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Abstract 

Background Recent numerous epidemiology and clinical association studies reported that ApoE polymorphism 
might be associated with the risk and severity of coronavirus disease 2019 (COVID-19), and yielded inconsistent 
results. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection relies on its spike protein binding to 
angiotensin-converting enzyme 2 (ACE2) receptor expressed on host cell membranes.

Methods A meta-analysis was conducted to clarify the association between ApoE polymorphism and the risk and 
severity of COVID-19. Multiple protein interaction assays were utilized to investigate the potential molecular link 
between ApoE and the SARS-CoV-2 primary receptor ACE2, ApoE and spike protein. Immunoblotting and immuno-
fluorescence staining methods were used to access the regulatory effect of different ApoE isoform on ACE2 protein 
expression.

Results ApoE gene polymorphism (ε4 carrier genotypes VS non-ε4 carrier genotypes) is associated with the 
increased risk (P = 0.0003, OR = 1.44, 95% CI 1.18–1.76) and progression (P < 0.00001, OR = 1.85, 95% CI 1.50–2.28) of 
COVID-19. ApoE interacts with both ACE2 and the spike protein but did not show isoform-dependent binding effects. 
ApoE4 significantly downregulates ACE2 protein expression in vitro and in vivo and subsequently decreases the con-
version of Ang II to Ang 1–7.

Conclusions ApoE4 increases SARS-CoV-2 infectivity in a manner that may not depend on differential interactions 
with the spike protein or ACE2. Instead, ApoE4 downregulates ACE2 protein expression and subsequently the dysreg-
ulation of renin–angiotensin system (RAS) may provide explanation by which ApoE4 exacerbates COVID-19 disease.
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Introduction
The pandemic of coronavirus disease 2019 (COVID-19), 
which is caused by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), has already resulted in 
more than 635 million confirmed cases and over 6 mil-
lion related deaths worldwide as of November 22, 2022 
(https:// covid 19. who. int). SARS-CoV-2 infection is ini-
tiated by the binding of the receptor-binding domain 
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(RBD) of its spike protein to the angiotensin-converting 
enzyme 2 (ACE2) receptor [1], which is ubiquitously and 
widely expressed in lung, heart, brain, kidney, blood ves-
sels, testis, the gastrointestinal tract, and other tissues [2]. 
In addition to being a major receptor for SARS-CoV-2, 
ACE2 was originally discovered to be a negative regula-
tor of the renin–angiotensin system (RAS) that functions 
by catalyzing the degradation of angiotensin II (Ang II) 
to Ang 1–7; which has also been recently reported to be 
associated with COVID-19 ([3, 4]).

The COVID-19 incidence and case fatality rates dif-
fer among ethnicities, suggesting that genetic factors 
play an essential role in determining host responses to 
SARS-CoV-2 [5]. ApoE4 is considered to be the strongest 
genetic determinant for developing late-onset AD, and it 
is also known to be a risk factor for other central nervous 
system (CNS) diseases, including Parkinson’s disease and 
Lewy body dementia [6, 7]. In the periphery, ApoE4 was 
reported to be associated with an increased risk of type 2 
diabetes and cardiovascular disease [8, 9]. These ApoE4-
related diseases have all been implicated in a higher risk 
of COVID-19 [10–12]. Impotently, recent genetic and 
clinical studies reported the association between the 
ApoE4 genotype and the risk and severity of COVID-19 
disease, but yielded inconsistent results [13–19].

The human ApoE protein is composed of 299 amino 
acids, and it is abundantly expressed both in the CNS and 
in the periphery [20, 21]; ApoE functions as a primary 
regulator of cholesterol transport and lipid metabolism. 
Human ApoE has three common isoforms that differ 
by a single amino acid at residues 112 or 158; these iso-
forms are ApoE2 (Cys112 and Cys158), ApoE3 (Cys112 
and Arg158), and ApoE4 (Arg112 and Arg158), and their 
differences obviously alter protein function [22]. In addi-
tion to SARS-CoV-2, ApoE gene polymorphisms are also 
associated with the cellular attachment and organismal 
responses to several other viruses, such as hepatitis C 
virus (HCV), HBV, and HIV-1 [23–25]. Notably, the role 
of ApoE in regulating viral infections seems to occur 
partly due to its interaction with heparan sulfate proteo-
glycans (HSPGs), functioning either as a Trojan horse or 
competing with viral particles for binding to HSPGs [26], 
suggesting that ApoE has the function of binding to the 
key receptor of virus and affecting virus infection. Shi 
and colleagues observed that human-induced pluripotent 
stem cell (hiPSC)-derived ApoE4-expressing neurons and 
astrocytes are more susceptible to SARS-CoV-2 infection, 
and ApoE4 astrocytes exhibit a more severe response 
[27]. Whether ApoE affects viral infection through inter-
action with viruses or receptors is currently unclear.

Here, a meta-analysis was carried out and confirmed 
that ApoE4 is significantly associated with the incidence 
and severity of COVID-19. Moreover, we reported the 

potential interactions of different ApoE isoforms with 
ACE2 and the spike protein. Further, we analyzed the 
regulatory effects of different ApoE isoforms on the 
expression of ACE2, and the balance of the RAS pathway, 
providing plausible evidence that ApoE4 contributes to 
severe COVID-19.

Materials and methods
Search strategy
F. Chen and Q. Ke performed the literature search. A 
comprehensive literature search of PubMed, Embase, 
Cochrane, and Chinese National Knowledge Infrastruc-
ture (CNKI) was conducted up to September 10, 2022. 
Subject words combined with free words were used in the 
retrieval strategy. The theme words were “Apolipoprotein 
E”, “ApoE”, “coronavirus disease 2019”, and “COVID-19”. 
Case-control studies and cohort designs on the correla-
tion between the ApoE and COVID-19 were collected. 
Reviews, comments, case reports, experimental studies, 
and studies with incomplete data were eliminated. The 
meta-analysis followed the Preferred Reporting Items 
for Systematic Reviews and Meta-Analysis (PRISMA) 
standard.

Data extraction and quality assessment
F.C. and Q.K. extracted the data from the literature inde-
pendently. If disagreements arise during the assessment 
process, Y.X.W. will be invited to make the final judg-
ment. The information of first author, year of publica-
tion, ethnicity, sample size, and the allele and genotype 
frequencies of the case and controls were extracted from 
each eligible study. Studies by Kuo and colleagues were 
also included despite the absence of ApoE (ε2/ε2, ε2/
ε3, and ε2/ε4) data. The disease severity involved in this 
study includes the case fatality rate and the presence or 
absence of symptoms, such as cognitive impairment and 
delirium. Newcastle–Ottawa Scale (NOS) was used to 
evaluate the quality of literatures.

Animals
Human ApoE-targeted replacement (ApoE-TR) mice, 
in which the expression of human ApoE is controlled 
by the mouse ApoE promoter, where generated on the 
C57BL/6  J background. The mouse ApoE gene was 
replaced by the human ApoE2, ApoE3 or ApoE4 gene so 
that only the human ApoE gene is expressed. ApoE-TR 
mice were provided by Cyagen Biosciences (ApoE3-TR: 
C001077; ApoE3-TR: C001078; ApoE4-TR: C001079) 
and housed in the Laboratory Animal Center (SPF grade) 
of Guangdong Medical University. All the mice were 
maintained under a 12–12  h light/dark cycle and had 
free access to food and water. All the animal experimen-
tal procedures were performed in accordance with the 
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Guide for the Care and Use of Laboratory Animals and 
approved by the laboratory animal ethical committee of 
Guangdong Medical University.

Cell culture and transfection
Human embryonic kidney (HEK)-293  T cells, human 
neuroblastoma cells (SH-SY5Y), human lung cancer 
cells (A549) and human umbilical vein endothelial cells 
(HUVEC) were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% foetal bovine 
serum (FBS), 100 U/ml penicillin and 100 mg/ml strepto-
mycin. The cells were maintained at 37 °C with 5%  CO2. 
pCMVPuro05-Control, pCMVPuro05-ApoE2, pCM-
VPuro05-ApoE3 and pCMVPuro05-ApoE4 plasmids 
(1 µg/ml) were transfected into these cells (at ~ 70% con-
fluence) using a Lipofectamine 3000 transfection kit (Inv-
itrogen). Six hours after transfection, the cell medium 
was replaced with DMEM. After 48 h, the cells were har-
vested for western blotting analysis or immunofluores-
cence staining.

Immunoblotting
Total cell and tissue proteins were extracted with RIPA 
buffer (Solarbio, R0010) supplemented with Protease 
Inhibitor Cocktail Tablets (Roche) and PMSF (Boster), 
and the protein concentrations were quantified by a 
Pierce™ BCA Protein Assay Kit (Thermo, TL276863). 
Equal amounts of proteins were separated by SDS–PAGE 
and transferred to PVDF membranes (A10122278, GE, 
USA). After blocking with 5% nonfat milk and washing 
with Tris-buffered saline with Tween 20 (TBST) buffer, 
the membranes were incubated with anti-ApoE (1:1,000, 
Meridian, K74180B), anti-ACE2 (1:1,000, Abcam, 
ab15348) or anti-MasR (1:500, proteintech, 20080–1-
AP) antibodies at 4  °C overnight. Then, the membranes 
were washed with TBST and incubated with second-
ary antibodies at room temperature for 1  h. Finally, the 
immunoreactive bands were visualized by enhanced 
chemiluminescence (Invigentech). Protein expression 
was quantified by the measuring the band densities using 
ImageJ software. α-Tubulin (Abcam, ab4074) was used as 
the loading control.

Immunofluorescence staining
Tissue sections and cell samples were fixed with 4% 
paraformaldehyde solution for 15  min, washed with 
PBS, incubated with permeabilization agent for 5 min, 
blocked with 10% goat serum for 30 min at room tem-
perature, and then incubated with anti-ACE2 antibody 
(1:500, Abcam, ab15348) and anti-ApoE (1:300, Santa 
Cruz, sc-390925) antibodies overnight at 4 °C. The next 

day, the cells were washed with PBS and incubated with 
fluorescent secondary antibodies (Alexa Fluor® 488, 
1:400, Abcam; Alexa  Fluor® 647, 1:400, Abcam) for 
1 h at room temperature. The nuclei were stained with 
4′,6-diamidino-2-phenylindole (DAPI) for 3 min. Fluo-
rescence signals were acquired by confocal microscopy 
(FV3000, Olympus).

Proximity ligation assay (PLA)
PLA was performed using the Duolink in  situ Red 
Starter Kit Mouse/Rabbit (Sigma-Aldrich, F1635) fol-
lowing the manufacturer’s instructions. HEK-293  T 
cells were cotransfected with 1  µg/ml pCMV-ACE2-
MYC and pCMVPuro05-Control, pCMVPuro05-
ApoE2-3 × Flag, pCMVPuro05-ApoE3-3 × Flag or 
pCMVPuro05-ApoE4-3 × Flag. After transfection for 
48 h, the cells were incubated with anti-Flag (Abbkine, 
A02010) and anti-ACE2 (Abcam, ab15348) primary 
antibodies overnight at 4  °C. The cells were then incu-
bated with anti-mouse MINUS and anti-rabbit PLUS 
proximity probes for 1 h at 37  °C. Ligation and ampli-
fication were performed using the Duolink in  situ 
detection reagent kit according to the manufacturer’s 
protocol. Finally, the cells were mounted on a slide 
with the Duolink in situ mounting medium with DAPI. 
Images were captured using an Olympus FV1000 con-
focal microscope, and the red spots represent the inter-
actions between ApoE and ACE2.

Coimmunoprecipitation (Co‑IP) assay
For the Co-IP analysis, HEK-293  T cells were cotrans-
fected with 1  µg/ml pCMV-ACE2-MYC and pCM-
VPuro05-Control, pCMVPuro05-ApoE2-3 × Flag, 
pCMVPuro05-ApoE3-3 × Flag or pCMVPuro05-
ApoE4-3 × Flag. After transfection for 48  h, the cells 
were washed with PBS and lysed with IP lysis buffer for 
30 min at 4 °C. The supernatants of the cell lysates were 
incubated with the corresponding antibody overnight at 
4  °C, incubated with protein A/G agarose beads (Santa 
Cruz, sc-2003) for 2  h at 4  °C, and washed three times 
with lysis buffer. The proteins were analysed by western 
blotting using anti-Flag (1:1,000, Abbkine, A02011) and 
anti-MYC (1:1,000, Beyotime, AM926) antibodies.

Biolayer interferometry (BLI) binding assay
BLI binding experiments were performed using Octet 
RED96 equipment (ForteBio). The recombinant RBD 
(SinoBiological, 40592-V05H) and recombinant human 
ACE2 proteins (SinoBiological, 10108-H02H) were cap-
tured with an anti-mIgG Fc Capture (AMC) probe in 
PBST solution and then incubated with recombinant 
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human ApoE2 (PeproTech, 350-12-500UG), ApoE3 (Pep-
roTech, 350-02-500UG) and ApoE4 (PeproTech, 350-
04-500UG) proteins. Then, the fully reacted solid-phase 
conjugates were dissociated in PBST buffer for analysis. 
The kinetic values were fitted to a 1:1 Langmuir bind-
ing model. The results were analysed with ForteBio Data 
Analysis 11.0 software to determine the association rate, 
dissociation rate and affinity constant.

Molecular docking and molecular dynamics simulation
The crystal structure of human ApoE3 (PDB ID: 2L7B) 
was obtained from the Protein Data Bank (PDB). The 
three ApoE isoforms differ from one another only at 
positions 112 and 158 (ApoE2: Cys112 and Cys158; 
ApoE3: Cys112 and Arg158; ApoE4: Arg112 and Arg158). 
Therefore, the Arg residue at 158 was mutated to Cys, 
and the Cys residue at 112 was mutated to Arg to obtain 
the initial structures of the ApoE2 and ApoE4 proteins 
in PyMOL 2.1. The structure of the ACE2 protein was 
obtained from PDB (PDB ID: 6M0J). The Rosetta tool was 
used to dock ACE2 to ApoE2, ApoE3 or ApoE4, and 1000 
conformations were collected. Finally, a reasonable dock-
ing structure was selected. Unreasonable atomic contacts 
were released by using energy-optimized methods. The 
Amber14sb force field was used for energy optimization. 
First, the 2000-step steepest descent method was used to 
optimize the structure, and then, the 2000-step conjugate 
gradient method was used to further optimize the struc-
ture. The final results were used for subsequent analysis. 
The GROMACS 2019.6 program was used for molecular 
dynamics simulation under constant temperature and 
pressure and periodic boundary conditions. During the 
molecular dynamics simulation, hydrogen bonds were 
constrained using the LINCS algorithm with an integra-
tion step size of 2 fs. Electrostatic interactions were cal-
culated using the Particle–mesh Ewald (PME) method. 
The nonbonded interaction cut-off was set to 10  Å and 
updated every 10 steps. The V-rescale temperature cou-
pling method was used to maintain the simulated tem-
perature at 298  K, and the Parrinello-Rahman method 
was used to maintain the pressure at 1 bar. The hydrogen 
bond adopted the geometric criterion, the angle between 
the hydrogen bond donor and the acceptor was greater 
than 130°, and the distance was less than 0.35 nm. Energy 
minimization was performed using the steepest descent 
method to eliminate excessively close contacts between 
atoms; then, a 100  ps NPT equilibrium simulation was 
performed; finally, a 100 ns molecular dynamics simula-
tion was performed for each of the three systems, and 
conformations were saved every 50  ps. The simulation 
results were visualized using the Gromacs embedded 
program and VMD.

Enzyme‑linked immunosorbent assay (ELISA)
After 48  h of transfection, the culture media were col-
lected and centrifuged for 10 min at 4  °C at 3,000  rpm. 
The protein levels of Ang II (Cusabio, CSB-E04500h, 
CSB-E04495m) and Ang 1–7 (Cusabio, CSB-E14242h, 
CSB-E13763m) were measured with ELISA kits accord-
ing to the manufacturer’s guidelines. The OD value at 
450 nm was measured with a microplate reader (Bioteck, 
USA). The minimum detectable levels of human Ang II 
and Ang 1–7 were 9.75  pg/ml and 1.95  pg/ml, respec-
tively. The minimum detectable levels of mice Ang II and 
Ang 1–7 were 0.45 pg/ml and 6.25 pg/ml, respectively.

Statistical analysis
The Review Manager 5.3 software was selected to analyze 
the pooled ORs and 95% CIs to evaluate the relationship 
of ApoE gene polymorphism and the risk and severity of 
COVID-19. The random-effects model and fixed-effects 
model was used to evaluate the incidence and severity, 
respectively. The statistical heterogeneity was evaluated 
by I2. The data are presented as the mean ± standard devi-
ation (SD). Statistical significance between two groups 
was determined by unpaired two-tailed Student’s t test. 
One-way ANOVA was used to analyse the differences in 
a single independent variable between two groups. Mul-
tiple group comparisons were performed using two-way 
ANOVA. All western blotting and immunofluorescence 
data were obtained from at least three replicates. All the 
data and graphs in this paper were analysed and gener-
ated using GraphPad Prism 9.0. A value of P < 0.05 was 
considered statistically significant (*P < 0.05, **P < 0.01, 
***P < 0.001).

Results
Selection of studies
A total of 249 records were identified through the Pub-
Med (60), Embase (186), Cochrane (3) and CNKI (0). 
After removing the seven duplications, 242 articles were 
assessed for further eligibility. A total of 233 studies were 
excluded: irrelevant studies (175), reviews, comments 
and others (43), experimental studies (10), duplicates (2), 
unavailable data (3). The details of the literature search 
are presented in Fig. 1. Nine studies were eventually iden-
tified as appropriate for inclusion. Among the selected 
studies, six were related to the incidence of COVID-19 
[13, 17–19, 28, 29], five were related to the disease sever-
ity [18, 19, 30–32], and two for both the incidence and 
severity [18, 19]. The characteristics of these studies 
are presented in Additional file  1: Table  S1. The qual-
ity assessment results are shown in Additional file  1: 
Table  S2, where all studies had scores greater than six, 
indicating that the quality of the studies included in this 
meta-analysis was comparatively high.
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ε4 allele of ApoE gene is associated with the increased risk 
and severity of COVID‑19
A total of 2325 COVID-19 cases and 644063 controls 
from six case–control studies concentrating on the asso-
ciation between ApoE gene polymorphism and the inci-
dence of COVID-19 were included. The pooled results 
showed that ApoE gene polymorphism (ε4 carrier geno-
types VS non-ε4 carrier genotypes) is associated with a 
high risk of COVID-19 (P = 0.0003, OR = 1.44, 95% CI 
1.18–1.76) (Fig.  2A). For the disease severity, a total of 
573 COVID-19 cases and 324752 controls from five stud-
ies were analyzed. The results showed that ApoE gene 
polymorphism (ε4 carries genotypes VS non-ε4 carries 
genotypes) is associated with increased risk of disease 
progression (P < 0.00001, OR = 1.85, 95% CI 1.50–2.28) 
(Fig. 2B). Those integrate data conclude that the ε4 allele 
of ApoE gene is not only associated with risk but also the 
severity of COVID-19.

ApoE colocalizes with ACE2 in vitro and in vivo
Multiple lines of evidence indicate that SARS-CoV-2 
enters human host cells via a high-affinity interaction 
with the ACE2 transmembrane receptor. SARS-CoV-2 
has the remarkable ability to attack many different types 
of human host cells simultaneously. The lungs are the 
primary target of viral infection and replication, while 
kidney cells, neuronal cells and endothelial cells are also 
potential targets of SARS-CoV-2 infection, and the inter-
action of the spike protein with these cells may cause 
their dysregulation. Therefore, we investigated whether 
ApoE and ACE2 were co-expressed in these tissues. The 
fluorescence results showed that ACE2 was primarily 
expressed on the cell membrane, and the colocalization 
between ApoE and ACE2 were observed in the lungs, 
kidneys, cortices and hearts of ApoE3-TR mice (Fig. 3A). 
Then the colocalization of ApoE and ACE2 were fur-
ther observed in the A549, HEK-293  T, SH-SY5Y, and 

Fig. 1 Flowchart summarising the search strategy and selection procedure following PRISMA guidelines
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HUVECs cell lines which corresponding to various tis-
sues (Fig. 3B). The ApoE and ACE2 proteins were widely 
expressed in A549, HEK-293 T, SH-SY5Y, and HUVECs 
cell lines, and ACE2 was expressed at the highest levels in 
HEK-293 T cells (Additional file 1: Fig. S1).

Molecular docking and simulation analysis 
of the interaction between ApoE and ACE2
The molecular interaction between the ApoE and ACE2 
proteins were evaluated by Rosetta software. The sites 
at which the ApoE proteins bound to the ACE2 protein 
were N53-K68, L45-K68 and N330-R357, and Y41-N64 
and E329-D355 for ApoE2, ApoE3 and ApoE4, respec-
tively. The binding positions of the ApoE isoforms with 
ACE2 protein overlapped with the region at which the 
spike protein interacts with ACE2 (Fig. 4A–C and Addi-
tional file 1: Fig. S2A). Therefore, the binding of ApoE to 
ACE2 may interfere with the binding of ACE2 to the spike 
protein, thereby affecting virus invasion. The root-mean-
square deviation (RMSD) is an important basis for evalu-
ating the stability of the system. As shown in Additional 

file 1: Fig. S2B, the average RMSD of the ApoE proteins 
were 0.442  nm, 0.443  nm, and 0.475  nm for ApoE2, 
ApoE3 and ApoE4, respectively. The average RMSD of 
ACE2 in the three systems was 0.187 nm, 0.181 nm and 
0.155  nm, respectively, with a relatively small fluctua-
tion during the simulation process (Additional file 1: Fig. 
S2C). Similar to RMSD, radius of gyration (Rg) indicates 
complex stability during the MD simulation. The average 
Rg values of the three systems during the simulation were 
3.225  nm, 3.200  nm and 3.222  nm, respectively (Addi-
tional file 1: Fig. S2D). Overall, the RMSD and Rg values 
of the three systems were not significantly different. We 
further assessed the changes in the solvent accessible sur-
face area (SASA) of the three systems in the MD simula-
tion process. It can be seen in the Additional file 1: Fig. 
S2E, there is no obvious difference in the SASA values 
among the three systems.

Hydrogen bonding and hydrophobic interactions are 
the key forces that maintain the stability of interactions 
between biological macromolecules. The average num-
bers of hydrogen bonds between ACE2 and ApoE in the 

Fig. 2 ApoE4 is associated with the increased risk and severity of COVID-19. Forest plot of the association of ApoE gene polymorphism (ε4 carrier 
genotypes versus non-ε4 carrier genotypes) with the risk (A) and severity (B) of COVID-19
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three systems were 4.47, 11.72 and 10.99, respectively 
(Additional file 1: Fig. S2F), indicating that the hydrogen 
bonding between ApoE3 or ApoE4 and ACE2 is stronger 
than that between ApoE2 and ACE2. The mean values of 
the hydrophobic interaction between ApoE and ACE2 
were 1.96, 8.45 and 3.67, respectively (Additional file  1: 
Fig. S2G), suggesting that the hydrophobic interaction 

between ApoE3 and ACE2 is significantly stronger than 
those between ApoE2 or ApoE4 and ACE2. We further 
analysed the protein binding mode between the ACE2 
and ApoE proteins. ApoE2 interacts with ACE2 with 
fewer amino acid residues and mainly relies on hydro-
gen bonding interactions (Fig. 4D). Specifically, N53, E56, 
Q60, N64, and K68 in ACE2 form hydrogen bonds with 

Fig. 3 ApoE colocalizes with ACE2 in vitro and in vivo. A Representative coexpression of ApoE (red) and ACE2 (green) in lung, kidney, brain cortex 
and heart sections of ApoE3-TR mice as shown by immunofluorescence staining. The nucleus (blue) was stained with DAPI. Scale bars = 20 μm. B 
Representative coexpression of ApoE (red) and ACE2 (green) in A549, HEK-293, SH-SY5Y and HUVECs as shown by immunofluorescence staining. 
The nucleus (blue) was stained with DAPI. Scale bars = 20 μm
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E179, R180, E244, Q248, and R251 in ApoE2, respec-
tively. There is also a strong electrostatic interaction 
between E56--R180 and K68-E244. Compared with the 
ApoE2-ACE2 system, the ApoE3-ACE2 system exhib-
ited more hydrogen bonds between amino acid residues 
(Fig.  4E). E329, N330, N338, K353, G354, R357, N53, 
N58 and K68 in ACE2 form hydrogen bonds with E171, 
E179, L181, R191, R189 and E244 in ApoE3, respec-
tively. In addition, there are some amino acid residues 
with strong hydrophobicity (L174, L181, L184, L45, T55, 
V339, etc.), which can form hydrophobic interactions 
and further enhance the affinity of the complex. Addi-
tionally, ApoE4 interacts with ACE2 at significantly more 

amino acid residues and with more hydrogen bonds than 
ApoE2 (Fig.  4F). Specifically, E35, E57, N58, N61, E329, 
N330, N338, Q340, and K353 in ACE2 form hydrogen 
bonds with E179, R178, R180, R189, R191, R240, and 
R251 in ApoE4, respectively. In addition, at the binding 
interface of the two proteins, there are some amino acid 
residues with strong hydrophobicity (P183, L184, M332, 
P336, V339, etc.), which can form hydrophobic interac-
tions and further improve the affinity of the two proteins. 
Therefore, it can be hypothesized that hydrogen bonding 
and hydrophobic interactions are the main driving forces 
of these molecular interactions. We further analysed 
the change in the interaction energy between ACE2 and 

Fig. 4 Molecular docking and simulation analyses of the interaction between ApoE and ACE2. A‑C Predicted binding mode of ACE2 with ApoE2, 
ApoE3 or ApoE4 (the orange region of the ACE2 protein represents the region that binds to the S1 unit of the spike protein, and amino acids 112 
and 158 of the ApoE protein are represented by spheres). D‑F The three-dimensional mode and structural representation of the interface residues 
of the ApoE and ACE2 complexes (dotted green lines indicate hydrogen bonds, and blue and purple lines represent amino acid residues in ACE2 
and ApoE proteins, respectively)
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ApoE. The binding energies of the three systems were 
basically stable after 80  ns, and the average values were 
−  408  kJ/mol, −  799  kJ/mol and −  656  kJ/mol, respec-
tively (Additional file 1: Fig. S2H). The ApoE2-ACE2 sys-
tem had a lower binding energy than the other systems, 
which could be the result of few hydrogen bonds and 
hydrophobic contacts.

ApoE interacts with ACE2 and the spike protein 
in an isoform‑independent manner
Then, we assessed whether ApoE could interact with 
ACE2 in HEK-293  T cells by PLA, which is a suit-
able method to describe protein-protein interactions 
at endogenous level with better quantitative precision. 
As shown in Fig.  5A, there were no significant differ-
ent Duolink puncta (red) among ApoE isoforms, indi-
cating a comparable binding between ApoE isoforms 
and ACE2. The interaction was further evaluated by the 
Co-IP method in HEK-293  T cells; in this experiment, 
Myc-tagged ACE2 was coexpressed with Flag-tagged 
ApoE (ApoE2, ApoE3 or ApoE4), and an anti-Myc anti-
body was used for immunoprecipitation, followed by 
western blotting analysis. The results showed that ApoE 
interacted with ACE2, while there was no significant dif-
ference between the ApoE isoforms (Fig. 5B). In an addi-
tional approach, streptavidin (SA) biosensors were used 
to precisely immobilize biotinylated ACE2, and then, its 
direct binding to purified recombinant ApoE was investi-
gated (Fig. 5C). The BLI results showed that ApoE could 
directly bind to the ACE2 with a dose dependent man-
ner, while there were no significant differently difference 
among ApoE isoforms (Fig.  5D and Additional file  1: 
Table  S3). The spike protein of SARS-CoV-2 is respon-
sible for binding to cellular receptors and subsequent 
viral entry into host cells. The spike protein encoded by 
the viral genome has two subunits, of which S1 contains 
the RBD that enables the virus to bind to its host target 
ACE2. Therefore, we further assessed the interaction 
between ApoE and the RBD of the spike protein, and the 
results showed that ApoE could bind to the spike protein 

with affinities of 1.71*10–03  mM for ApoE2, 5.89*10–

04 mM for ApoE3, and 4.88*10–04 mM for ApoE4 (Fig. 5E 
and Additional file 1: Table S4). Additionally, we observed 
dose- but not isoform-dependent binding. These results 
suggest that ApoE4 increases the risk of SARS-CoV-2 
infection and that disease severity may not rely on the 
differential binding of ApoE isoforms to the spike protein 
and virus receptor ACE2.

ApoE4 suppresses ACE2 expression in vitro
SARS-CoV-2 not only use ACE2 allowing virus entry but 
also downregulates ACE2 expression on cells, which may 
cause the imbalance between the RAS and ACE2/Mas 
axis and subsequently contribute to severe disease con-
dition [33, 34]. Consistently, studies reported a negative 
association between ACE2 amount and COVID-19 sever-
ity and fatality at both population and molecular levels 
[35]. Thus, after analysing the interaction between ApoE 
and ACE2, we further evaluated the effect of ApoE gene 
polymorphisms on ACE2 expression at the cellular level, 
and the results showed that overexpression of ApoE4 led 
to a significant downregulation of ACE2 protein expres-
sion in SH-SY5Y, HEK-293  T, A549 and HUVEC cells 
(Fig. 6A–D). Consistent results were obtained by immu-
nofluorescence in these cells (Fig.  6E). Considering the 
critical role of ACE2 in the RAS system, reduced expres-
sion of ACE2 may lead to dysregulation of RAS signal-
ling, thereby contributing to disease progression.

ApoE4 suppresses ACE2 expression in vivo
To validated this negative expression relationship 
between the ApoE4 and ACE2 in vivo, here, we selected 
the ApoE-TR mouse model, in which expression of the 
human ApoE gene is regulated by the mouse ApoE pro-
moter in mice on the C57BL/6  J background (Fig.  7A). 
The mouse ApoE gene was replaced by the human ApoE2, 
ApoE3 or ApoE4 gene so that only the human ApoE gene 
is expressed. Thus, ApoE-TR mice are a good model for 
investigating the biological function of the human ApoE 
protein. First, we compared the protein expression of 

(See figure on next page.)
Fig. 5 ApoE interacts with ACE2 and the spike protein in an isoform-independent manner. A Representative images of individual 
immunofluorescence staining of ApoE and ACE2 interaction tested by Duolink PLA in HEK-293 T cells after 48 h of cotransfected by Myc-tagged 
ACE2 and 3 × Flag-tagged ApoE. The red particles (ApoE/ACE2 interaction) represent their interaction. DAPI as a nuclear marker. Scale bar: 5 μm. 
B Plasmids carrying Myc-tagged ACE2 and 3 × Flag-tagged ApoE (ApoE2, ApoE3 or ApoE4) were transiently cotransfected into HEK-293 T cells. 
After 48 h of transfection, the cell lysates were immunoprecipitated with anti-Myc antibody and subsequently immunoblotted with anti-Myc 
and anti-Flag antibodies. The data are presented as the mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001. C Schematic of the working principles of the 
BLI assay, which include loading, binding and dissociation. The binding affinities of ApoE and ACE2 were determined through BLI experiments. 
D The sensor surfaces were immersed in a solution of human ACE2 protein (20 µg/ml), and functionalized sensorgrams were captured upon 
incubation with human ApoE2, ApoE3, and ApoE4 at 735.3 (blue), 1471 (red), 2941 (light blue), and 5882 nM (green) (binding phase); then, the 
sensors were immersed in washing buffer (dissociation phase). E The binding affinities of ApoE and the SARS-CoV-2 RBD were determined through 
BLI experiments. The sensors were immersed in a solution of SARS-CoV-2 RBD (20 µg/ml), and functionalized sensorgrams were captured upon 
incubation with ApoE2, ApoE3, and ApoE4 at 367.6 (green), 735.3 (yellow), 1471 (light blue), 2941 (brown), and 5882 nM (blue); then, the sensors 
were immersed in washing buffer (dissociation phase)
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ACE2 in different tissues and found that ACE2 was abun-
dantly expressed in bowel and kidney tissues (Fig.  7B). 
Furthermore, the inhibition of ACE2 by ApoE4 was 

analysed in a variety of tissues, such as the cortex, hip-
pocampus, liver, bowel, kidney, and heart (Fig.  7C–H). 
However, inhibitory effects were not observed in the lung 

Fig. 5 (See legend on previous page.)
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tissues of ApoE-TR mice (Fig. 7I). In addition, the regula-
tory relationship was further verified by immunofluores-
cence staining (Additional file 1: Fig. S3).

ApoE4 decreases the conversion of Ang II to Ang 1–7
Considering that ACE2 catalyzes the conversion of Ang 
II to Ang 1–7 to counter-regulate the harmful effects of 
the RAS system, we further measured the Ang II and Ang 
1–7 protein levels by ELISA. ApoE4-TR mice showed 
increased Ang II and decreased Ang 1–7 in the cortex, 
kidney, and bowel compared to other ApoE subtypes 
(Fig.  8A–C). In the liver, heart, and lung of the ApoE4-
TR mice, the level of Ang II tends to be higher, and 
Ang 1–7 is slightly lower but with no statistical signifi-
cance (Fig. 8D–F). ApoE4-TR mice also showed reduced 
expression of Mas receptor (MasR), an essential recep-
tor of Ang 1–7, in these tissues (Fig.  8G–J). In addi-
tion, we confirmed the regulation of ApoE4 on the RAS 
system in  vitro. Compared with the ApoE2 and ApoE3 

overexpression groups, overexpression of ApoE4 pro-
moted the expression of Ang II and inhibited the expres-
sion of Ang 1–7 in HEK-293 T cells (Additional file 1: Fig. 
S4A and B). These results suggest that the ApoE poly-
morphism is associated with the effect of ApoE4-induced 
disorders in RAS signalling.

Discussion
In the present study, a meta-analysis was conducted 
and the integrated results clarified that ε4 allele of ApoE 
gene is associated with the increased risk and sever-
ity of COVID-19. Then we investigated the potential 
molecular link between ApoE and the spike protein and 
between ApoE and the SARS-CoV-2 primary recep-
tor ACE2, and the results showed that ApoE interacts 
with both the spike protein and ACE2 but did not show 
isoform-dependent binding effects. Importantly, fur-
ther results showed that ApoE4 significantly down-
regulates ACE2 protein expression in vitro and in vivo 

Fig. 6 ApoE4 downregulates ACE2 protein expression in vitro. A‑D ACE2 protein levels in SH-SY5Y, HEK-293 T, A549 and HUVEC cells were 
examined by western blotting after transfection with 1 µg/ml plasmids expressing Flag, ApoE2-Flag, ApoE3-Flag or ApoE4-Flag for 48 h. The 
results were normalized to the expression of a-tubulin. The data are expressed as the mean ± SD. E Cells were stained with ACE2 (green) antibody 
and counterstained with DAPI (blue) after transfection with 1 µg/ml Flag, ApoE2-Flag, ApoE3-Flag or ApoE4-Flag plasmids for 48 h. The data are 
expressed as the mean ± SD. Statistical differences were evaluated by one-way ANOVA. Scale bars, 20 μm. *P < 0.05, **P < 0.01
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and consequently decreases the conversion of Ang II to 
Ang 1–7, which may provide a potential mechanism by 
which ApoE4 is associated with increased severity of 
COVID-19 (Fig. 9).

SARS-CoV-2 entry into host cells is a crucial step in 
virus tropism, transmission, and pathogenesis. SARS-
CoV-2 infection is initiated when the RBD of the spike 
protein binds to ACE2 receptors on cell membranes [36]. 
Thus, neutralizing antibodies, ACE2-derived peptides, 

and small molecules that could bind to the spike protein 
or ACE2 have been investigated as promising therapeutic 
approaches for the treatment of COVID-19 [37, 38], as 
these molecules disrupt the interaction between the spike 
protein and ACE2, which is the first step in viral infec-
tion. Emerging data have highlighted that genetic factors 
play an essential role in determining host responses to 
SARS-CoV-2. Recently, emerging clinical epidemiology 
studies reported that ApoE4 is associated with the risk 

Fig. 7 ApoE4 downregulates ACE2 protein expression in vivo. A ApoE-TR mice were selected to evaluate the regulatory effect of ApoE4 on ACE2 
protein expression. B ACE2 protein levels in the heart, liver, lung, kidney, brain, and bowel (equivalent amounts of total proteins) of ApoE3-TR mice 
were measured by western blotting, n = 4 mice per group. C‑I ACE2 protein levels in the heart, liver, cortex, hippocampus, bowel, kidney, and 
lung of ApoE2-TR, ApoE3-TR and ApoE4-TR mice were measured by western blotting. The results were normalized to the expression of a-tubulin. 
n = 6 mice per group. The data are expressed as the mean ± SD. Statistical differences were evaluated by one-way ANOVA. *P < 0.05, **P < 0.01, 
***P < 0.001
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Fig. 8 ApoE4 regulates Ang II and Ang 1–7 protein expression in vivo. A‑F Ang II and Ang 1–7 proteins level in the cortex, kidney, bowel, liver, heart 
and lung (equivalent amounts of total proteins) of ApoE2-TR, ApoE3-TR, and ApoE4-TR mice were assessed by ELISA, n = 6 mice per group. G‑J MasR 
protein level in the cortex, kidney, bowel and lung of ApoE2-TR, ApoE3-TR, and ApoE4-TR mice were measured by western blotting, n = 4 mice per 
group. The data are expressed as the mean ± SD. One-way ANOVA tests were used. *p < 0.05; **p < 0.01
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and severity of COVID-19, but the results are not always 
consistent. By combining these data, we confirmed these 
correlations. To investigate why ApoE4 increases the risk 
of SARS-CoV-2 infection and is associated with poor dis-
ease outcomes, it is important to investigate the poten-
tial interactions between ApoE and the spike protein and 
virus receptor. Although SARS-CoV-2 mainly attacks the 
respiratory system, organs such as the brain, kidneys, 
cardiovascular system, testes, liver, and intestine are all 
susceptible to SARS-CoV-2 infection, as ACE2 is broadly 
expressed in these organs [2, 39]. Thus, we assessed the 
colocalization of ApoE and ACE2 in these cells and tis-
sues. In addition, molecular docking results revealed 
favourable binding affinity between ApoE and ACE2, and 
the positions at which ApoE binds to ACE2 overlapped 
with the region at which the spike protein interacts with 
ACE2. Therefore, it can be hypothesized that the binding 
of ApoE to ACE2 may influence the binding of ACE2 to 
the spike protein, thereby affecting virus invasion. The 

direct interaction was further verified by Co-IP and BLI 
assays, and the binding affinities did not show an ApoE 
isoform-dependent manner. Our results are consistent 
with previous studies, in which the authors predicted that 
ApoE may interact with ACE2 [40], and ApoE was coex-
pressed with ACE2 in type II alveolar cells [41], which 
exerts the most severe effect on virus pathology. Notable, 
recently Xu’s group also detected the association between 
ApoE and ACE2, and this interaction exhibits an inhibi-
tory effect of SARS-CoV-2 pseudo-viral infection [15]. 
Moreover, they found that although ApoE3 and ApoE4 
have a comparable binding affinity to ACE2, ApoE4 
shows a lesser extent of pseudo-viruses cellular entry by 
spike docking onto the cell surface.

Previous studies have reported that ApoE can interact 
with virus proteins, such as proteins from HCV, HBV, 
and HIV. Can ApoE interact with SARS-CoV-2? In the 
present study, the interaction between ApoE and the 
RBD of the spike protein was explored by BLI assay. The 

Fig. 9 ApoE4 downregulates ACE2 protein expression and consequently decreases the conversion of Ang II to Ang 1–7, which may contribute to 
adverse COVID-19 outcomes
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data showed that ApoE directly bound to the spike pro-
tein in a dose-dependent manner, while there were also 
no obvious differences among the ApoE isoforms, sug-
gesting that ApoE4 increases the risk of SARS-CoV-2 
infection in a manner that may not rely on differential 
binding between ApoE isoforms and the spike protein. 
The results were consistent with and an extension of a 
recent study in which molecular docking and molecular 
dynamics simulation data suggested that there may be 
an interaction between ApoE and the spike protein and 
that such an interaction may cause structural changes in 
ApoE, which may activate the ApoE metabolic pathway 
and facilitate SARS-CoV-2 entry [42].

ACE2 is a type I transmembrane glycoprotein that is 
widely expressed throughout the human body [43]. ACE2 
is much more than just the primary receptor for SARS-
CoV-2, and it was originally discovered as a protective 
factor involved in the RAS pathway. The predominant 
function of ACE2 is to metabolize Ang II to Ang 1–7, 
reduce inflammation and oxidative damage, and counter-
act the harmful effects of the ACE-Ang II-AT1 pathway; 
therefore, ACE2 performs multiple salutary biological 
functions in several diseases, such as heart failure, myo-
cardial infarction, hypertension, kidney diseases, acute 
lung injury, diabetes and AD [44–47]. Thus, we further 
examined the effect of different ApoE genotypes on 
ACE2 protein expression. Immunoblotting and immu-
nofluorescence staining results showed that ApoE4 sig-
nificantly downregulated ACE2 protein expression at the 
cellular level and in the organs of ApoE-TR mice. Con-
sistent results from an autopsy study reported that ACE2 
activity was decreased by almost 50% in the brain tissues 
of AD patients compared with age-matched controls, 
and the reduction was associated with the presence of 
an ε4 allele [48]. Specifically, ACE2 activity was inversely 
associated with the levels of Aβ and phosphorylated tau 
pathology. As an indirect measurement of reduced ACE2 
activity, the amount of Ang II was elevated in the cells 
that overexpressed ApoE4. ACE2 reduces adverse effects 
by degrading Ang II peptides, thereby eliminating or 
diminishing their deleterious potential, and by generating 
Ang 1–7, which performs a variety of beneficial functions 
that oppose the functions of Ang II through efficient 
interaction with the G protein coupled receptor Mas and 
Ang II type 2 (AT2) receptors [49]. Thus, we provide a 
possible mechanism by which ApoE4 increases the sever-
ity of COVID-19 infection. ApoE4 reduces ACE2 expres-
sion and then imbalances the RAS system to more Ang 
II and less Ang 1–7 to increase inflammation, which has 
been reported to be a proposed mechanism for the ApoE 
genotype impacts COVID-19 outcomes [15].

It seems paradoxical that the ApoE4-mediated decrease 
in ACE2 levels would decrease SARS-CoV-2 infectivity, 

thereby exerting a protective effect. In theory, ACE2 
downregulation might reduce the risk of SARS-CoV-2 
infection due to decreased availability of the virus recep-
tor. However, studies have suggested that ACE2 defi-
ciency can exacerbate tissue lesions because of the major 
imbalance in the RAS [50]. It is important to note that 
SARS-CoV-2 uses ACE2 to enter cells and downregu-
lates ACE2 expression, which in turn results in the loss of 
the beneficial effects of the ACE2/Mas axis in the lungs, 
cardiovascular system, kidney, and other tissues, lead-
ing to adverse COVID-19 outcomes [33, 34]. Therefore, 
reduced ACE2 protein expression is associated with a 
poor prognosis in patients with SARS-CoV-2 [35, 51]. 
Clinical observational studies have shown that in most 
cases, respiratory distress occurs many days after infec-
tion, indicating that this may not be a direct effect of 
the initial viral infection but rather an effect of the host 
response to the loss of ACE2 function and dysregula-
tion of the Ang II/ACE2 pathways [52]. In addition, it 
is interesting to note that several conditions associated 
with viral infection and disease severity share a variable 
degree of ACE2 deficiency. Given the above premises, it 
is tempting to hypothesize that ApoE4 inhibits the pro-
tein expression of ACE2, resulting in ACE2 downregula-
tion, which reverses its protective effect and may lead to 
unfavourable outcomes in patients with COVID-19.

Several limitations in our study should be mentioned. 
First, several literatures in the meta-analysis did not dis-
tinguish the data by ApoE alleles and genotypes, so we 
only compared the differences between ε4 carries geno-
types and non-ε4 carries genotypes. In addition, although 
there were no obvious differences in the binding abilities 
of the ApoE subtypes to the spike and ACE2 proteins, 
the total amount of bound ApoE protein may be differ-
ent in vivo, since ApoE protein levels have been reported 
to be reduced by the inheritance of the ε4 allele [53, 54], 
and this difference may contribute to the predisposi-
tion to the risk and prognosis of SARS-CoV-2 infection. 
Besides, whether the binding of the ApoE subtypes to 
the spike and ACE2 proteins interferes with the inter-
action between the spike and ACE2 proteins should be 
determined. Since ApoE can interact with both ACE2 
and the spike protein, we could not determine the effect 
of ApoE on the ability of ACE2 and the spike protein to 
bind based on BLI or competitive ELISA analyses. There-
fore, it cannot be completely ruled out that ApoE poly-
morphisms affect the risk of viral infection by interfering 
with the interaction of the spike protein with the ACE2 
receptor. Whether different ApoE subtype affect the level 
of ACE2 by affecting the binding with ACE2, this causal 
relationship is still possible and needs further explora-
tion. Moreover, in the present study, we were unable to 
establish a causal relationship between ApoE4-induced 
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ACE2 downregulation and COVID-19 severity. ApoE4 
may exert multifaceted effects in patients with COVID-
19, such as increased blood–brain barrier permeabil-
ity [55], promotion of inflammatory responses [56], and 
decreased expression of several antiviral defence genes 
[57]. These factors have also been reported to be asso-
ciated with poor clinical outcomes in patients with 
COVID-19. Therefore, future studies are warranted to 
determine whether ApoE4 increases the risk of COVID-
19 progression independent of these factors.

Conclusions
Collectively, our meta-analysis reported that ApoE4 is 
likely contributed to the risk and severity of COVID-
19. Further, we provided a potential mechanism by 
which ApoE4 increases the severity of COVID-19 infec-
tion. Our results showed that ApoE interacts with both 
the spike protein and ACE2 but did not show isoform-
dependent binding affinity, indicating that ApoE4 
increase SARS-CoV-2 infection in a manner that may 
not rely on differential binding between ApoE isoforms 
and the spike protein and ACE2 receptor. Importantly, 
in addition to being a SARS-CoV-2 receptor, ACE2 was 
originally reported as an important negative regulator 
of RAS. We further found that ApoE4 inhibits ACE2 
expression in  vitro and in  vivo, and subsequently dys-
regulates RAS, which provides a potential mechanism 
why the ApoE4 carriers have a poor prognosis in patients 
with SARS-CoV-2. However, future studies are needed to 
detect how ApoE gene polymorphism affects ACE2 pro-
tein expression and other mechanisms by which ApoE 
gene polymorphism affects SARS-CoV-2 infection and 
disease severity.
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