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Apolipoprotein E (ApoE) is a multifunctional protein critical for
lipid metabolism and cholesterol homeostasis. In addition to be-
ing a well known genetic determinant of both neurodegenerative
and cardiovascular diseases, ApoE is frequently involved in
various viral infection-related diseases. Human ApoE protein
is functionally polymorphic with three isoforms, namely,
ApoE2, ApoE3, and ApoE4, with markedly altered protein struc-
tures and functions. ApoE4 is associated with increased suscep-
tibility to infection with herpes simplex virus type-1 and HIV.
Conversely, ApoE4 protects against hepatitis C virus and hepa-
titis B virus infection. With the outbreak of coronavirus disease
2019, ApoE4 has been shown to determine the incidence and
progression of severe acute respiratory syndrome coronavirus
2 infection. These findings clearly indicate the critical role of
ApoE in viral infection. Furthermore, ApoE polymorphism has
various or even opposite effects in these infection processes, wh-
ich are partly related to the structural features that distinguish
the different ApoE statuses. In the current review, we summarize
the emerging relationship between ApoE and viral infection,
discuss the potential mechanisms, and identify future directions
that may help to advance our understanding of the link between
ApoE and viral infection.

INTRODUCTION

Apolipoprotein E (ApoE) is a multifunctional glycoprotein with the
most well known roles in lipid transport and metabolism by serving
as a ligand for cellular receptors such as low-density lipoprotein re-
ceptors (LDLRs) and heparan sulfate proteoglycans (HSPGs).'
ApoE is produced primarily by hepatocytes and macrophages in pe-
ripheral tissues” and by astrocytes in the central nervous system
(CNS).? ApoE has two structural and functional regions, the nitro-
gen-terminal domain (NTD) (amino acids 1-167) and the carbon-
terminal domain (CTD) (amino acids 206-299), separated by a hinge
domain (amino acids 168-205) (Figure 1A).* The NTD is arranged in
a bundle of four antiparallel helices, contains the receptor-binding re-
gion (residues 136-150) and the HSPG-binding region (residues 142
150), and exhibits a weak interaction with lipids.” Human ApoE is
functionally polymorphic with three isoforms, namely, ApoE2
(Cysl12 and Cys158), ApoE3 (Cysl12 and Argl58), and ApoE4
(Argl12 and Argl58), arising from allelic variants of €2, 3, and &4,
respectively (Figure 1B).° These amino acid polymorphisms pro-
foundly alter the conformation, stability, and function of the ApoE
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protein.*” In ApoE4, Arg-112 directs the side chain of Arg-61 to
the aqueous environment, where it can interact with Glu-255,
strengthening the N/CTD interaction, whereas Arg-61 is unable to
interact with Glu-255 in ApoE3, leading to the more compact struc-
ture of ApoE4 compared with that of ApoE3.® Because of their
different conformations, the three ApoE isoforms have different re-
ceptor-binding abilities and lipoprotein-binding preferences. The sin-
gle residue substitution of Arg with Cys at position 158, which is
apparently distant from the LDLR-binding site, critically disrupts
the interactions between ApoE2 and LDLR.” ApoE isoforms also
differentially regulate its lipidation with a potency rank order of
ApoE4 < ApoE3 < ApoE2,'>"" which has been reported to impact
the receptor binding capacity, molecular stability, and function. Apart
from modulating receptor binding, ApoE4 exhibits reduced stability
and the lowest plasma ApoE protein levels compared with other
ApoE isoforms.'>"?

ApoE has been most extensively studied as a potent genetic risk mod-
ifier in Alzheimer disease (AD), and hetero and homozygosity for the
&4 allele increasing AD risk by approximately 3-fold and 12-fold,
respectively, compared with that of individuals harboring £3 homozy-
gosity."* Conversely, ApoE2 is considered protective,'> whereas
ApoE3 is considered risk neutral because it is the most common iso-
form in the general population. In addition to AD, ApoE also impacts
several other neurological diseases, such as Parkinson disease,'® fron-
totemporal dementia,’” and dementia with Lewy bodies.'® ApoE is
also important for cardiovascular disease. To date, the ApoE™"~
mouse remains the most popular animal model in atherosclerosis
research.'” Apart from the pathologies of the above-mentioned
neurological and cardiovascular diseases, ApoE has been shown to
be dramatically involved in the life cycle and pathogenesis of viral in-
fections, such as chronic hepatitis C virus (HCV), hepatitis B virus
(HBV), herpes simplex virus type-1 (HSV-1), and HIV infections.
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Figure 1. Structural model of human ApoE protein
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(A) Three-dimensional structure of the ApoE protein (PDB: 217b). The human ApoE protein contains three main domains, the NTD (1-167) and the CTD (206-299), which are
joined by a flexible hinge region (167-206). The NTD harbors four a-helices and contains the receptor-binding region (orown), and the CTD contains the lipid-binding domain

(deep blue).

(B) Linear form of the ApoE peptide. The three ApoE isoforms differ at positions 112 and 158. ApoE2 (Cys112, Cys158) is encoded by the £2/e2 (rs429358 TT/rs7412 TT) and
£2/e3 (rs429358 TT/rs7412 TC) alleles, with an allele frequency of approximately 8%; ApoE3 (Cys112, Arg158) is encoded by the £3/e3 (rs429358 TT/rs7412 CC) and e2/e4
(rs429358 TC/rs7412 TC) alleles, with an allele frequency of approximately 78%; and ApoE4 (Arg112, Arg158) is encoded by the e3/¢e4 (rs429358 TC/rs7412 CC) and e4/e4

(rs429358 CC/rs7412 CC) alleles, with an allele frequency of approximately 14%.

With the coronavirus disease 2019 (COVID-19) outbreak, emerging
evidence demonstrates that ApoE is a vital genetic factor that deter-
mines host responses to severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2).20% Notably, ApoE plays different or even
opposite roles in the process of viral infection. ApoE4 has been re-
ported to be associated with increased susceptibility to infection
with HSV-1?* and HIV.** Conversely, ApoE4 protects against HCV
and HBV infection.”® Therefore, it is necessary to comprehensively
summarize the role of ApoE and different ApoE isoforms in the pro-
cess of viral infection.

Here, we systematically describe the emerging link between ApoE and
viral infection with a focus on HCV, HBV, HIV, HSV-1, and, most
recently, SARS-CoV-2 infections (Table 1). We further discuss the
potential underlying mechanisms by which different ApoE isoforms
contribute to or counteract these viral infections and further indicate
future directions.

ApoE4 IS A MAJOR GENETIC RISK FACTOR FOR
SARS-CoV-2 INFECTION

The COVID-19 pandemic, which was caused by the recently emerged
SARS-CoV-2, caused more than 761 million cases and more than 6
million deaths worldwide as of 20 March 2023 (https//covid19.who.
int). The spike protein located on the viral surface is the critical anti-
gen of SARS-CoV-2. The spike protein has two subunits, and S1 con-
tains a receptor-binding domain (RBD) that enables SARS-CoV-2 to
interact with the angiotensin-converting enzyme 2 (ACE2) receptor
to invade host cells.*® It is well established that genetic backgrounds
play an essential role in determining the clinical manifestations of
COVID-19. Shortly after the discovery of SARS-CoV-2, researchers
began to pay attention to the association between ApoE gene poly-
morphism and SARS-CoV-2 infection, because ApoE reportedly
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plays an important role in the process of viral infection, such as infec-
tion with HCV, HBV, HSV-1, and HIV. Kuo et al.”® observed that in
individuals registered in the United Kingdom Biobank, £4/¢4 homo-
zygotes for the ApoE gene had a 2 times greater risk of SARS-CoV-2
(odds ratio [OR], 2.31; 95% confidence interval [CI], 1.65-3.24), even
after adjusting for ApoE4-associated comorbidities, including demen-
tia, coronary artery disease, hypertension and type 2 diabetes,” and a
four times higher risk of death from COVID-19 (OR, 4.29; 95% ClI,
2.38-7.72) than &3/e3 homozygotes.”” The correlation between
ApoE4 and the risk and symptoms of COVID-19 was also indepen-
dently detected by several other research teams.”"***° For example,
one study of Finnish individuals suggested that ApoE4 is associated
with an enhanced incidence of severe COVID-19 and post-COVID
mental fatigue. Some of these effects might be attributed to increased
cerebrovascular damage.’’ In addition, ApoE4 is reportedly associ-
ated with an increased risk of delirium during COVID-19-related
hospitalizations™ and cognitive loss and dementia in long COVID-
19.% More studies are needed to determine the ApoE isoform-related
symptoms and pathological consequences in COVID-19 patients.

Why ApoE4 increases susceptibility to COVID-19 and disease
severity is currently being explored (Figure 2). A recent in vitro study
discovered that human-induced pluripotent stem cell-derived ApoE4
astrocytes and neurons are more susceptible to SARS-CoV-2 infec-
tion than cells expressing the nonpathogenic isoform ApoE3 and
that ApoE4 astrocytes infected with coronavirus exert a stronger cyto-
pathogenic effect than ApoE3 astrocytes.”* Notably, a recent study re-
ported that mice bearing the ApoE4 variant exhibited accelerated
COVID-19 development and worse survival outcomes, which may
be attributed to enhanced viral infection and dampened adaptive anti-
viral immunity.”” As mentioned in the above section, ApoE performs
its biological function partly by binding to receptors or proteins. Does
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Table 1. Association between ApoE gene polymorphism and virus infection

Viruses/
ApoE4-
related
effects

SARS-CoV-2

HSV-1

HIV

HCV

HBV

Main findings

ApoE4 increases the risk and
severity of COVID-19>%7

HSV-1 together with ApoE4
increase the risk
Of ADZﬂ,ZK,Z‘)

ApoE4 enhances HIV-1
infection and disease
progression”**

ApoE4 protects against
HCV infection and

.. : 31-33
liver fibrosis”'

ApoE4 protects against
liver

cirrhosis caused by
HBV 34,35

Mechanisms

due to the tight structure of

ApoE4 protein, the ability to
inhibit the binding of Spik to
ACE2 is weaker™

ApoE4 is more capable of
promoting HSV-1 colonization
into the brain than ApoE3 by
interacting with HSPGs™**’

ApoE4 is less effective than
other ApoE isoforms in
competing with Tat for LRP1
binding*®

the lower LDLR
concentration

in ApoE4 individuals may
prevent HCV entry”>*

the mechanisms may be
similar to those of ApoE in
HCYV infection and needs
to

be verified by experimental
studies

ApoE4 exhibits the lowest
plasma ApoE concentration;
thus, the effect on viral
attachment is weaker’

the higher receptor-binding
ability of ApoE4 facilitates
contact between the virus and
target cells®

the protein concentration
of ApoE is reduced by
ApoE4, which limits the role
of ApoE in viral infection"’

ApoE4 is related to BBB
leakage*"** and concomitant

. 43,44
diseases

ApoE4 is associated with

higher immune reactivity and a

stronger inflammatory
response*’

ApoE4-induced
hyperbetalipoproteinemia
influences LDLR-mediated
viral uptake™®

ApoE4 is related to
dysregulation of inflammation
and the immune response™’

ApoE4 is less efficient than
ApoE3 in promoting

cholesterol outflow from cells*”

ApokE interact with the spike protein or ACE2 to affect viral infection?
By using multiple protein interaction approaches, Xu et al. revealed
that ApoE4 mildly impedes the docking of the spike protein to the
ACE2 receptor at the host cell surface relative to ApoE3, which
may be attributed to the more compact structure of ApoE4 compared
with that of ApoE3, leading to a lesser reduction in spike/ACE2-medi-
ated SARS-CoV-2 pseudovirus infection.”> More specifically, the zinc
domain, which has been demonstrated to be responsible for spike-
ACE2 binding, is needed for the interaction between ACE2 and
ApoE. Furthermore, the authors detected a significant inverse corre-
lation between the serum ApoE levels and the concentrations of cyto-
kines and chemokines in COVID-19 patients, suggesting that high
levels of ApoE may inhibit the inflammatory response triggered by
SARS-CoV-2. Thus, the lowest plasma levels of ApoE4 among all
ApoE genotypes™ may correspond with a higher inflammatory
response in COVID-19 patients, which may be one of the potential
reasons why ApoE4 accelerates COVID-19 progression.

Notably, a recent molecular dynamics simulation study observed that
the CTD of serum ApoE may interact with the RBD of the spike pro-
tein, which may result in noticeable structural changes in ApoE and
thereby to activation of the metabolic pathway of ApoE and to facil-
itation of viral infection.”” Because ApoE gene polymorphisms may
affect the binding of ApoE to receptors, it is reasonable to postulate
that the binding ability to the spike protein varies between different
ApoE isoforms, which leads to ApoE4 increasing the susceptibility
to SARS-CoV-2 infection. However, using a biolayer interferometry
binding assay, a recent study found that ApoE interacts with the

RBD of the spike protein in an isoform-independent manner.”® How-

ever, whether the interactions could affect the affinity between ACE2
and the spike protein and subsequently SARS-CoV-2 infection is un-
known. In contrast, an in vitro study reported an inhibiting effect of
ApoE on SARS-CoV-2 infection.”’

Several other potential reported mechanisms are as follows. It has
been reported that HSPGs, such as syndecan, may represent a poten-
tial process through which SARS-CoV-2 enters cells.”®> Some re-
searchers speculate that the higher binding affinity between ApoE4
and HSPGs may promote viral infection, bridging the virus to the
ACE2 receptor on the cell membrane and facilitating coronavirus
spread through tissues.”” In addition, ApoE4 has been reported to
be associated with the incidence of neurodegenerative diseases,”® dia-
betes,"* and cardiovascular diseases.** The incidence and progression
of COVID-19 may be impacted by these pre-existing comorbidities.
Thus, although ApoE may have an independent effect on COVID-
19, it is also important to consider ApoE4-related concomitant dis-
eases. Additionally, ApoE4 is a risk factor for increased BBB leakage,
thereby allowing coronavirus entry into the brain, where the virus can
induce neuroinflammation, which may cause neurodegeneration.*"**
Notably, in addition to acting as a major receptor of SARS-CoV-2,
ACE2 was originally referred to as an antagonist of the renin-angio-
tensin system by catalyzing the conversion of angiotensin I to Ang 1-
7; thus, ACE2 exerts multiple protective effects in several diseases,
including heart failure, hypertension, myocardial infarction, AD, dia-
betes, and acute lung injury.®’** Accordingly, SARS-CoV-2 not only
uses ACE2 to attach to cells, but also downregulates ACE2 protein
expression,””°® which in turn leads to disruption of the protective ef-
fect of ACE2. ApoE4 has been reported to be associated with
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Figure 2. ApoE4 is a genetic risk factor for COVID-19

(A) Individuals with the ApoE4 genotype are more prone to COVID-19 infection and develop severe symptoms.

(B) On the one hand, because of the tight structure of the ApoE4 protein, the ability to inhibit the binding of the spike protein to the ACE2 receptor is weaker. On the other hand,
ApoE4 exhibits the lowest plasma ApoE concentration, conferring weaker impeding effects on viral attachment.

(C) ApoE4 mediates increased inflammatory responses responsible for severe COVID-19 infection.

(D) ApoE4 mice show dampened adaptive immune responses related to T and B cell activation at the early stage of SARS-CoV-2 infection and generate elevated antiviral
CD8" T cell responses at the later stage of virus infection.

(E) ApoE4 is more capable of binding to HSPGs, which may strengthen viral infection.

(F) Downregulation of ACE2 by ApoE4 reduces the ability of ACE2 to hydrolyze Ang Il to Ang 1-7, resulting in dysregulation of renin-angiotensin system and aggravation of
tissue damage.

(G) ApoE4 is associated with susceptibility to several concomitant diseases, such as cardiovascular diseases, neurodegenerative diseases, and diabetes, which can increase
the risk of acquisition and faster progression of COVID-19.

(H) ApoE4 has been linked to blood-brain barrier disruption, which may increase the risk of viral infection.

significant inhibition of ACE2 expression,”” which may also be one of ~ and mortality; the prevalence of the e4/e4 allele is more common in
the reasons for the severity of COVID-19 caused by ApoE4.”® The  black African individuals (population frequency, 30%-40%) than in
increased risk of COVID-19 infection with ApoE4 may partly explain ~ Caucasian and Asian individuals (population frequency, 7%-20%
why Black Africans suffer a higher possibility of COVID-19 severity ~ and 5%-15%, respectively).”*"’
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In summary, the potential mechanisms responsible for ApoE4-medi-
ated SARS-CoV-2 infection and disease severity need to be further
confirmed by more experimental studies. Moreover, whether ApoE
gene polymorphisms affect the life cycle of SARS-CoV-2 is currently
unknown and needs to be investigated.

ApoE IN COMBINATION WITH HSV-1 CONFERS A
HIGH RISK OF AD

HSV-1 is highly prevalent as a latent form in the brains of both
normal individuals and AD patients.”” The latent form can be reacti-
vated by various stimuli, such as stress, inflammation, and other fac-
tors, triggering a productive infection and consequent damage.”' AD,
the most common cause of dementia, is defined by the aberrant accu-
mulation of B-amyloid (AB) plaques, neurofibrillary tangle deposits,
and the progression of cognitive impairment.”> There are many hy-
potheses regarding the etiology of AD, such as the tau hypothesis,””
AP cascade hypothesis,”* oxidative stress hypothesis,”> ApoE cascade
hypothesis,” and others. Accumulating epidemiologic and experi-
mental evidence of the infectious etiology of AD’®”” has sparked a
paradigm shift from the prevailing hypothesis to the pathogen infec-
tion and antimicrobial protection hypothesis.”® In particular, HSV-1
has gained greater attention because of its ability to cause recurrent,
lifetime infection.”” Infection with HSV-1 could trigger similar mo-
lecular hallmark features observed in AD, such as neuroinflamma-
tion, AP production, and the accumulation of phosphorylated
tau.”® In fact, numerous autopsy studies have confirmed the presence
of HSV-1 DNA in the brain tissues of AD patients.** HSV-1 has been
recognized as a causative agent of AD for more than 40 years, when
Ball®' noted similarities between HSV-1 encephalitis and AD in terms
of affected brain regions and resulting memory deficits.

Nevertheless, the “infection theory” of AD failed to receive substantial
attention and was largely ignored by AD researchers for along time. A
growing number of discoveries, however, have reignited interest in
the infectious theory. HSV-1 DNA is present at greater frequency
in the brains of AD patients than in those of healthy controls,*”
and viral DNA is especially prominent adjacent to AB plaques.*’ A
recent retrospective cohort study examined a decade-long incidence
of dementia in 8,362 subjects with HSV-1 or HSV-2 infection and
in 25,086 matched controls without previous HSV infection and re-
vealed that individuals diagnosed with HSV infections may have a
2.56-fold greater risk (95% CI, 2.351-2.795) of developing dementia,
including AD.** Most provocatively, for the first time, the authors
observed that anti-herpetic medication treatment significantly atten-
uated the incidence (reduced nearly 91%) of dementia in HSV-posi-
tive patients. The study provides important evidence supporting the
hypothesis that reactivation and replication of viruses in the brain
may increase the risk of developing dementia, including AD.

Nevertheless, HSV-1-infected individuals do not generally develop
AD, and the existence of environmental or genetic predisposing fac-
tors seems to be necessary for this theory to be valid. Recent evidence
has indicated that HSV-1 together with the £4 allele of the ApoE gene
contributes to a strong risk of developing AD. Researchers have re-

ported that subjects with HSV-1 DNA present in the brain and those
carrying the ApoE4 allele are at quite a high risk of developing AD
relative to those harboring only one of these factors.”® Additionally,
two recent studies detected anti-HSV-1 immunoglobulins in aged
participants, providing strong evidence that the cooperativity be-
tween ApoE-e4 and HSV-1 could contribute to the heightened risk
of AD.”>*” Among ApoE4-positive individuals, those who are more
likely to exhibit HSV-1 reactivation, that is, IgM positivity or elevated
IgG levels, had a 3.68- and 3.28-fold higher risk of AD, respectively.
However, there was no significant correlation observed in non-
ApoE4 carriers. Moreover, in a large population-based cohort study,
both cross-sectional and longitudinal data supported a close link be-
tween HSV infection and memory decline, especially among ApoE e4-
positive subjects.”® In murine studies, ApoE4 transgenic mice have
higher expression of HSV-1, suggesting that ApoE4 may cause an
increased risk of HSV-1 infection.>*>*” HSV-1 seropositive patients
harboring the €4 allele of the ApoE gene have a higher possibility of
developing symptomatic oral herpetic lesions (labialis) than £4-nega-
tive carriers, with a relative ratio of 4.64.%° The 4 allele is also report-
edly a hazardous factor for cold sores (herpes labialis) caused by
HSV-1.%* Available evidence has indicated that the ApoE4 isoform
can facilitate HSV-1 particles into cells.*” ApoE and HSV-1 accumu-
late after entering a cell via an HSPG receptor.” During acute infec-
tion, ApoE4 is more capable of promoting HSV-1 colonization into
the brain than ApoE3 by interacting with HSPGs and accelerates
neurodegenerative processes related to ApoE4.”>”

In conclusion, the collaboration between ApoE4 and HSV-1 modi-
fiers in the occurrence and development of AD has gained increasing
attention and recognition in recent years. Although numerous clinical
association studies have highlighted the close link between HSV-1
infection and AD occurrence, it remains challenging to determine
the causative relationship between HSV-1 infection and AD. More-
over, how the ¢4 allele endows carriers with increased susceptibility
to HSV-1 infection and ultimately the development of AD remains
unclear.

ApoE4 ACCELERATES HIV INFECTION

HIV infection and the development of acquired immunodeficiency
syndrome (AIDS) remain a serious global burden.”’ More than 38
million people are living with HIV worldwide in 2021, and 1.7 million
people are newly infected yearly. Advances in effective antiretroviral
therapy over the past decades have prolonged the lives of individuals
infected with HIV. However, there is no cure for HIV; thus, patho-
genic mechanisms need to be further explored. Because cholesterol
is an important component of the HIV envelope, is tightly linked to
multiple stages of the HIV life ,cycle and plays an important role in
cholesterol transport, mounting evidence highlights the association
between ApoE and HIV infection.

Proteomic analysis has revealed that ApoE protein can be detected in
virus particles derived from HIV-1-infected monocyte-derived mac-
rophages (MDMs).”” HIV-1 infection specifically increases endoge-
nous ApoE protein expression in human primary MDMs, which in
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Figure 3. ApoE4 accelerates HIV infection
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(A) The isoform-specific interaction between ApoE and its receptor (such as HSPGs and LDLR) may accelerate the contact between HIV and cell membranes, which fa-

cilitates virus cell entry.

(B) ApoE4 is less effective than ApoES in restricting Tat-mediated long terminal repeat (LTR) transactivation, a viral protein that is necessary for HIV-1 replication.
(C) ApoE4 is associated with higher immune reactivity and inflammatory responses, which may accelerate disease progression.
(D) ApoE4 is less able to promote cholesterol efflux than ApoE3, resulting in intracellular and plasma membrane raft-associated cholesterol accumulation, which is beneficial

for the HIV infectious cycle.

turn impedes HIV-1 production and infectivity by inhibiting HIV-1
envelope glycoprotein production.” This study suggests that ApoE
is a potential inhibitor of HIV-1-inducible viral production and infec-
tivity. The authors further revealed that the decrease in viral infec-
tivity induced by ApoE seems to be associated with lysosomal degra-
dation of the HIV-1 envelope, which is critical for HIV-1 to enter
target cells through the intracellular connection between ApoE and
the HIV-1 envelope.”

Regarding ApoE isoforms, studies have reported that ApoE4 is asso-
ciated with enhanced HIV-1 infection, disease progression, and an
increased incidence of developing HIV-associated neurocognitive
disorder (HAND) (Figure 3). Although the authors did not detect a
positive correlation between the ApoE genotype and the incidence
of acquiring HIV, they found that, compared with the £3/£3 genotype,
€4/e4 homozygosity accelerates disease progression in a large group of
European and African American individuals.** Consistent with the
observed genotype-phenotype correlations, the in vitro results suggest
that purified recombinant ApoE4 protein promotes HIV infection by
elevating viral attachment and fusion. In addition, HIV-positive pa-
tients with €4 allele carriers have 2-fold higher rates of dementia
(30% vs. 15%) and peripheral neuropathy (70% vs. 39%) than non-
&4 allele carriers.”’ Similarly, ApoE4 is reportedly associated with
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worse cognitive performance in HIV-infected individuals.”**” How-
ever, based on neuropsychological assessments, several studies have
failed to confirm the correlation between £4 alleles and HAND or
&4 alleles and dementia with relatively large sample sizes and well-
characterized HIV-infected patients.”® """ These seemingly contra-
dictory results regarding the effects of ApoE4 on cognitive perfor-
mance in these HIV infections may be attributed, at least in part, to
an age-dependent ApoE4 effect.

Several possibilities may underlie how ApoE isoforms differentially
regulate HIV-AIDS pathogenesis. Transactivation of transcription
protein (Tat) is a viral protein that is essential for HIV-1 replication
and serves as a ligand of LRP1. A recent study found that ApoE4
is less effective than other ApoE isoforms in competing with
Tat for LRP1 binding, impeding the internalization of Tat and
Tat-mediated long terminal repeat transactivation.”® Thus, the
ApoE mimetic peptide might be a potential therapeutic candidate
against HIV-1 infection. In addition, differential effects of ApoE iso-
forms may be exerted at the level of attachment to HSPGs, a rate-
limiting step in HIV infection. The ApoE region harboring the hep-
arin-binding domain (amino acids 142-147) has antiviral activity
against HIV infection, which may be due to the inhibition of HIV
attachment to HSPGs.* Compared with other isoforms, the
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relatively lower HSPG-mediated very low-density lipoprotein in
ApoE4-expressing cells’® suggests that in ApoE4 individuals, lower
competition seems to be involved in promoting HSPG-mediated
viral cell entry. Additionally, ApoE present on the viral envelope
may promote the entry of viruses by targeting HIV particles to
the LDLR.”> The moderately higher receptor-binding ability of
ApoE4 may facilitate contact between the virus and the target cells
and, thus, increase the entry of HIV cells and subsequently disease
progression.”” Furthermore, ApoE4 is less efficient than ApoE3 in
promoting cholesterol outflow from cells.*” This different effect of
ApoE isoforms on cellular cholesterol mobilization may support
the accumulation of plasma membrane raft-associated cholesterol
in ApoE4 homozygotes, thus enhancing the viral infection cycle,
including HIV fusion, entry, assembly, and release.'”> Moreover,
because immune dysfunction is a prominent pathological feature
of AIDS, the isoform-specific immunoregulation of ApoE may,
therefore, accelerate disease progression.*’

In summary, the influence of the ApoE phenotype on the pathogen-
esis of HIV infection is controversial, and the reason for this discrep-
ancy is not yet clear. Further studies with longitudinal follow-up and
larger sample sizes are warranted to clarify the isoform-dependent ef-
fect. In addition, the association between ApoE gene polymorphisms
and the different subtypes of HIV-1 should be established in the
future. Currently, the association between ApoE and HIV is still
focused on the clinical correlation. More studies are clearly needed
to reveal the mechanisms by which ApoE subtypes convey contrasting
effects on HIV attachment and fusion.

ApoE4 PROTECTS AGAINST HCV INFECTION

HCYV is a hepatotropic enveloped virus in the Flaviviridae family.
HCV infection remains one of the primary causes of liver damage,
affecting more than 185 million individuals globally.'”* HCV infection
of human hepatocytes is a multistep process that includes attachment,
entry, uncoating, translation, replication, assembly, maturation, and

105 . . . .
” These infection processes are strongly associated with
106

103

release.
host lipid biology.
are captured by HSPGs and enter the cytoplasm through clathrin-
mediated endocytosis upon interaction with various cellular mem-
brane molecules, such as scavenger receptor BI, CD81, occludin, and
claudin-1.""” The hallmark of HCV is its existence in the sera of in-
fected patients together with lipoproteins that form viral hybrid parti-
cles termed lipoviroparticles.'”® ApoE is enriched in HCV particles,
suggesting that ApoE is possibly associated with the assembly and
infectivity modification of HCV particles.'*' '

In the early stages of infection, HCV particles

Asan important component of lipoproteins, ApoE exerts its major bio-
logical function of lipid metabolism, mainly by serving as a ligand that
binds to specific cell-surface receptors, such as LDL receptor (LDLR),
ApOE receptor 2, VLDL receptor, LRP1, and HSPG.>!'"! Some of these
receptors, such as LDLR and HSPGs, are often involved in HCV entry.
Indeed, several independent studies have indicated that ApoE partici-
pates in the entry, replication, assembly, and release of HCV and may
be a potential therapeutic candidate to control HCV infection (Fig-

ure 4). ApoE facilitates HCV attachment through specific interactions
with HSPGs,''* ' and, among these, syndecan-1 and syndecan-4 are
the main HSPGs that mediate viral attachment."'>'' In addition,
ApoE enhances HCV entry by interacting with LDLR and SR-B1 ex-
pressed on the surface of hepatocytes.''”''* Additionally, some studies
have shown that ApoE facilitates the assembly and production of HCV
particles via a specific interaction with nonstructural protein 5A
(NS5A);'2"'*% specifically, the C-terminal a-helix domain (amino
acids 205-280) of ApoE is responsible for the ApoE-NS5A interaction.
However, other researchers have argued that the interaction involves
the HCV envelope glycoprotein E2.'** Depletion of ApoE decreases
the formation of extracellular HCV particles without affecting the
amount of intracellular viral nucleocapsids or viral envelopment,'**'**
indicating that ApoE is likely involved in the late assembly step of HCV,
such as particle maturation. Nevertheless, a direct interaction between
ApoE and E2 glycoproteins of HCV is detectable in the endoplasmic
reticulum,'*” indicating that the association of ApoE with HCV also oc-
curs at the early stage of assembly.

In an HCV cell culture system, downregulating ApoE by small inter-
fering RNA remarkably suppresses the production of HCV particles,
which can be restored by exogenously expressing the C-terminal
construct of ApoE, suggesting the essential role of ApoE in HCV pro-
120122126127 11y addition, ectopic expression of ApoE protein
is also capable of increasing the low amounts of HCV particles
released from mouse hepatoma cells, supporting the notion of
ApoE as a limiting factor for HCV assembly in mouse cells.'”®
More important, a recent study found that secreted ApoE is able to
incorporate into secreted HCV particles, thus elevating viral infec-
tivity, which is likely due to enhanced particle-HSPG interactions.'*’
The incorporation of ApoE and virus also endows the virus with the
ability to escape antibodies and, therefore, provides important guid-
ance for the development of prophylactic hepatitis C vaccines.
Together, these findings highlight the close relationship between
ApoE and the life cycle of HCV both inside and outside infected cells.

duction.

The ApoE polymorphism is closely associated with HCV infection and
is potentially an important tool for monitoring liver damage in pa-
tients harboring HCV. Studies have reported a significantly low fre-
quency of the €4 allele in patients with HCV infections, and, compared
with the €3 allele, the ¢4 allele exerts a protective effect against HCV
infection and slows the progression of liver fibrosis caused by
HCV.”'~** The ApoE4 allele has also been reported to have a protective
effect on inflammatory progression in HCV-induced liver injury
before and after liver transplantation.'*” In addition, the ApoE4 allele
is significantly under-represented in patients with chronic HCV infec-
tion, but over-represented in patients with spontaneously cleared
HCYV infection.'*! Moreover, in a cohort of HCV-infected Egyptian
subjects, €4 allele carriers were found to be more prone to viral clear-
ance and recovery after they received combined therapy, whereas &3
allele carriers are considered to have a high frequency of developing
chronic infection and resistance to therapy.'*” These studies indicate
that the ApoE4 status is closely involved in not only HCV infection,
but also the disease treatment response.
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Figure 4. Involvement of ApoE in the HCV lifecycle

Nucleus

Release 7o
o,

Golgi
s
o
o
C ° Assembly
N ) Nucleocapsid ot
/ (\ © ApoB
© E1/E2
l Lipoprotein
RIS N wojo
O &3

/
,
,
.
¢
)
o
7

S Nascent LVP Viral particles

HCV infection is initiated by binding of the envelope glycoprotein E2 to CD81, occludin, claudin-1, and other entry factors expressed on the membrane of hepatocytes. High
amounts of ApoE on the surface of HCV particles enable interactions with receptors, such as HSPGs, SR-B1, and LDLR, which may facilitate virus entry. After internalization
into the cytoplasm, the viral genome is released, and viral RNA is then translated into a precursor polyprotein, which subsequently generates structural (core, E1, and E2) and
nonstructural (p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B) proteins by protease processing. In the endoplasmic reticulum (ER), the E1 and E2 envelopes associate with
ApoE and initiate lipoviroparticle (LVP) formation. At the same time, the nonstructural NS5A protein is involved in HCV replication and assembly and interacts with ApoE,
especially the CTD of ApoE (amino acids at positions 205-280), which is responsible for the ApoE-NS5A interaction. Subsequently, the nascent LVP, together with lipo-
protein, participates in viral particle formation in the lumen of the ER. The release of mature viral particles is thought to occur via the Golgi apparatus. The viral particles
secreted from cells can also combine with ApoE in then circulation and thus participate in virus infection and virus escape from antibody-mediated neutralization.

Infectious viruses from cultured cells display similar characteristics to
those observed in HCV patients. In an in vitro culture system,
different subtypes of secreted ApoE in the cell culture medium can
change the infectivity of HCV. For example, secreted ApoE4 de-
creases the infectivity of HCV, which is consistent with clinical find-
ings, indicating that ApoE4 is related to a certain degree of HCV
infection resistance.

How might ApoE4 protect against HCV infection and disease pathol-
ogy? First, hyperbetalipoproteinemia, which is induced by ApoE4, has
the ability to influence LDLR-mediated viral uptake because of the
competitive binding between free betalipoproteins and virus-lipopro-
tein particles for free LDLR sites." In addition, a lower LDLR concen-
tration in ApoE4 individuals may prevent or decrease HCV entry and
spread between hepatocytes.””*® Moreover, it has been recognized
that the protein stability and plasma concentration of ApoE are
reduced by ApoE4,** which potentially limits the role of ApoE in viral
infection.

536 Molecular Therapy: Nucleic Acids Vol. 33 September 2023

In summary, as a part of the viral particle, ApoE is involved not only
in the attachment and entry of HCV on the cell surface, but also in the
assembly and release process of HCV viral particles from infected
cells. Although ApoE4 tends to be resistant to chronic HCV infection,
the detailed mechanism remains unclear. A better understanding of
the life cycle of HCV and establishing an appropriate in vitro model
to simulate the complex molecular network of HCV entry into cells
will help researchers obtain deeper insight into the role of ApoE
and the ApoE status in HCV infection.

ApoE IS IMPORTANT FOR HBV INFECTION AND
PRODUCTION

HBYV is a DNA virus that is transmitted through contact with infected
blood and body secretions, specifically infects hepatocytes, and results
in serious liver diseases such as chronic hepatitis, cirrhosis, and liver
cancer.'” Chronic HBV infection results in more than 257 million
cases globally."”* Currently, antiviral drugs against HBV can only
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inhibit viral replication, but cannot eradicate the virus. Therefore, it is
important to explore new mechanisms of HBV infection.

Recent studies have revealed that ApoE plays important roles in
determining HBV infection. ApoE enrichment has been detected in
purified HBV, and ApoE is incorporated into the viral envelope
and promotes the infection, production and secretion of HBV."** So-
dium taurocholate cotransporting polypeptide, LDLR, epidermal
growth factor receptor, and HSPGs are important for HBV infection,
likely by serving as virus attachment receptors."**"'** Both LDLR
family proteins and HSPGs are recognized as important ApoE-bind-
ing proteins."”® Therefore, similar to the mechanism of HCV infec-
tion, ApoE probably promotes HBV infection by binding to LDLR
and HSPGs, as evidenced by the fact that HBV infection is potently
inhibited by the removal of HSPGs'*”'*’ or blockade of LDLR expres-
sion."*® An in vitro pull-down assay using an ApoE-specific mono-
clonal antibody showed that ApoE is incorporated into the HBV en-
velope.'” In addition, the serum ApoE concentrations in patients
with HBV-related liver cirrhosis and hepatocellular carcinoma are
obviously elevated relative to those in healthy controls."*!

Landmark progress has been made regarding the role of ApoE in
HBV infection in recent years, partly because of advances in
in vitro culture cell lines that support HBV infection, replication,
and morphogenesis."*> Notably, antibody-specific targeting of the
ApoE protein can be used to not only capture HBV, but also to effec-
tively neutralize viral infectivity (>90%). Importantly, inhibiting
ApoE protein expression or depleting ApoE by CRISPR/Cas9 gene ed-
iting technology gives rise to a more than 90% decrease in HBV infec-
tion and a greater than 80% decrease in HBV production, and these
effects could be potently restored by ectopic expression of ApoE.">”
However, silencing the expression of other apolipoprotein members,
such as ApoB, has no profound effect on HBV infection, suggesting
the specific needs of ApoE for HBV infection. It is also important
to note that silencing or knocking out the ApoE gene impacts viral
DNA replication and nonenveloped capsid protein production in
HBV-producing HepAD38 cells,'”” indicating that ApoE is specif-
ically critical for HBV infection and production and is not essential
for HBV protein expression or DNA replication.

Several studies have attempted to unravel the relationship between
HBYV infection and the ApoE status and have shown that ApoE3 allele
carriers are more likely to develop HBV-related cirrhosis,”*'*!
that ApoE4 alleles have a protective effect on the development of liver
cirrhosis.”**”> However, all of these genetic association studies were
based on a relatively small number of patients, especially when the
subgroup analysis was stratified by ApoE isoforms and disease status.
Further studies are, therefore, warranted to replicate these findings in
larger participant cohorts to determine the association between the
ApoE4 genotype and HBV infection, as well as disease progression.

and

In summary, significant progress has been made regarding the critical
role and therapeutic potential of ApoE in HBV infection in recent
years. The underlying mechanism may be similar to that of ApoE

in HCV infection and needs to be verified by experimental studies,
which will soon be performed because an in vitro cell culture system
for HBV infection was established in recent years.

OTHER VIRUSES

In addition to the above mentioned viruses, there are several other vi-
ruses worth mentioning. ApoE was recently identified as an antiviral
gene that restricts influenza A virus (IAV) infection by inhibiting IAV
attachment to viral receptors, which attributes to the dysregulation of
cellular cholesterol homeostasis.”” Because the cholesterol levels are
higher in obese individuals, the antiviral effect of ApoE by downregu-
lating cellular cholesterol provides a reasonable explanation for the
tendency of obese patients to develop severe disease after influenza
infection. In addition, atherosclerotic plaques contain high choles-
terol levels, which are more conducive to the invasion of viruses, lead-
ing to the aggravation of cardiovascular disease and hospitalization.
Thus, these findings also explain the significant increase in hospital
admissions caused by exacerbations of atherosclerotic cardiovascular
illness during the influenza season. However, differences in IAV
infection among ApoE subtypes were not analyzed in this study;
thus, and these need to be addressed in follow-up studies, especially
considering the significant differences in lipid metabolism among
ApoE subtypes. In addition, the presence of ApoE &4 carriers is related
to significantly higher levels of serum cytomegalovirus (CMV) IgG
antibody.l/13 CMV is known to infect the CNS, and the proinflamma-
tory response to CMV infection confers a risk of chronic neurodegen-
erative diseases such as AD. Moreover, ApoE3 and ApoE4 are signif-
icantly linked to protection against hepatitis E virus infection.'*!
These studies provide important supplementary information on the
role of ApoE in viral infection, and the association and precise mech-
anisms connecting the relationships between ApoE and these viruses
should be investigated in the future.

CONCLUSIONS AND PERSPECTIVES

The profound impact of ApoE on infectious diseases has been gradu-
ally recognized, especially in recent years. Here, we summarize the
emerging correlation and mechanisms between ApoE and viral infec-
tion. During this process, several interesting issues arose and are worth
discussing. First, what could be the main biological basis for the finding
ApoE4 accelerates the infection of some viruses, such as HIV and
SARS-CoV-2, but protects against others, such as HCV? On the one
hand, the mechanisms underlying these viruses infecting host cells
vary. The specific manifestation is that the receptors of virus-infected
organisms are different, and the binding ability of ApoE4 to these re-
ceptors is different. After binding to these receptors, ApoE4 promotes
or inhibits viral infection. On the other hand, ApoE is an essential
component of viruses, such as HCV and HBV. Thus, ApoE is neces-
sary for the reproduction of some viruses but may not have such a
role with other viruses. Notably, the mechanism of ApoE4 in these
viral infections is not fully understood and needs further exploration.
Second, the liver is an important target of SARS-CoV-2 because of the
expression of the ACE2 receptor in hepatocytes. In this case, ApoE4 is
a protective factor for HCV and a risk factor for SARS-CoV-2; thus,
to better understand the relationship among ApoE4, HCV, and
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COVID-19, it would be interesting to examine whether HCV-infected
patients carrying the ApoE4 gene have an increased or decreased risk
for SARS-CoV-2 infection. In addition, because the onset of the
COVID-19 pandemic was far more recent, it is unclear whether the
mechanism of ApoE in other viral infections is also suitable for
SARS-CoV-2. For example, whether ApoE4 enhances the risk of
COVID-19 infection through the HSPG receptor needs further exper-
imental verification. In addition, whether ApoE has the ability to regu-
late the life cycle of SARS CoV-2 as it affects HBV and HCV remains
unknown. In particular, a recent study found that ApoE affects influ-
enza virus infection by affecting the cholesterol levels.”” Does ApoE
affect SARS-CoV-2 infection through the same mechanisms? Consid-
ering the isoform-related impact of ApoE in viral infections, it is
important to assess the vaccination efficacy of these viruses in subjects
with distinct ApoE genotypes. Moreover, two copies of the ApoE3
Christchurch (R136S) mutation seem to decrease the risk of suffering
AD, and the beneficial effect is likely due to the disrupted binding af-
finity between ApoE and its receptor, such as HSPG and LDLR."** It is
reasonable to speculate that the R136S mutation may impact ApoE-
related viral infection because these receptors are important for viral
cellular entry. Notably, ApoE-based AD therapies have been studied
extensively in the past two decades. Whether these approaches, such
as converting ApoE4 to an “ApoE3-like” molecule, could be used to
prevent ApoE isoform-relevant viral infection is worth exploring.

In conclusion, the critical role of ApoE in the process of viral infection
has attracted increasing attention in recent years. Although much
progress has been made, how single amino acid alterations dramati-
cally influence the process of viral infection remains an open ques-
tion. Summarizing the key role of ApoE in the process of viral infec-
tion will aid the development of effective strategies against the virus
and directions for further research. It is anticipated that, with rapid
advances in biological methods such as pseudoviruses, in vitro robust
cell culture models of viral infection and propagation will be greatly
promoted to reveal the process of viral infection and the role of
ApoE in this process. Additionally, because of the enormous vari-
ability of viral genomic sequences, detecting the effect of ApoE on
viral infections should be a long-term process.
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