AD. In this review, we highlight notable studies that
detail apoE4 effects on prominent AD pathologies, including amyloid-β, tau
pathology, neuroinflammation, and neural network dysfunction.We also dis-
cuss evidence that defines the physiological functions of apoE and outlines
how these functions are disrupted in apoE4-related AD.
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by extensive brain atrophy
and loss of cognitive functions. As a progressive disorder, AD is thought to begin decades before
symptom onset (1). It is only after a considerable amount of damage occurs to vital biological com-
ponents that clinicians are able to detect even the earliest symptoms of AD. Although researchers
cannot conclusively pinpoint the initiating step that triggers a cascade of detrimental processes,
there is a substantial body of scientific work that has identified key players in AD pathogenesis.

According to epidemiological and genome-wide association studies, apolipoprotein E4 (apoE4)
is the single greatest genetic risk factor for late-onset AD (Figure 1a) (2, 3). The human
apolipoprotein E (APOE) gene has three alleles, ε2, ε3, and ε4, which encode three apoE pro-
tein isoforms, apoE2, apoE3, and apoE4 (4). In terms of AD risk, apoE3 is considered neutral,
whereas apoE2 is protective and apoE4 is detrimental (5). The presence of the APOE ε4 allele
dose-dependently increases the risk of AD and lowers the age of onset (2, 5). The lifetime risk
estimate of developing AD by the age of 85 is ∼10% in apoE3 homozygotes, ∼30% in apoE4
heterozygotes, and ∼65% in apoE4 homozygotes (6). ApoE4 homozygosity also decreases the
mean age of onset for AD from 84 to 68 years old, emphasizing the importance of apoE4 in AD
pathogenesis (2).
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Figure 1

Multifactorial etiology and diverse pathologies of AD. (a) There are several key contributing factors that play major roles in AD
pathogenesis, including apoE4, Aβ, and tau. In combination with other comorbidities, these three factors work in concert to contribute
to a pathogenic cascade that disrupts a myriad of biological processes and results in neuropathology, neuroinflammation, and
neurodegeneration. This leads to neural or neuronal network deficits and, ultimately, clinically observable cognitive decline. How
exactly apoE4 conspires with Aβ and tau to elicit AD pathogenesis and clinical dementia remains to be determined. (b) The diverse AD
pathologies include extraneuronal aggregation and accumulation of Aβ peptides and formation of amyloid plaques; intraneuronal tau
hyperphosphorylation, aggregation, mislocalization, and spread to connected neurons and formation of neurofibrillary tangles; and
responsive neuroinflammation mediated by astrocytes and microglia that release proinflammatory cytokines. ApoE4 worsens Aβ and
tau pathologies and promotes the detrimental activation of glial cells. ApoE4 also exhibits gain-of-toxic-function effects when
aberrantly cleaved into truncated fragments in neurons, causing mitochondrial dysfunction, tau pathology, and neuronal death. Figure
adapted from Reference 7. Abbreviations: Aβ, amyloid beta; AD, Alzheimer’s disease; apoE4, apolipoprotein E4; APP, amyloid
precursor protein; p-tau, phosphorylated tau.
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A defining feature of AD is the presence of two distinct pathological hallmarks: extracellular
amyloid-beta (Aβ) plaques composed of aggregated Aβ peptides and intraneuronal neurofibrillary
tangles (NFTs) composed of hyperphosphorylated tau protein (Figure 1b). Since the discovery
of these characteristic pathologies by Alois Alzheimer in 1906, Aβ plaques and NFTs have been
at the center of AD diagnostics. Mounting evidence has shown that apoE4 significantly affects
both of these pathologies, in addition to many other important cellular and molecular processes
within the central nervous system (CNS) (7). This review gives prominence to some of the most
noteworthy discoveries in apoE4-related AD research and calls attention to outstanding questions
about the pathogenic mechanisms of AD.

PATHOLOGICAL HALLMARKS, BIOMARKERS, AND GENETIC RISK
FACTORS OF ALZHEIMER’S DISEASE

Neuropathological Hallmarks and Biomarkers of Alzheimer’s Disease

Traditionally, postmortem neuropathological examination is considered the gold standard for a
diagnosis of AD. Recent advances in radiological imaging technology have provided important
tools for diagnosing AD by allowing detection of protein lesions within living patients’ brains.
The development of selective amyloid radiotracers, such as 11C-Pittsburgh Compound B and
18F-florbetapir, allows detection of Aβ plaques in patients using positron emission topography
(PET) imaging (8, 9). In AD patients, amyloid accumulation initially occurs diffusely in the neo-
cortex and then spreads to the medial temporal lobe (10), which contains structures important
for cognitive function such as the hippocampus and entorhinal cortex (11). Longitudinal studies
illustrate that amyloid-PET scans are useful to detect early, preclinical AD prior to symptom on-
set (12). A high amyloid burden in cognitively normal individuals is associated with progression
to symptomatic AD roughly 2.4 years later (13). These findings were further validated in a large
cross-sectional study of asymptomatic older individuals; the study found that elevated amyloid
levels are significantly associated with high risk factors for AD, such as age, the APOE ε4 allele,
and family history of dementia (14). This opens the possibility of a preventative clinical trial aimed
at slowing cognitive decline during the preclinical stages of AD based on amyloid-PET scans of
high-risk asymptomatic individuals. Still, there have been increasing concerns regarding the ac-
curacy of using Aβ as a biomarker for AD, as ∼30% of cognitively normal elderly individuals have
Aβ deposition in their brains (15).

Radiological imaging of tau has been made possible in recent years with the development of
selective tau tracers, such as THK5117, 18F-flortaucipir, and 18F-AV-1451. Comparison of ante-
mortem 18F-flortaucipir PET to postmortem neuropathology shows that this tau tracer reliably
detects end-stage Braak VI tau pathology in advanced AD (16). PET scan studies using tau trac-
ers have found that the pathological aggregation of tau is closely linked to cognitive decline and
onset of neurodegeneration in AD patients (17, 18). Unlike the diffuse accumulation of amyloid
throughout the neocortex, tau has been shown to spread throughout the brain in a stepwise fashion
that tightly correlates with the patterns of neurodegeneration and the manifestations of clinical
symptoms of AD (10, 18, 19). Tau accumulation in the anterior-temporal regions of the brain
was found to be the most predictive measure of subsequent memory decline in individuals with
a high Aβ burden, indicating that tau plays a primary role in memory decline in the early stages
of AD (20). Interestingly, a longitudinal study found that the global intensity of the tau-PET sig-
nal predicted the degree of brain degeneration 15 months later and that the specific distribution
of the tau-PET signal strongly indicates the topography of future atrophy at the individual pa-
tient level (21). Taken together, PET imaging studies on human patients using amyloid and tau
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radiotracers have shown that amyloid and tau are useful biomarkers for AD diagnosis, although
tau is emerging as a more precise biomarker than Aβ since it more accurately follows disease on-
set and progression. Notably, many patient data sets that are collected and utilized by researchers
define AD status in part by these biomarker measurements; thus, the accuracy of these biomarker
measurements is critically important for AD diagnostics and research.

Diagnostic testing of AD biomarkers has extended beyond radiological imaging to include
cerebrospinal fluid (CSF) biomarkers. Proteolytic cleavage of amyloid precursor protein (APP)
produces an assortment of Aβ peptides with varying significance to AD pathology. The accumu-
lation of the Aβ 42 peptide (Aβ42) is hypothesized to be the initial trigger of neurodegeneration
and is used as a CSF biomarker to diagnose AD (22). Assessment of Aβ42 in the CSF predicts
future development of AD in patients with mild cognitive impairment (MCI) (23). Although the
amount of Aβ40 alone has no impact on the disease, the ratio of Aβ42/Aβ40 in the CSF is useful for
discriminating AD (24, 25).

Measurement of tau in the CSF is also used as a diagnostic test for AD. As a phosphopro-
tein, tau protein has more than 80 potential phosphorylation sites (26).When tau has significantly
more phosphorylation than physiological levels, it is categorized as hyperphosphorylated tau (26).
Increased phosphorylation of tau at several AD-linked residue sites is used as a biomarker in di-
agnostic testing. These phosphorylation sites include threonine 181, 217, and 231 and serine 199,
231, 396, and 404 (27–33). In particular, phosphorylation of tau at threonine 181 is the gold stan-
dard for tau CSF biomarkers that are used to diagnose AD (30–32). However, a recent study using
quantitative mass spectrometry demonstrated that phosphorylation at threonine 217 may be a
more sensitive marker (33).

Beyond these two traditional AD hallmarks, assessment of brain activity using functional mag-
netic resonance imaging (fMRI) is proving to be valuable in AD diagnostics. This imaging tech-
nique takes advantage of the fascinating discovery that cerebral blood flow and neuronal activation
are coupled, as blood flow to a particular brain region increases when it is in use (34). On the ba-
sis of recent fMRI studies, neural network connectivity appears to be disrupted in AD. There is
an age-dependent reduction in connectivity between the entorhinal cortex and the hippocampus,
and these functional alterations correlate with memory deficits (35). Furthermore, AD is associ-
ated with loss of global information integration, causing a decrease of functional long-distance
links between frontal and caudal brain regions (36). There is also an intriguing relationship be-
tween functional connectivity, amyloid burden, and tau pathology. Early amyloid accumulation is
associated with increased functional connectivity, whereas increasing tau pathology is correlated
with a progressive decline in functional connectivity (37). Comparison of cognitively normal in-
dividuals to patients with MCI and AD shows that the early prodromal phase of AD initiates with
increased activation of themedial temporal lobe and is followed by a subsequent decrease in activa-
tion as the disease progresses (38). These insightful studies illustrate the utility of neural network
activity as a potential biomarker for AD. It is worth considering that combining PET imaging of
AD pathologies with fMRI data could improve the accuracy of AD diagnostics, although further
studies are needed to determine the validity of this hypothesis.

Neuroinflammation, including astrocytic and microglial gliosis, is another pathological feature
of AD (Figure 1b) and is emerging as a useful AD biomarker. Many studies have illustrated that
neuroinflammation is an important contributing factor to AD development (39). Early evidence
shows that activated microglia (40) and astrocytes (41) colocalize with senile plaques in AD pa-
tients and that the number of activated astrocytes in the parahippocampal cortex of AD patients
correlates with the number of tangles and the stage of NFT formation (42). A PET study us-
ing a marker of activated microglia, [11C](R)PK11195, found a significant 20–35% increase in
microglial activation in AD patients (43). Analysis of CSF from AD patients showed increased
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levels of several inflammatory molecules (44). However, more studies are needed to fully charac-
terize neuroinflammatory-related changes that occur in AD and to determine their usefulness as
biomarkers for AD diagnosis and research.

The Impact of ApoE4 on Alzheimer’s Disease Biomarkers
and Neurodegeneration

Longitudinal brain imaging studies have provided invaluable insight into the effects of apoE4 on
neurodegeneration in human patients. Using structural MRI, apoE4 carriers demonstrate accel-
erated hippocampal volumetric loss in early life and accelerated cortical atrophy in midlife (45).
Moreover, APOE ε4 exerts a gene-dosage effect that correlates with the severity of hippocampal
morphological deformation (46). ApoE4 also accelerates the rate of cognitive decline with aging,
as it is associated with worsened memory (47). The impact of apoE4 on cognition and neurode-
generation has even been observed in healthy apoE4-carrier children by impairing their working
memory and causing age-dependent thinning of the entorhinal cortex, which is the initial seeding
site of tau pathology (48).

As radiological imaging of AD biomarkers is one of the most accurate methods for diagnosing
AD, it is important to determine the effects of apoE4 on the accumulation of Aβ plaques andNFTs
in human patients throughout various stages of the disease. Emerging patient data measuring
apoE4-dependent amyloid and tau burdens offer real-time clarity of apoE4’s effects on disease
progression, as highlighted below.

Measuring Aβ plaques in vivo using PET imaging revealed that apoE4 is associated with an
increased Aβ deposition rate (9) and a diffuse accumulation of Aβ pathology throughout the cortex
of AD patients (45). A longitudinal study of cognitively normal individuals with a low Aβ plaque
load found that apoE4 is a predictor of longitudinal Aβ accumulation (49). Interestingly, a recent
study suggests that there is an interactive effect between apoE4 and Aβ to increase tau aggregation
(50). However, amyloid-PET scans may not be reliable methods of AD diagnosis in older apoE4
patients, as the positive predictive value of amyloid-PET scans is highest in young apoE4 patients
and is lower in older apoE4 patients (51). It has been proposed that knowledge of apoE status may
be helpful when considering clinical amyloid assessment in older patients, as amyloid-PET scans
were found to be less informative in apoE4 carriers than noncarriers. The prevalence of amyloid
positivity is ∼90% in apoE4 carriers regardless of their age, whereas apoE4 noncarriers exhibit
an age-dependent change in amyloid positivity (52).

On the basis of tau-PET measurements, apoE4 carriers present unique tau uptake patterns
relative to apoE4 noncarriers. ApoE4 carriers have greater uptake of tau tracer 18F-AV-1451 in
the temporal and parietal lobes, which are selectively vulnerable brain regions in late-onset AD
(18). ApoE4 alters disease expression by promoting a more medial temporal lobe–predominant
pattern of tau pathology in symptomatic AD patients (53). Intriguingly, apoE4 carriers also have
a greater tau load in the entorhinal cortex than do apoE4 noncarriers (54); this finding is sig-
nificant given that tau pathology in AD initiates in the entorhinal cortex (55). A recent study of
two cross-sectional cohorts found that apoE4 is associated with an increased tau burden in the
entorhinal cortex and hippocampus independently of Aβ, sex, clinical status, and age (56). These
findings were corroborated in a longitudinal study that shows apoE4 enhances tau accumulation
even after adjusting for the global cortical Aβ burden, indicating that the effect of apoE4 on tau
is independent of Aβ (57). These important studies contribute to an evolving hypothesis in which
the detrimental effects of apoE4 in AD go far beyond its impact on Aβ.

In addition to these typical AD biomarkers, apoE4 has been shown to cause network hyper-
activity in AD patients. On the basis of fMRI data, cognitively normal apoE4 carriers exhibit
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decreased task-induced deactivation of the default mode network (DMN) (58). This reveals that
apoE4 carriers have hyperactivity in a network that is normally disengaged during task perfor-
mance in healthy individuals. Reduced deactivation of the DMN during memory encoding corre-
lates with worse task performance (59) and is observed in AD patients (60), suggesting that apoE4-
induced deficits inDMNdeactivation are linked tomemory deficits observed in AD.Furthermore,
healthy apoE4 carriers show dysfunctional hyperactivation in the CA1, CA3, and dentate regions
of the hippocampus in the absence of structural deficits relative to apoE3 carriers, suggesting that
network hyperactivity is an early manifestation of apoE4-related AD prior to neurodegeneration
(61). These observed differences in brain activity between apoE4 carriers and noncarriers high-
light the importance of understanding network dysfunctions that occur in AD.

Studies focusing on the association between apoE4 and neuroinflammatory biomarkers are just
beginning to emerge. Within human AD patients, apoE4 is associated with a proinflammatory
state. This was illustrated in a study involving intravenous lipopolysaccharide (LPS) injections to
elicit inflammatory responses in healthy patients (62). ApoE4 carriers had higher plasma levels of
proinflammatory markers tumor necrosis factor alpha (TNFα) and interleukin 6 (IL-6) compared
with apoE3 carriers, indicating that apoE4 promotes inflammation as compared with apoE3 (62).
In addition, quantitative genotype-phenotype analysis of postmortemADbrains shows that apoE4
patients exhibit extensive microgliosis in the frontal and temporal cortices and astrogliosis in gray
matter relative to apoE3 patients (63, 64).A study examining gliosis in human postmortem samples
found that AD patients with apoE4 have increased levels of CD68+, a marker of reactivemicroglia,
relative to apoE3 and apoE2 (65). On the basis of these findings, apoE4 shows a clear effect on
increasing neuroinflammation and gliosis in AD brains.

Radiological imaging of glucose metabolism is also used as a biomarker of AD, since mea-
sures of cerebral metabolic rate for glucose (CMRglc) show that its reduction occurs early in
AD, correlates with disease progression, and predicts histopathological diagnosis of AD (66).
Using 18F-fluorodeoxyglucose (FDG) as a radiotracer, apoE4 carriers exhibit regional glucose
hypometabolism relative to apoE3 carriers (67). There also appears to be a link between hy-
pometabolism and brain atrophy in apoE4 carriers, as they exhibit reduced CMRglc and reduced
MRI gray matter volume (68). Interestingly, apoE4’s effects on amyloid deposition and glucose
metabolism appear to be reversed, as apoE4 is associated with more amyloid deposition in the
frontal lobe and a more profound metabolic impairment in the posterior cortex (69). A longitudi-
nal FDG PET study suggests a novel brain-region-specific glucose metabolism pattern associated
with apoE4 in MCI patients, as apoE4 carriers demonstrate longitudinal decline in glucose up-
take in eight forebrain and limbic brain regions relative to apoE3 carriers (70).Within cognitively
normal apoE4 carriers, a reduction in posterior cingulate glucose metabolism precedes reduced
hippocampal volume, suggesting that glucose metabolism is a valuable early biomarker of AD (71).
These studies indicate that apoE4 has a clear impact on glucose metabolism in human patients
and that detection of hypometabolism by FDG PET could potentially serve as a useful biomarker
of cognitive decline in AD, especially in the context of apoE4.

To summarize, advancements in PET and MRI imaging techniques have revealed that apoE4
negatively impacts a plethora of biological processes associated with AD in human patients.
Namely, apoE4 accelerates neurodegeneration and cognitive deficits, increases deposition of Aβ

and accumulation of tau pathology, disrupts network activity within specific brain regions and
functional connectivity between brain regions, amplifies gliosis and inflammation, and reduces
CNS glucose metabolism. Now that these biomarkers of apoE4-related AD have been identified,
the next steps are to determine which combinations of biomarker analyses will allow the most
accurate diagnosis of AD from other dementia disorders and which tests will allow for the earliest
detection of AD to maximize the efficacy of therapeutic interventions.
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APOE BIOLOGY AND PHYSIOLOGICAL FUNCTIONS

ApoE Isoforms and Structural Differences

ApoE is a 34-kDa glycoprotein consisting of 299 amino acids and it has two structural domains:
an N-terminal domain and a C-terminal domain (72–74). The three major isoforms of apoE are
closely related in primary sequence and differ from one another by single amino acid substitutions
(75). ApoE4 contains two arginines at positions 112 and 158, whereas apoE3 contains a cysteine
at position 112 and apoE2 contains cysteines at positions 112 and 158 (76). Interestingly, this
seemingly minuscule difference in primary sequence leads to a drastic change in the 3D struc-
tural conformation of apoE4 that distinguishes it from the other isoforms. Early studies using
X-ray crystallography (77) and fluorescence resonance energy transfer (78) revealed that apoE4
has a unique domain interaction between its two structural domains, resulting in a more compact
structure. The significant structural differences between apoE isoforms are thought to greatly
impact their biological functions and make apoE4 much more susceptible to proteolytic cleavage,
which is discussed further below. A nuclear magnetic resonance structure of apoE3 with multiple
mutations at its C terminus has also been reported, although its physiological relevance is unclear
(79).

Physiological Functions of ApoE Within the Nervous System

Within the CNS, apoE is primarily responsible for the transport and metabolism of lipids and
cholesterol (4). Under physiological conditions, apoE is mainly produced by astrocytes and is se-
creted into the extracellular matrix to bind lipids (80). Lipidated apoE then travels to neurons,
binds to low-density lipoprotein receptors and other related receptors on the cell membrane, and
enters the cell using receptor-mediated endocytosis (81). Transported lipids are released within
neurons, and apoE either is exocytosed to undergo further lipidation (82) or undergoes degrada-
tion within lysosomes (83).

In addition to its role in lipid transport, apoE is also important for neuronal maintenance and
repair. Following neuronal injury, astrocytic apoE production increases and lipidated apoE travels
to regenerating nerve cells to facilitate the repair process (84, 85). Lipids released from apoE-
containing lipoprotein particles are used to support synaptogenesis and aid axonal regeneration
(86–88). The importance of apoE in synapse maintenance is evident from an in vivo study show-
ing that apoE-knockout (apoE-KO) mice exhibit significant synaptic loss and dysfunction com-
pared with apoE3 mice (89). In purified CNS neurons, the formation of mature synapses required
apoE-containing lipoproteins, and insufficient availability of these lipoproteins limited synapse
development (87). ApoE mRNA is also actively expressed in regenerating axons, and apoE-KO
mice demonstrate attenuated axonal regeneration (90). Recent discoveries are further expanding
our understanding of how apoE contributes to neuronal maintenance. Excitingly, apoE has been
found to play a critical role in the development of adult newborn hippocampal neurons. It has
been reported that adult mouse neural stem cells (NSCs) express APOE (91).ApoE-KOmice dis-
play impaired hippocampal neurogenesis, resulting in decreased numbers of NSCs and reduced
numbers of mature granule cells in the dentate gyrus (92). This indicates that apoE is required
for the maintenance of quiescent NSCs to prevent their depletion and is important for their mat-
uration into granule cells. In addition, most newborn NSCs develop into astrocytes instead of
neurons in apoE-KO mice relative to wild-type mice, suggesting that apoE is important for di-
recting NSCs into a neuronal cell fate (91). Taken together, these studies suggest that apoE is a
diverse protein that facilitates a wide variety of physiological functions, including lipid transport,
synaptic homeostasis, neuronal repair, and NSC maintenance and differentiation. Understanding
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the physiological roles of apoE within the CNS will help illuminate the loss- and gain-of-function
effects that occur under pathological conditions in AD.

ROLES OF APOE4 IN ALZHEIMER’S DISEASE PATHOGENESIS

Despite the high similarity in primary sequence between apoE isoforms, apoE4 is considered the
detrimental allele because it drastically increases the risk of developing AD (4–7). Although the
exact role of apoE4 in disease initiation and progression remains unclear, we highlight studies that
reveal the cellular and molecular effects of apoE4 on AD pathogenesis.

ApoE4 Effects on Neurodegeneration and Cognition In Vivo and In Vitro

The effects of apoE4 on neurodegeneration and cognition in human patients outlined above have
also been replicated in human apoE knock-in (apoE-KI)mousemodels and cell lines.Upon excito-
toxic injury, apoE3-KI mice are protected against neurodegeneration, whereas apoE4-KI mice are
not protected and exhibit cortical neuron loss, suggesting apoE4 promotes a loss-of-protective-
function effect relative to apoE3 (93, 94). This loss-of-function effect is likely connected to the
physiological role of apoE in neuronal maintenance and repair. For instance, apoE4 is associated
with decreased lipidation capacity relative to apoE3, which may result in a reduced delivery of
lipids to injured neurons to aid the repair process (95).

In addition, apoE4-KI mice display an age-dependent loss of hippocampal neurons and exten-
sive learning andmemory deficits relative to apoE3-KImice, illustrating that apoE4 has detrimen-
tal effects on cognition and neuron survival (96, 97). Conditional deletion of apoE4 in neurons
protects against neuronal loss and behavioral deficits (98). Within induced pluripotent stem cell
(iPSC)-derived human neurons, apoE4 results in significant neuron degeneration and loss rela-
tive to apoE3 and apoE deficiency (99). ApoE4 has been shown to evoke apoptosis of neuronal
cells in vitro in a time- and dose-dependent manner (100). Collectively, these studies indicate
that apoE4 has gain-of-toxic-function effects on accelerating neurodegeneration and worsening
cognitive functions.

ApoE4 Effects on Neuronal Structure and Function

While it is well documented that apoE4 leads to neuronal loss, recent investigations are beginning
to uncover the detrimental effects of apoE4 on the structure and function of neurons. ApoE4 al-
ters the architecture of neuronal cells by causing a reduction in dendritic arborization and length
as well as a decrease in the density of dendritic spines relative to apoE3 (101, 102). In human AD
patient iPSC-derived cerebral organoids, apoE4 exacerbates synapse loss by causing a decrease
in levels of presynaptic synaptophysin and postsynaptic PSD95 relative to apoE3 (103). Tran-
scriptional profiling of iPSC-derived neurons revealed that the top differentially expressed genes
between apoE3 and apoE4 neurons were involved in synaptic function (104). This finding was
corroborated in a study involving a novel in vivo chimeric disease model of AD, in which human
iPSC-derived apoE4 excitatory neurons transplanted into apoE4-KI mice exhibit pronounced
gene expression changes related to synaptic dysfunction (105). It is important to note that these
gene expression changes were most prominent when apoE4 was produced both endogenously and
exogenously, suggesting a unique role for each of these sources of apoE in synaptic dysfunction.
Mechanistically, apoE4 is thought to alter synaptic function by interfering with Reelin signaling,
which is a modulator of synaptic strength (106). Since dendrites and synapses are crucial for proper
communication between neurons, it is plausible that the drastic effects of apoE4 on these struc-
tures lead to disrupted cellular signals and network dysfunction, which is discussed further below.
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ApoE4 is also associated with functional deficits within neurons by causing dysregulation of
the endosomal-lysosomal degradation pathway. This pathway is responsible for protein degrada-
tion, and its dysfunction underlies a variety of neurological disorders, including AD (107). It has
been suggested that the endosomal-lysosomal pathway plays a critical role in AD pathophysiology,
as impairment of this pathway leads to the accumulation of toxic proteins such as Aβ and NFTs
(108). An interesting observation is that the acidic environment of endolysosomes causes apoE4
to unfold and form a molten globule that is prone to aggregation with other proteins (109). Most
functional studies that assess the isoform-specific effects of apoE on endosomal trafficking involve
Aβ clearance. ApoE4 neurons display reduced lysosomal trafficking and degradation of Aβ rela-
tive to apoE3 in vitro, as discussed further below (110, 111). RNA sequencing of apoE4-KI mouse
brains demonstrates an enrichment of genes involved in endosomal-lysosomal processing relative
to apoE3-KI (112). Further analysis shows an age-dependent increase in the number and size of
early endosomes within neurons of apoE4-KI mice (112). This finding was validated in apoE4
human iPSC-derived neurons, which also display increased number and size of early endosomes
compared with apoE3 neurons, suggesting a direct link between apoE4 and endosomal-lysosomal
dysregulation in human cells (104).Considering the importance of the endosomal-lysosomal path-
way in clearing toxic proteins and maintaining a healthy intracellular environment, the effects of
apoE4 on this pathway should also be examined in the context of other CNS cell types and toxic
proteins that are pertinent to AD.

ApoE4 Effects on Aβ Production, Deposition, and Clearance

Accumulation of Aβ is one of the earliest known pathological events that occurs in AD. As such,
studies on Aβ have been the principal focus of AD research for the past few decades. Although
recent failures of clinical trials targeting Aβ have raised concerns about the role of Aβ in disease
progression, some studies suggest that it is still an important factor for disease initiation (113).
Since the discovery of apoE4 as a major genetic risk factor for AD, a great effort has been made
to understand how apoE4 affects Aβ aggregation and degradation.While the interaction between
apoE4 and Aβ has already been extensively discussed elsewhere (7, 114, 115), we briefly highlight
some of the most prominent findings (Figure 2a).

It is widely accepted that apoE4 has a clear pathological impact on Aβ, as evidenced in the hu-
man PET and CSF studies mentioned above. In vivo studies using apoE/hAPPFAD mice show that
apoE4 leads to a dramatic increase in the amount of fibrillar Aβ deposits and neuritic plaques rela-
tive to apoE3 (116).HumanADpatients with apoE4 exhibit markedly elevated levels of oligomeric
Aβ relative to apoE3, and apoE was found to colocalize with Aβ plaques at cortical synapses (117).
Coimmunoprecipitation experiments illustrate a complex formation between apoE and Aβ in
sodium dodecyl sulfate–stable synaptosomes, with an accumulation of synaptic Aβ occurring in
apoE4 human AD samples (118). These studies provide evidence that apoE4 directly interacts
with Aβ to promote its aberrant deposition in the CNS. Accordingly, apoE displays an isoform-
dependent effect on Aβ accumulation in vivo, as hAPPFAD transgenic amyloid mice expressing two
copies of the human APOE ε4 gene had significantly higher levels of Aβ accumulation and plaque
load than mice expressing one or two copies of the human APOE ε3 gene (119). The dramatic
effect of apoE4 on Aβ accumulation raises the question of whether decreasing apoE levels would
attenuate Aβ-related pathology. Complete removal of apoE in apoE-KO/hAPPFAD mice results
in a pronounced reduction in Aβ fibrillization and deposition (120). Furthermore, 12-month-old
apoE4/hAPPFAD transgenic mice with one copy of the human APOE gene have significantly re-
duced Aβ levels compared with mice with two copies, suggesting a gene dose–dependent effect
of apoE on Aβ accumulation (119). These findings were corroborated in a study using an apoE
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haploinsufficiency mouse model, in which APPPS-21/apoE mice with decreased apoE levels ex-
hibited significantly decreased amyloid plaque deposition (121). These studies indicate that de-
creasing apoE levels may be a valuable therapeutic strategy to decrease Aβ plaque levels in AD
patients.

ApoE4 is also thought to play a role in the initiation of Aβ deposition during the early stages of
AD. Analysis of postmortem human AD tissue revealed that apoE4 is involved in the deposition of
newly formed plaques and that apoE4 carriers have higher deposition of apoE-Aβ complexes than
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Figure 2 (Figure appears on preceding page)

Mechanisms of apoE4 effects on prominent AD pathologies. (a) ApoE4 has a profound effect on Aβ pathology by promoting the
production and fibrillization of Aβ to form amyloid plaques. ApoE4 also reduces the clearance of Aβ by interfering with its cellular
uptake and reducing its degradation via the endosomal-lysosomal degradation pathway. (b) Many features of tau pathology are evidently
affected by apoE4. Although tau is typically localized to the axon, apoE4 causes it to be mislocalized to the soma and dendrites. ApoE4
promotes the aberrant hyperphosphorylation of tau by dysregulating tau kinases and phosphatases. Pathological tau is known to spread
from diseased to healthy neurons, and it is hypothesized that apoE4 accelerates this spread. ApoE4 also enhances the aggregation of
p-tau into insoluble neurofibrillary tangles. While it is unclear how apoE4 leads to the accumulation of aggregated tau, it is possible
that apoE4 reduces the degradation of p-tau by disrupting the endosomal-lysosomal degradation pathway that is normally responsible
for clearing tau. Asterisks indicate hypothesized mechanisms. (c) ApoE4 has a marked impact on neuroinflammation, causing activation
of microglia and astrocytes that can release an array of proinflammatory cytokines. ApoE4 impairs microglial ability to clear Aβ plaques
by reducing their phagocytic capacity. ApoE4 also disrupts the physiological functions of astrocytes to maintain synapses, resulting in
decreased synaptogenesis and synaptic pruning. The asterisk indicates a hypothesized mechanism. (d) GABAergic interneurons are
selectively vulnerable to apoE4 in AD. The dysfunction or loss of inhibitory neurons leads to excitatory neuron hyperexcitability and
network hyperactivity that stimulate the release of pathological Aβ and tau from neurons. Neuronal network hyperactivity also leads to
increased seizure activity. The dysfunction or loss of GABAergic interneurons also impairs hippocampal network coordination,
resulting in reduced SWR events and SWR-associated slow gamma power, which are critical for memory consolidation. Abbreviations:
Aβ, amyloid beta; AD, Alzheimer’s disease; apoE4, apolipoprotein E4; p-tau, phosphorylated tau; SWR, sharp-wave ripple.

apoE3 carriers (122). These findings were validated by an in vivo study that found that increased
expression of apoE4 during the initial seeding stage of Aβ enhanced its deposition (123). It is pos-
sible that the ability of apoE4 to initiate Aβ deposition is due to its effects on Aβ aggregation. The
Aβ aggregation process involves soluble Aβ peptides changing conformation to form insoluble
fibrils (114). In vitro studies indicate that apoE acts as a pathological chaperone to promote the
conformational shift of soluble Aβ into insoluble Aβ fibrils, with apoE4 proving more efficient at
enhancing Aβ fibril formation than apoE3 (124).

A major Aβ clearance pathway involves the cellular uptake and degradation of Aβ via the
endosomal-lysosomal degradation pathway. In vitro studies usingmouse neuroblastomaNeuro-2a
cells show that apoE plays a critical role in the neuronal uptake of Aβ and facilitates Aβ trafficking
and degradation (111). Fascinatingly, apoE isoforms differentially affect Aβ42 binding to the cell
surface, with apoE4 exhibiting an impaired ability to facilitate the cellular uptake of Aβ relative to
apoE3 (111). Also notable is the finding that apoE4 is less efficient at facilitating the endosomal
trafficking and lysosomal degradation of Aβ than apoE3 (125). This reduced ability to clear Aβ

leads to the accumulation of toxic Aβ species, likely causing cellular toxicity. ApoE4 also impairs
Aβ clearance by glial cell types in the CNS, which is discussed further below.

Furthermore, apoE has been shown to influence the processing of APP and the production of
Aβ. APP is typically cleaved by β and γ secretases to generate Aβ peptides. ApoE4 increases Aβ

production relative to apoE3 by stimulating APP recycling (126) and increasing the levels of β-
site APP-cleavage enzyme 1 (BACE1) (127). The effect of apoE4 on Aβ production has also been
confirmed in human cells, as iPSC-derived human neurons with apoE4 secreted twofold more
Aβ40 and Aβ42 than apoE3 neurons (99). Studies of embryonic stem cell–derived human neurons
illustrate that binding of apoE to its receptor initiates a signaling cascade that stimulates the AP-1
transcription factor and leads to enhanced APP transcription (128). Taken together, these studies
provide compelling evidence that apoE4 is capable of stimulating Aβ production.

ApoE4 Effects on Tau Phosphorylation, Aggregation, and Propagation

Over the past two decades, key discoveries have linked the combined toxic effects of apoE4 and tau
in humans as well as in mouse and neuronal cell models (Figure 2b). Encoded by the microtubule-
associated protein tau (MAPT) gene, tau exists in the human brain as six main isoforms determined
by alternate mRNA splicing (26, 129, 130). Tau isoforms are distinguished by the number of
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N-terminal inserts and the presence of three or four repeats in the microtubule binding region,
which is thought to contribute to protein aggregation (26, 129, 130). Tau acts in a myriad of cellu-
lar processes including neurite outgrowth, axonal stability, neuronal polarity, axonal transport, and
synaptic integrity (26, 130).These are tied to its physiological functions of supporting the neuronal
cytoskeleton by promoting microtubule assembly and stability (26, 129). The phosphorylation of
tau regulates its affinity for binding microtubules, and aberrant tau phosphorylation strongly at-
tenuates its binding abilities (26, 129).While physiological tau protein is soluble, hydrophilic, and
natively unstructured, hyperphosphorylated tau forms classic, highly ordered, insoluble aggregates
that make up NFTs (26, 129, 130). These aggregates are pathologically mislocalized to the soma
and dendrites of neurons, whereas physiological tau is found primarily in axons (26, 129–131).

Early studies on apoE4 and tau revealed that expression of apoE4 inNeuro-2a cells induced in-
tracellular NFT-like inclusions in vitro (132) and that neuronal expression of apoE4 in transgenic
mice led to intraneuronal tau pathology (133). These tau inclusions were also found in Neuro-2a
cells when C-terminal-truncated apoE, apoE4(�272–299), was either endogenously expressed or
exogenously added (132). Transgenic mice expressing apoE4(�272–299) in neurons had higher
phosphorylated tau (p-tau) in the hippocampus and cortex as well as impaired learning and mem-
ory at a young age (96, 134). Interestingly, removal of endogenous tau from apoE4(�272–299)
mice rescued apoE4-driven learning and memory deficits and mitigated GABAergic interneuron
loss (96). This finding demonstrates that tau is required for the detrimental phenotype of apoE4
and its fragments. It is worth noting that this phenotype resulted from apoE4 fragments that in-
clude the lipid binding region of the protein, since the shorter apoE4(�241–299) expression in
mice did not cause neurodegeneration or intracellular tau inclusions (134). The lipid-binding re-
gion on the C terminus of apoE is necessary for neurotoxicity (135), although it remains unknown
how this specifically causes tau-dependent neurodegeneration.

The effects of apoE isoforms on tau pathology have recently been studied in PS19 mice with
endogenously expressed apoE2, apoE3, or apoE4 (136). PS19 is a widely studied tauopathy mouse
model that expresses the aggregation-prone human tau-P301S mutant. At 3 months of age, PS19-
E4 mice exhibited higher levels of p-tau and greater somatodendritic tau redistribution as com-
pared with PS19-E3 and PS19-E2 mice. By 9 months of age, four distinct p-tau staining patterns
emerged, and PS19-E4 mice displayed an increase in p-tau staining patterns that are associated
with greater brain atrophy. Sequential biochemical extraction of tau from brain lysates revealed
that PS19-E4 mice contain a greater amount of insoluble tau relative to PS19-E3 and PS19-E2
mice. When primary neurons expressing tau-P301S were treated with recombinant apoE iso-
forms, apoE4 caused the most damage, suggesting that exogenous apoE4 can lead to neurodegen-
eration in the context of mutant tau-P301S. Intriguingly, PS19-EKOmice, which lack apoE, were
largely protected from the tau pathology and brain atrophy observed in PS19-E4 mice. Taken in
conjunction with an early study showing that tau removal rescues apoE4-induced toxicity (96),
these findings suggest that the pathological mechanisms underlying AD require both apoE and
tau.

An important consideration is that PS19 mice express a tau-P301S mutant found in front-
otemporal dementia but not in AD. While this tauopathy model reveals interesting biomolecu-
lar mechanisms underlying the interactive roles of apoE4 and tau in neurodegeneration, it may
not precisely represent phenotypes that occur in AD patients with wild-type tau. This limitation
highlights the value of studying human neurons derived from AD patients in vitro, which affords
the opportunity to understand the interplay between tau and apoE4 in AD using a more human-
relevant disease model.

Advancements in iPSC technology and gene-editing techniques have provided powerful tools
for studying neurons from AD patients. Two recent studies showed that apoE4 specifically causes
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increased tau phosphorylation in human neurons. A comparison of iPSC-derived neurons from
apoE4-carrier AD patients with those from apoE3-carrier healthy donors revealed that apoE4
neurons have increased GABAergic neuron degeneration and higher levels of p-tau, independent
of Aβ levels (99).While apoE-KO neurons phenotypically resemble apoE3 neurons, viral expres-
sion of apoE4 in apoE-KO neurons recapitulated the pathological phenotypes of apoE4 neurons,
supporting a gain-of-toxic-function effect of apoE4 in human neurons. Converting apoE4 into
apoE3 by gene editing rescued the detrimental phenotypes observed in apoE4 neurons.This find-
ing was further validated when the deleterious effects of apoE4 were rescued following treatment
with a small molecule structure corrector capable of converting the apoE4 structure to resemble
apoE3. In another study, iPSCs derived from an apoE3-carrier healthy donor were converted to
apoE4 using clustered regularly interspaced short palindromic repeats (CRISPR) technology and
differentiated into cerebral organoids. ApoE4 organoids consisting of neurons and astrocytes aged
to 6 months exhibited more than twice the levels of p-tau compared with apoE3 organoids (104).
Similar to the previous study, CRISPR-based conversion of apoE4 to apoE3 ameliorated the tau
pathology within these organoids. These important studies have advanced our understanding of
how wild-type human tau and apoE4 together lead to neuronal toxicity in AD.

To further parse out how apoE and tau interact on a molecular and cellular level in disease,
it is essential to understand the molecular pathogenesis of tau. Accumulation of pathological tau
throughout the brain occurs in a consistent spatiotemporal pattern, as described above (18). After
diseased neurons secrete pathological tau, the aggregated extracellular tau can enter intercon-
nected healthy neurons and induce misfolding of intracellular tau (137), which can then recruit
properly folded endogenous tau monomers and cause them to misfold and subsequently aggre-
gate in a prion-like fashion (138, 139). As evidenced by the tau-PET studies mentioned above,
apoE4 plays a major role in facilitating tau accumulation throughout the brain. Still, there is a
considerable gap in knowledge surrounding the mechanistic role of apoE4 in tau misfolding and
aggregation. Although apoE has been shown to bind to tau in NFTs, there is no apparent dif-
ference in NFT binding between apoE3 and apoE4 (140). A mechanism of interest that may link
apoE4 to tau aggregation is its effect on the aberrant phosphorylation of tau. As a phosphoprotein,
tau is typically phosphorylated and dephosphorylated by a variety of tau kinases and phosphatases.
ApoE4 has been shown to increase p-tau via extracellular signal-regulated kinase 1/2 activation
(141, 142). Additionally, apoE isoforms differentially regulate a key tau phosphatase, protein phos-
phatase 2A (143, 144). Overall, the mechanisms underlying the observed effects of apoE4 on tau
misfolding and aggregation are relatively understudied, and uncovering how apoE4 facilitates tau
aggregation may reveal viable therapeutic targets for AD.

To better understand the role of apoE4 in tau spread, it is important to study how apoE facili-
tates the neuronal uptake and internalization of tau.Roughly half of tau internalization by neurons
occurs via binding to heparin sulfate proteoglycans (HSPGs) on the cell surface (145, 146). Im-
portantly, HSPGs are known cell-surface receptors for apoE, but the impact of different apoE
isoforms on tau uptake via HSPG receptors is understudied. Blockage of HSPGs using hepari-
nase in a coculture of rat astrocytes and neurons reversed the increased tau accumulation caused by
apoE4, suggesting that apoE4 regulates tau uptake within cells using HSPGs (147). A recent study
found that another apoE cell-surface receptor, lipoprotein receptor-related protein 1 (LRP1), also
regulates tau uptake. Exogenous apoE selectively inhibited tau uptake in neuroglioma cells, with
apoE4 being the least effective isoform at inhibiting the direct interaction between tau and LRP1
and subsequent tau spreading (148). Follow-up studies on apoE4’s ability to facilitate neuronal tau
uptake via apoE receptors are needed to decipher how apoE4 promotes tau spreading and whether
this process can be targeted therapeutically to prevent pathological tau propagation in disease.
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A recent game-changing discovery of an AD-protective mutation in APOE has elucidated the
link between apoE and tau pathogenesis. A woman carrying a causal AD mutation in presenilin
1 (PSEN1) developed MCI in her seventies, which is 30 years later than the expected age of on-
set (149). Despite having a high amyloid plaque burden, the patient exhibited limited tau spread
and brain atrophy.Most intriguingly, whole-genome sequencing revealed homozygosity for a rare
R136S mutation in the receptor binding region of APOE ε3, termed the Christchurch mutation
(149). Further biochemical analysis of this novel apoE variant revealed a lower binding affinity
for HSPG, while apoE4 had the highest binding affinity. Discovery of this protective mutation
is monumental in dissecting how apoE and tau interactively contribute to AD, as it suggests a
potential mechanism by which apoE may be involved in tau spreading—potentially through the
interaction of apoE with HSPG and/or other cell-surface receptors critical for tau uptake.

A dominant theory in AD research has been that increased Aβ levels, Aβ aggregates, or amyloid
plaques lead to tau pathologies and, subsequently, to AD-related cognitive decline. Clearly, the
APOE-R136S-related findings in AD provide evidence that Aβ/amyloid accumulation alone is
not sufficient to cause AD, at least in a PSEN1-mutation carrier with an exceedingly high Aβ

plaque burden. Alternatively, Aβ might induce tau pathologies and cognitive decline only in the
presence of normally functional apoE. Further understanding of this chain of causality will be
vitally important for better understanding AD pathogenesis and improving drug development.

ApoE4 Effects on Function and Activation of Neuroinflammatory Cells

While astrocytes are the main producers of apoE protein within the CNS, studies have also shown
that homeostatic microglia can express apoE at very low levels (150). Since microglia and astro-
cytes are the most widely studied CNS immune cell types as they relate to apoE4 and AD, we
focus this section of the review on understanding the impact of apoE4 on neuroinflammation in
the context of these two types of glial cells (Figure 2c).

Studies on mouse models of AD have been invaluable in expanding our understanding of
apoE4’s role in neuroinflammation (151, 152). Similar to findings in human patients, analysis of
apoE-KI mice revealed that apoE3 acts as an anti-inflammatory agent while apoE4 acts as a proin-
flammatory agent (153). ApoE4 mice exhibit increased glial activation and cytokine release and
greater synaptic protein loss after LPS injection (154). In mice that coexpress apoE and 5XFAD,
apoE4 mice have greater microglial dystrophy and higher density of reactive cells surrounding
cortical plaques compared with apoE3 mice, suggesting that apoE4 modulates immune cell reac-
tivity to pathological protein aggregates (155).

Astrocytes andmicroglia are the primary cells responsible for the immune response in theCNS.
Under homeostatic conditions, astrocytes support a wide range of neuronal functions, including
synaptic pruning and guidance (156), synaptic plasticity (157), and neuronal signaling (158). Con-
versely, under conditions of stress or injury, astrocytes play an essential role in activating the CNS
neuroinflammatory response. In response to CNS injury, astrocytes typically undergo reactive
astrogliosis, a term used to describe the cells’ shift into detrimental molecular, functional, and
morphological phenotypes (159). Reactive astrocytes are able to produce cytokines, chemokines,
and other soluble factors that impact both the innate and adaptive immune responses of the CNS.

Astrocytes are a highly phagocytic cell type and participate in homeostatic synapse pruning and
turnover. It was recently discovered that apoE presents a novel allele-dependent role in control-
ling the phagocytic capacity of astrocytes, as apoE4 decreases the rate of astrocytic phagocytosis of
synapses relative to apoE3 (160). In addition to synapse phagocytosis, astrocytes are also known to
secrete neurotrophic factors to maintain synaptic integrity. A study involving a coculture of human
iPSC-derived astrocytes and neurons found that apoE3 astrocytes promote homeostatic neuronal

86 Koutsodendris et al.



synaptogenesis, whereas apoE4 astrocytes were ineffective in promoting neuronal synaptogene-
sis (161). These studies suggest that apoE4 disrupts the homeostatic functions of astrocytes to
eliminate synapses and promote synaptogenesis and that astrocytic apoE4 may contribute to the
previously described detrimental effects of apoE4 on synapse maintenance and repair. Astrocytes
are also thought to play a prominent role in the degradation of proteins within the CNS. Investi-
gation of autophagy within mouse-derived astrocytes showed that apoE4 astrocytes exhibit lower
autophagic flux and are less effective at elimination of Aβ plaques than apoE3 astrocytes (162).
This indicates that the accumulation of toxic proteins within apoE4 AD patients may be, at least
partially, due to impaired astrocytic autophagic function caused by apoE4.

As another prominent immune cell type of the CNS, microglia are responsible for eliminat-
ing microbes, dead cells, redundant synapses, protein aggregates, and other potentially harmful
particles (163). During homeostasis, microglia remain relatively quiescent and are responsible for
monitoring the brain microenvironment and engaging in cross-cell signaling with neurons and as-
trocytes (164, 165). In response to injury,microglia become activated, prompting cell proliferation
and secretion of proinflammatory molecules such as cytokines and chemokines (e.g., IL-1β, IL-6,
IL-12, TNFα, and CCL2) (163). In addition to secreting soluble factors, activated microglia show
a harmful tendency to form scar tissue (166), which encompasses the region undergoing inflam-
matory response and can prevent local axonal regrowth. Recent studies indicate that in the context
of AD,microglia increase proliferation and inflammatory molecule secretion while reducing their
clearance-related phagocytic activity (167, 168). One possible explanation is that microglia cells
could influence AD depending on the duration of their signaling—microglia that are acutely acti-
vated might reduce Aβ accumulation through increased phagocytosis, whereas chronic activation
of the same microglia could induce proinflammatory cascades that in turn cause neurotoxicity and
synapse loss (167).

An increasing amount of evidence shows that apoE4 has a profound effect on microglia func-
tion and reactivity.Microglia derived from apoE4-KI mice present a reactive cell morphology and
produce more proinflammatory cytokines than those derived from apoE3-KI mice (169). ApoE4-
expressing microglia also display increased phagocytosis of apoptotic neurons, suggesting that
apoE4 alters the phagocytic behavior of microglia (170). Transcriptomic analysis of human iPSC-
derived microglia-like cells revealed that apoE4microglia have 329 upregulated immune response
genes compared with apoE3, likely rendering apoE4 microglia to promote inflammation (104).
Strikingly, when human iPSC-derived neurons were transplanted into the brains of apoE-KI mice
and produced Aβ aggregates, microglia in apoE4-KI mice exhibited impaired phagocytosis of Aβ

aggregates relative to those in apoE3-KI mice, leading to an accumulation of Aβ within apoE4-KI
mouse brains (105).This finding was corroborated by an in vitro study of iPSC-derived microglia-
like cells that monitored the uptake of fluorescently tagged Aβ42 in real time.Microglia harboring
apoE4 had impaired phagocytosis of Aβ42, with a much slower rate of uptake than that of apoE3
microglia (104). Mechanistically, APOE signaling within microglia is activated by TREM2, and
this TREM2-APOE pathway was identified as a major regulator of microglial functional pheno-
types in AD (171). These findings suggest that apoE4 negatively impacts microglia function by
causing increased activation and interfering with their ability to phagocytose toxic CNS protein
aggregates.

Interest has grown in understanding how apoE4-induced microglial dysfunction affects tau,
another important pathological hallmark of AD. A recent study using mice that coexpress human
tau-P301S and apoE isoforms (PS19-E) revealed that PS19-E4 mice have significantly higher
p-tau, greater neurodegeneration, and increased neuroinflammation compared with PS19-E3
mice (136). Following LPS treatment, apoE4-expressing cultured microglia displayed higher in-
nate immune reactivity than apoE3 microglia. Coculturing tau-P301S-expressing neurons with
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apoE3- or apoE4-expressing mixed glia revealed significantly higher levels of proinflammatory
marker TNFα in the apoE4 glial condition. This indicates that apoE4 and tau work in concert to
activate microglia. In a follow-up study, when microglia were depleted by treating the PS19-E4
mice with a CSF-1R inhibitor (PLX3397), PS19-E4 mice displayed brain volumes equal to PS19-
EKO mice, suggesting that removal of microglia impedes neurodegeneration and that apoE, es-
pecially apoE4, regulates neurodegeneration by modulating microglial activation, at least in the
context of amutant tau. Intriguingly, tau pathology progression was halted to some extent in PS19-
E4 mice upon microglial depletion. This indicates that microglial-mediated damage is a driving
force of neurodegeneration in a PS19-E mouse model expressing mutant tau and suggests that
apoE exerts its effect on neurodegeneration, at least partially, by regulating microglial functions.
Still, it would be interesting to see if this apoE- and microglia-dependent effect on tau pathology
holds true in wild-type human tau models, since studies on human neurons in vitro show that
apoE4 can directly affect tau pathology even in the absence of microglia (99).

Interestingly, a recent study found an association between apoE4, tau, and microglia when
performing single-cell RNA sequencing on human tissue (172). Examination of the dorsolateral
frontal cortex from deceased patients revealed that the cellular density of Iba1+ microglia was
positively associated with tau pathology only in apoE4 carriers. In addition, the cytokines IL-10,
IL-13, IL-4, and IL-1α were negatively associated with tau pathology only in apoE4 noncarriers,
suggesting a protective effect in these patients. These results indicate that apoE4 mediates an
altered inflammatory response and increases tau pathology and provide evidence that apoE exerts
a modulatory role in neuroinflammation and glial cell function.

Taken together, these important studies illustrate that apoE4 has a significant effect on
neuroinflammation by incapacitating the function of critical immune cells within the brain
(Figure 2c). Further studies need to be performed to understand the exact mechanism by which
apoE4 causes dysfunction in these cells. Revealing these mechanisms could provide novel thera-
peutic targets to reduce neuroinflammation in AD.

Cellular Source–Dependent and Gain-of-Toxic-Function Effects of ApoE4

Besides the observed effects of apoE4 on prominent AD pathologies, studies have also shown that
apoE4 exhibits some interesting disease-associated properties depending on the cellular origin of
its production and its posttranslational processing.

Under physiological conditions, apoE is mainly produced by astrocytes within the brain (80,
173). However, conditions of stress or injury can induce apoE production within neurons (174,
175). Using enhanced green fluorescent protein (GFP) as a real-time location marker of apoE ex-
pression in vivo, it was observed that kainic acid treatment induces intense apoE-GFP expression
in injured neurons, demonstrating that neurons upregulate apoE expression in response to exci-
totoxic injury (174). This begs the question of whether the cellular source of apoE determines its
pathogenicity. To determine if the cellular sources of apoE differentially cause detrimental effects,
an in vivo study analyzed mice expressing apoE3 or apoE4 under a neuronal (NSE) or astrocytic
(GFAP) promoter. This work demonstrated that mice expressing apoE4 solely in neurons exhib-
ited an age-dependent increase in tau hyperphosphorylation (133). The effect of apoE on p-tau
levels was absent when apoE was expressed in astrocytes, regardless of isoform. Under excitotoxic
injury, astrocyte-derived apoE4 behaves like apoE3 and protects against excitotoxicity, whereas
neuron-derived apoE4 is not protective and results in neuronal loss (94). Similarly, human apoE-
KI mice with deletion of astrocytic apoE4 still had neuronal loss and cognitive deficits typical of
apoE4-KI mice, whereas deletion of apoE4 in neurons protected the mice from both deficits (98).
This evidence suggests that the cellular source of apoE does determine its pathological activities.
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Many studies have focused on the loss-of-function effects of apoE4 relative to apoE3; how-
ever, apoE4 also exhibits gain-of-toxic-function effects when aberrantly cleaved into fragments in
neurons (Figures 1b and 2b). In response to stress or injury, neurons induce apoE expression to
aid membrane repair and remodeling (176). When produced in neurons, apoE4 undergoes pro-
teolytic cleavage to produce truncated fragments (132). Analysis of mice expressing apoE4 under
NSE orGFAP promoters found that apoE4 fragments are produced only when apoE4 is expressed
in neurons, not when it is produced within astrocytes (133).Compared with apoE3, apoE4 is much
more susceptible to proteolysis due to its unique 3D structure containing a domain interaction
(74, 133). ApoE4 fragments are neurotoxic and cause detrimental intracellular effects. While the
exact amino acid sequences of these apoE4 fragments are unknown, it is hypothesized that a C-
terminal-truncated (�272–299) fragment is among the most toxic fragments (132). Endogenously
expressed and exogenously added apoE4(�272–299) resulted in intracellular NFT-like inclusions
containing p-tau and high-molecular-weight phosphorylated neurofilaments in Neuro-2a cells
(132). ApoE4(�272–299) was also shown to interact with mitochondria and cause mitochondrial
dysfunction (135). Mechanistically, these apoE4 fragments have a high binding affinity for com-
ponents of mitochondrial respiratory complex III and IV and were shown to impair the activity
of these complexes (177). Transgenic mice expressing apoE4(�272–299) displayed neurodegen-
eration, increased levels of p-tau, and significant behavioral deficits (134). These studies indicate
that apoE4 fragments have potent neurotoxic effects and may play a pivotal role in apoE4-related
AD pathogenesis. Given the gain-of-toxic-function effects that occur when apoE4 is cleaved into
fragments, identification of the protease responsible for apoE4 truncation would provide immense
therapeutic value as a drug target.

ApoE4 Effects on GABAergic Interneurons and Network Dysfunction

The findings in the previously described studies make it probable that AD in apoE4 carriers is
phenotypically distinct, at least to some extent, from AD in apoE4 noncarriers. This is made
even more evident by the fact that apoE4 has a selective toxic effect on GABAergic interneu-
rons, leading to neuronal network dysfunction (Figure 2d). Studies in apoE4-KI mice show that
apoE4 results in an age- and tau-dependent decrease in hilar GABAergic somatostatin-positive
interneurons in the hippocampus (96) and that the degree of interneuron loss correlates with en-
hanced learning and memory deficits (96, 178). Interestingly, studies show that this apoE4-related
loss of interneurons can be rescued either by deletion of apoE4 specifically in GABAergic in-
terneurons or by removal of tau (96, 98). Additionally, the systemic addition of a GABA agonist or
hippocampal transplantation of mouse-derived inhibitory interneuron progenitors can also rescue
learning andmemory deficits in aged apoE4-KI mice with or without mutant hAPPFAD expression
(96, 179). A recent study using human iPSC-derived neurons demonstrated that apoE4 GABAer-
gic interneurons have increased phosphorylated tau levels and degeneration relative to apoE3
GABAergic interneurons (99). These interneuron pathologies were rescued either by genetically
editing APOE4 to APOE3 or by treating apoE4 neurons with a small molecule structure corrector
that alters apoE4’s protein conformation to more closely resemble apoE3. Furthermore, trans-
plantation of human iPSC-derived neurons into apoE-KI mice showed that inhibitory neurons
are more susceptible to apoE4-mediated gene expression changes than excitatory neurons (105).
There also appeared to be a neuronal-subtype-specific response to apoE4 toxicity, as inhibitory
neurons were uniquely prone to dysregulation of unfolded protein response, oxidative stress, and
RNA degradation. These findings support the conclusion that GABAergic inhibitory neurons are
particularly vulnerable to apoE4-induced toxicity.
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The effects of apoE4 on GABAergic interneurons have further ramifications for overall net-
work dysfunction. It is clear that apoE4 has a profound effect on network hyperactivity and higher-
level coordination. In humans, even healthy young andmiddle-aged apoE4 carriers show increased
brain activity during rest and increased hippocampal activity during memory encoding (180, 181).
Aged apoE4-KI mice demonstrate increased field potential synchrony and pyramidal cell firing in
the entorhinal cortex, both of which are signs of increased network excitability (182). Aged apoE4-
KI mice also show impaired hippocampal network coordination in the form of a reduced abun-
dance of sharp-wave ripples (SWRs) and reduced levels of SWR-associated slow gamma power,
processes that are critical for spatial memory consolidation (183). These phenotypes can accu-
rately predict future spatial memory deficits, in some cases months beforehand (184). GABAergic
interneurons play a key role in apoE4-induced network dysfunction. Loss of slow gamma power
does not manifest in young apoE4-KI mice before the onset of significant interneuron loss, and
deleting apoE4 from inhibitory interneurons alone rescues slow gamma power and learning and
memory deficits in aged apoE4-KI mice (183). In light of these studies, a recent review suggests a
model whereby the toxic effects of apoE4, through a tau-dependent mechanism, cause GABAergic
interneuron-specific dysfunction and death. The resulting interneuron loss in the hippocampus
then leads to network dysfunction and hyperexcitability, which give rise to the learning and mem-
ory deficits seen in AD (185).

CONCLUSION AND PERSPECTIVE

As evidenced by the outlined studies, apoE4 plays a major role in the pathogenesis of AD. The
complexity of AD is made apparent by the sheer number of cellular and molecular processes that
are disrupted in the presence of apoE4, yet it is possible that we are just beginning to scratch
the surface. Distinguishing the pathogenic factors that are critical for disease initiation and pro-
gression from those that are innocuous by-products of the disease is vital for efforts to develop
therapies to combat AD.

Considering the substantial body of research supporting the interactive roles of apoE4 with Aβ,
tau, and the immune system in AD pathogenesis, it is possible to hypothesize a new multiroute
pathogenic cascade for AD. (a) ApoE4 promotes the production and fibrillization of Aβ and im-
pairs pathways involved in its degradation/clearance, causing an accumulation of toxic Aβ species
and the formation of amyloid plaques. (b) ApoE4 affects tau by increasing its phosphorylation, ac-
celerating its spread to other neurons, and enhancing its fibrillization to form NFTs. Tau also af-
fects apoE4 since its removal prevents apoE4-driven deficits, although the mechanism behind this
is unknown. (c) ApoE4 exacerbates the neuroinflammatory response, impairs the ability of astro-
cytes to maintain synapses, and causes microglia to increase phagocytosis of neurons and decrease
removal of toxic proteins, including Aβ and tau aggregates. (d) The toxicity of apoE4 is dependent
on the cellular origin of its production, with neuronal apoE4 causing more neuronal and cognitive
deficits than astrocytic apoE4. (e) ApoE4 exhibits gain-of-toxic-function effects when aberrantly
cleaved into truncated fragments within neurons, leading to an accumulation of p-tau and mito-
chondrial dysfunction. ( f ) ApoE4 has a selectively toxic effect on GABAergic interneurons, whose
death then leads to network hyperexcitability, impairment of hippocampal network coordination,
and ultimately memory and learning deficits.When considering their contributions to AD patho-
genesis, it is possible that these apoE4-induced detrimental effects could work independently or
in concert with one another.

On the basis of these demonstrated detrimental effects of apoE4, different disease-modifying
therapeutic approaches may be developed. (a) To reverse the specific toxicity of apoE4, using
gene therapy to convert APOE ε4 into the AD-protective APOE ε2 or APOE-R136S allele may
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prevent the development of AD pathologies. (b) Due to the unique apoE4-domain interaction,
using a small molecule structure corrector to disrupt the domain interaction would cause apoE4
to resemble apoE3, both structurally and functionally. (c) One potential approach based on the
gain-of-toxic-function effects of apoE4 is the reduction of apoE4, in all CNS cells or in specific
types of cells, either with antisense oligonucleotides targeting APOE expression or with a mono-
clonal antibody treatment. (d) If the protease responsible for cleaving neuronal apoE4 into frag-
ments is identified, another potential approach is to develop apoE4-cleaving protease inhibitors
to block the production of neurotoxic apoE4 fragments. (e) To address the neurodegeneration
and subsequent neural network dysfunction in apoE4-AD patients, a viable option may be cell-
replacement therapy using a patient’s stem cell–derived neurons to convert APOE4 to APOE3
using gene editing, once these technologies advance. What is still debatable is whether removal
of microglia or apoE4 is a more viable therapeutic solution to prevent neurodegeneration. Both
strategies appear to be effective, but further studies are needed to assess which target would pre-
vent neuronal loss and cognitive deficits long term. It is possible that a combination of two ormore
approaches is more effective than any single approach. Of course, an important missing piece in
all therapeutic development is pinpointing apoE4’s exact role in the progression of pathobiol-
ogy. Thus, it is essential to conduct early screening and diagnosis of apoE4 carriers to allow for
therapeutic intervention before irreversible damage occurs.
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