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A B S T R A C T   

Background: Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infection-induced inflammatory 
responses are largely responsible for the death of novel coronavirus disease 2019 (COVID-19) patients. However, 
the mechanism by which SARS-CoV-2 triggers inflammatory responses remains unclear. Here, we aimed to 
explore the regulatory role of SARS-CoV-2 spike protein in infected cells and attempted to elucidate the mo-
lecular mechanism of SARS-CoV-2-induced inflammation. 
Methods: SARS-CoV-2 spike pseudovirions (SCV-2-S) were generated using the spike-expressing virus packaging 
system. Western blot, mCherry-GFP-LC3 labeling, immunofluorescence, and RNA-seq were performed to 
examine the regulatory mechanism of SCV-2-S in autophagic response. The effects of SCV-2-S on apoptosis were 
evaluated by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL), Western blot, and flow 
cytometry analysis. Enzyme-linked immunosorbent assay (ELISA) was carried out to examine the mechanism of 
SCV-2-S in inflammatory responses. 
Results: Angiotensin-converting enzyme 2 (ACE2)-mediated SCV-2-S infection induced autophagy and apoptosis 
in human bronchial epithelial and microvascular endothelial cells. Mechanistically, SCV-2-S inhibited the PI3K/ 
AKT/mTOR pathway by upregulating intracellular reactive oxygen species (ROS) levels, thus promoting the 
autophagic response. Ultimately, SCV-2-S-induced autophagy triggered inflammatory responses and apoptosis in 
infected cells. These findings not only improve our understanding of the mechanism underlying SARS-CoV-2 
infection-induced pathogenic inflammation but also have important implications for developing anti- 
inflammatory therapies, such as ROS and autophagy inhibitors, for COVID-19 patients.   

1. Introduction 

Since its outbreak in January 2020, the novel coronavirus disease 
2019 (COVID-19), caused by the highly contagious severe acute respi-
ratory syndrome coronavirus-2 (SARS-CoV-2), has spread worldwide 
and become a serious public health problem [1,2]. SARS-CoV-2 mainly 

infects the respiratory tract and lungs and leads to a new type of coro-
navirus pneumonia [3,4]. As of August 2021, over 198 million 
confirmed cases and 4 million deaths had been reported worldwide. The 
rapid spread and high mortality rate have generated huge concerns to 
find effective methods to reduce SARS-CoV-2 transmission and develop 
specific treatment options for its infection. Currently, although many 
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vaccines are being used to prevent the spread of SARS-CoV-2, the 
therapeutic methods for treating SARS-CoV-2 infections are mainly 
conventional antiviral drugs. Thus, no specific therapeutic agent is 
available for the resulting complications, such as dysregulated immune 
and inflammatory responses. Therefore, exploring the pathogenic 
mechanism of SARS-CoV-2 infection is important for developing effec-
tive drugs for treating COVID-19. 

Autophagy, triggered by endoplasmic reticulum stress and the 
unfolded protein response, is a cellular degradation process in which 
cytoplasmic materials such as proteins, lipids, and organelles are 
degraded by lysosomes [5,6]. Autophagy has been recognized as a cell 
defense and survival mechanism since cellular components are engulfed 
by double membrane autophagosomes and transported to lysosomes for 
degradation to generate nutrients for deprived cells [7,8]. Alternatively, 
autophagy can induce irreversible autophagic cell death and autophagy- 
dependent apoptosis [9]. Excessive autophagy may lead to cell death, 
and it has been regularly observed in dying cells, suggesting that auto-
phagy may be a mode of cell death or simply a failed attempt to rescue 
stressed cells from death [8,10]. Therefore, moderate levels of auto-
phagy can protect against cell death but excessive autophagy may result 
in autophagic cell death [11–13]. However, considering the complexity 
of autophagy in different physiological and pathological conditions, 
further quantitative studies are needed to determine the selected 
boundary threshold of autophagy and its role in cell survival and death. 

Viral infections frequently cause severe inflammatory responses that 
may play protective or destructive roles in innate immune responses 
against viruses and tissue damage [14–16]. Similarly, SARS-CoV-2, 
SARS-CoV, and Middle East respiratory syndrome coronavirus (MERS- 
CoV) infections are all associated with dysregulated immune, inflam-
matory responses, and multi-organ failure [17,18]. Clinically, SARS- 
CoV-2 primarily infects the respiratory tract and causes severe lung 
injury and inflammatory responses, ultimately leading to severe sys-
temic inflammatory responses [19,20]. Substantial evidence has 
revealed that dysregulated host immune responses and inflammation- 
induced cytokine storms, including the production of interleukin (IL)- 
6, tumor necrosis factor-alpha (TNF-α), granulocyte colony-stimulating 
factor, IL-1β, and IL-7, are associated with worsening clinical out-
comes in COVID-19 patients [21,22]. However, the molecular mecha-
nisms underlying the uncontrolled release of inflammatory cytokines in 
SARS-CoV-2 infection have not been fully elucidated. Notably, auto-
phagy performs an important role in the regulation of inflammatory 
signaling [23]. Some studies have reported that autophagy plays a 
negative regulatory role in inflammatory responses, whereas a few 
others have suggested that autophagy can promote the release of in-
flammatory factors [24–28]. Thus, autophagy may play a balancing role 
in supporting inflammatory responses while simultaneously preventing 
excessive inflammatory responses [29]. As most RNA viral infections, 
including respiratory syncytial virus, hepatitis C virus, and human im-
munodeficiency virus type-1 (HIV), can induce autophagy [30–32], it is 
therefore valuable to further explore whether SARS-CoV-2 infection can 
also cause autophagy, and the regulatory role of autophagy in SARS- 
CoV-2 infection-induced inflammation. 

In this study, we demonstrated that SARS-CoV-2 spike induced 
autophagy through up-regulating the intracellular reactive oxygen 
species (ROS) and subsequently inhibiting PI3K/AKT/mTOR axis, 
leading to the inflammatory response and apoptosis in infected cells. 
These findings reveal that the autophagy induced by SARS-CoV-2 spike 
destroys cell homeostasis and results in autophagic death. Since the 
proliferative process is highly similar across different RNA virus, this 
study might advance our understanding of the pathogenic mechanisms 
of SARS-CoV-2 infections as well as provide insight into multiple viral 
infections and therapeutic strategies. 

2. Materials and methods 

2.1. Cell culture and transfection 

HEK293T, Vero E6, and 16HBE cells were obtained from ATCC, and 
were cultured in DMEM supplemented with 10% fetal bovine serum 
(FBS, Gibco, USA). HMEC-1 cell line was obtained from ATCC, and it 
was cultured in endothelial cell medium supplemented with 10% FBS 
and 1% endothelial cell growth factor (ScienCell, USA). The identities of 
all cell lines were confirmed using short tandem repeat (STR) profiling 
analysis. LipoFilter (Hanbio, China) was used for transfection according 
to manufacturer's protocol. HEK293T-hACE2 cells were generated by 
transfecting HEK293T cells with hACE2-expressing lentiviruses ob-
tained from HEK293T cells co-transfected with pCDH-CMV-hACE2-EF1- 
Puro, psPAX2, and pMD2.G. 

2.2. Western blotting and co-immunoprecipitation (Co-IP) 

Total cell proteins were extracted and boiled in RIPA buffer (Abcam, 
USA), and 10 μg protein samples were separated using sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis. The separated proteins were 
electrophoretically blotted onto polyvinylidene fluoride membranes 
(Millipore, Germany) and probed with anti-ACE2, anti-LC3, anti-p62, 
anti-Bcl-2, anti-Bax, anti-phospho-mTOR, anti-mTOR, anti-phospho- 
STAT3, anti-STAT3, anti-phospho-ERK1/2, anti-ERK1/2, anti-phospho- 
AKT, anti-AKT, anti-Flag, and anti-GAPDH antibodies (Abcam). After 
incubating with an HRP-labeled goat anti-rabbit IgG or an HRP-labeled 
goat anti-mouse IgG, the protein expression levels were visualized using 
the ECL chemiluminescence reagent (Millipore). Detailed information 
on the antibodies is summarized in Table S1. All Western blot bands 
were evaluated using Gel-Pro Analyzer 4.0 and quantified by normali-
zation to GAPDH. For Co-IP, whole-cell lysates of Vero E6, 16HBE, and 
HMEC-1 cells transfected with pCDH-CMV-SARS-CoV-2-S-Flag were 
successively incubated with ACE2 monoclonal antibodies for 6 h, fol-
lowed by capturing with protein A/G agarose beads for 16 h. Bound 
proteins were then washed with lysis buffer, resuspended in protein 
sample buffer, and analysed using Western blotting. 

2.3. Reverse transcription polymerase chain reaction (RT-PCR) 

Total RNA was extracted from HEK293T, HEK293T-hACE2, Vero E6, 
16HBE, and HMEC-1 cells using an E.Z.N.A. HP Total RNA Kit (Omega, 
USA) according to the manufacturer's instructions. RNA was reverse 
transcribed into cDNA using the M-MLV Reverse Transcriptase (Omega). 
PCR was performed with KOD-Plus-Neo enzyme (TOYOBO, Japan) 
following manufacturer's instructions. Briefly, a total of 10 ng cDNA was 
used as template for each PCR amplification. All PCR reactions were 
carried out at an annealing temperature of 58 ◦C and cycle number of 35. 
The ACE2 primers were 5′-ATGTCAAGCTCTTCCTGGCTCC-3′ and 5′- 
AAAGGAGGTCTGAACATCATCAGTG-3′. The GAPDH primers were 5’- 
CGTCTTCACCACCATGGAGA-3′ and 5′-CGGCCATCACGCCACAGTTT- 
3′. The primer sequences of IL-6, IL-8, and TNF-α used in the study have 
been published previously [33]. 

2.4. SARS-CoV-2 spike pseudovirions production and infection 

SARS-CoV-2 spike pseudovirions were generated and used to infect 
cells as described previously [34]. Briefly, HEK293T cells were cultured 
in 10-cm plates and incubated with DMEM supplemented with 10% FBS. 
The following day, cells were co-transfected with package plasmids 
pLP1 and pLP2, envelop plasmid pCAG-SARS-CoV-2-S-Flag or pCAG- 
MCS-Flag, and transfer plasmid pCDH-CMV-Luciferase-CopGFP or 
pCDH-CMV-Luciferase using LipoFilter according to the manufacturer's 
instructions. The supernatants were collected at 48 h post transfection 
and centrifuged at 1000g for 10 min to obtain pellet cell debris, filtered 
through a 0.45 μm filter, aliquoted, and stored at − 80 ◦C. 
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The viral titers were determined using plaque assays as described 
previously [35]. To transduce target cells with SARS-CoV-2 spike 
pseudovirions, HEK293T, HEK293T-hACE2, Vero E6, 16HBE, or HMEC- 
1 cells were seeded into 12-well plates. After adding 10 μg/mL poly-
brene to the viral dilution, cells were infected with the SARS-CoV-2 
spike pseudovirions (multiplicity of infection, MOI = 5) for 24 h. The 
infection efficiency of SARS-CoV-2 spike pseudovirions was viewed 
using a Nikon Eclipse Ti2-E fluorescence microscope (Nikon, Japan) at 
an excitation wavelength of 488 nm or it was measured using a lucif-
erase substrate that determines firefly luciferase activity using a 
microplate reader (TECAN, Germany). 

2.5. Total RNA isolation and expression analysis 

HEK293T-hACE2 and Vero E6 cells were infected with or without 
SARS-CoV-2 spike pseudovirions (MOI = 5) for 48 h. Total RNA was 
extracted using TRIzol (Invitrogen, USA) according to the manufac-
turer's instructions. RNA-seq libraries were constructed, and the tran-
scriptome was sequenced on an Illumina HiSeq 2500 platform by Beijing 
Biomarker Technology Corporation as our previously report [36]. All 
the raw data have been deposited under the Gene Expression Omnibus 
(GEO) accession number GSE169370. 

2.6. Trypan blue staining 

HEK293T, HEK293T-hACE2, Vero E6, 16HBE, and HMEC-1 cells 
were infected with or without SARS-CoV-2 spike pseudovirions (MOI =
5) for 48 h. Cells (1 × 105) were collected and treated with 0.4% trypan 
blue probe for 2 min. The number of trypan blue-positive cells was 
calculated using a hemocytometer (Cellometer, USA). 

2.7. Enzyme-linked immunosorbent assay (ELISA) 

Culture media were collected from HEK293T, HEK293T-hACE2, 
Vero E6, 16HBE, and HMEC-1 cells infected with or without SARS- 
CoV-2 spike pseudovirions (MOI = 5) and cells treated with SARS- 
CoV-2 spike pseudovirions plus 3-MA (10 mM). The IL-6, IL-8, and 
TNF-α concentrations were evaluated using ELISA kits (Novus, USA) 
according to the manufacturer's instructions. Absorbance was measured 
using a microplate reader (TECAN), and the concentration was calcu-
lated according to the standard concentration curve. Detailed informa-
tion on the inhibitors and activator is summarized in Table S2. 

2.8. Intracellular ROS detection 

Intracellular ROS levels were detected as previously described [36]. 
Briefly, adherent HEK293T, HEK293T-hACE2, Vero E6, 16HBE, and 
HMEC-1 cells treated with SARS-CoV-2 spike pseudovirions for 24 h 
(MOI = 5) were incubated with a DCFH-DA probe at 37 ◦C for 30 min 
and washed with serum-free medium in the dark. Intracellular ROS 
levels were visualized under a Nikon EclipseTi2-E fluorescence micro-
scope (Nikon) or detected using a fluorescent reader (TECAN) at an 
excitation wavelength of 488 nm. 

2.9. Flow cytometry analysis 

For flow cytometry analysis of cell surface ACE2, 100 μL of 
HEK293T, HEK293T-hACE2, Vero E6, 16HBE, and HMEC-1 cells (1 ×
106) was digested to a single-cell suspension, and incubated with pri-
mary rabbit anti-human ACE2 antibodies followed by FITC-conjugated 
IgG secondary antibodies. Rabbit IgG was used as the isotype control. 
Cells were then washed thrice with centrifugation at 400g and analysed 
using a FC500 flow cytometer (Beckman, Germany) or CytoFLEX flow 
cytometer (Beckman). For apoptosis analysis, HEK293T, HEK293T- 
hACE2, Vero E6, 16HBE, and HMEC-1 cells (1 × 105) treated with or 
without SARS-CoV-2 spike pseudovirions or recombinant spike proteins 

(10 μg/mL) in parallel with the addition of an equal volume of DMSO or 
3-MA (10 mM) for 24 h were labeled with FITC-conjugated Annexin V 
and 7-AAD (Biolegend, USA) in the dark for 15 min and analysed using 
an FC500 flow cytometer (Beckman) or CytoFLEX flow cytometer 
(Beckman). 

2.10. Immunofluorescence assay 

Immunofluorescence assay was performed as described previously 
[36]. Briefly, HEK293T-hACE2, Vero E6, 16HBE, and HMEC-1 cells were 
grown on μ-Dish (Ibidi, Germany) and infected with or without SARS- 
CoV-2 spike pseudovirions in parallel with addition of 5 mM ROS in-
hibitor (Sigma, USA) or 10 μM MHY 1485 (MCE, China) treatment. Cells 
were then fixed with 4% paraformaldehyde, permeabilized in 0.1% 
Triton X-100, blocked in 5% BSA-PBS solution, and incubated with 
primary anti-human LC3 antibodies. FITC-conjugated IgG secondary 
antibodies were used for LC-3 labeling. Cell nuclei were stained with 
Hoechst 33342, and imaged with a 63× objective using an LSM 880 
confocal microscope (Zeiss, Germany). 

2.11. Terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) assay 

HEK293T-hACE2, Vero E6, 16HBE, and HMEC-1 cells were seeded 
onto μ-Dish (Ibidi) and infected with or without SARS-CoV-2 spike 
pseudovirions in parallel with the addition of an equal volume of DMSO 
or 3-MA (10 mM) for 24 h. Cells were then fixed with 4% para-
formaldehyde, permeabilized in 0.2% Triton X-100, and subjected to a 
TUNEL assay using an in situ TUNEL apoptosis detection kit (Abbkine, 
USA), according to the manufacturer's instructions. Finally, cell nuclei 
were stained with DAPI and visualized with a 40× objective using an 
LSM 880 confocal microscope (Zeiss). The apoptotic cells were calcu-
lated by counting the total number of TUNEL-stained nuclei (FITC- 
positive). 

2.12. Immunohistochemistry 

Five-week-old wild-type BALB/c mice were maintained in the Lab-
oratory Animal Center of Sun Yat-sen University. All animal studies were 
approved by the Institutional Animal Care and Use Committees of the 
Sun Yat-sen University (approval number: SYSU-IACUC-2020-B0778). 
Mice were sacrificed, and the trachea, lung, and liver were harvested 
for immunohistochemical analysis according to standard procedures 
[37]. The images from tissue sections were obtained and analysed using 
a Nikon Eclipse Ti2-E microscope (Nikon). 

2.13. Statistical analysis 

All results are presented as the mean ± SD of three entirely inde-
pendent experiments derived from separate transfection and treatment 
rounds. The differences among groups were analysed using Student's t- 
test when only two groups were compared. For comparison between 
more than two groups, all data were first analysed for adherence to a 
normal distribution and then subjected to one-way ANOVA followed by 
Tukey's post hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001 were 
considered statistically significant. All data were analysed using SPSS 
(version 22.0) statistical software. 

3. Results 

3.1. ACE2 is expressed in human bronchial epithelial and microvascular 
endothelial cells and mediates SARS-CoV-2 infection 

ACE2, first identified in 2000, functions as a cellular receptor for the 
spike protein of coronaviruses to facilitate viral entry into target cells 
[38,39]. To investigate the underlying pathogenic mechanisms of SARS- 
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CoV-2, which is considered to be the third most pathogenic coronavirus 
[3], we first examined the expression of ACE2 in HEK293T, Vero E6, 
human bronchial epithelial cells 16HBE, human microvascular endo-
thelial cells (HMEC-1), nasopharyngeal carcinoma cells (6-10B, 5-8F, 
and S26), and megakaryocytic leukemia cells (Dami). The protein 
expression of ACE2 was observed in Vero E6, 16HBE, and HMEC-1 cells 
but not in HEK293T, 6-10B, 5-8F, S26, and Dami cells (Fig. S1a), which 
corresponded to the ACE2 transcripts in Vero E6, 16HBE, and HMEC-1 
cells (Fig. S1b). Importantly, flow cytometry revealed ACE2 expression 
on the cell surfaces of Vero E6, 16HBE, and HMEC-1 cells (Fig. 1a). To 
further verify the binding interaction between SARS-CoV-2 spike protein 
and ACE2 in ACE2-expressing cells, we transfected the cells with Flag- 
labeled spike protein. Co-IP analysis revealed that the spike protein of 
SARS-CoV-2 co-immunoprecipitated with endogenous ACE2 in Vero E6, 
16HBE, and HMEC-1 cells (Fig. 1b). Meanwhile, ACE2 expression 
mediated SARS-CoV-2 spike pseudovirions infection in Vero E6, 16HBE, 
and HMEC-1 cells (Fig. 1c and Fig. S1c). Notably, immunohistochem-
istry further proved that ACE2 was expressed in the tracheal and bron-
chial epithelial cells and vascular endothelial cells of the lungs and liver 
of mice (Fig. 1d and Fig. S1d). 

3.2. SARS-CoV-2 spike activates autophagy and pro-apoptotic responses 
in ACE2-expressing cells 

Several viral infections have been reported to activate autophagy, 
which is beneficial to viral replication [40,41]. To determine whether 
autophagy is triggered upon SARS-CoV-2 infection, HEK293T cells were 
transfected with human ACE2-expressing lentivirus to construct stable 
HEK293T-hACE2 cells (Fig. 2a and Fig. 2b). We observed that the 
autophagosome marker LC3-II, proteolytically cleaved and lipidated 
from LC3, was increased in HEK293T-hACE2, Vero E6, 16HBE, and 
HMEC-1 cells that were infected with SARS-CoV-2 spike pseudovirions 
or treated with recombinant spike protein for 24 h (Fig. 2c and Fig. S2a). 
Consistently, SARS-CoV-2 spike pseudovirions infection and recombi-
nant spike protein treatment reduced p62 expression in ACE2- 
expressing HEK293T-hACE2, Vero E6, 16HBE, and HMEC-1 cells, but 
not in control HEK293T cells (Fig. 2c and Fig. S2a). Subsequently, the 
cells were transfected with a double-tagged pmCherry-GFP-LC3 plasmid 
to visualize the progression of autophagy after SARS-CoV-2 spike 
pseudovirions infection. We found that following SARS-CoV-2 spike 
pseudovirions infection, both GFP-LC3 and mCherry-LC3 were signifi-
cantly upregulated in HEK293T-hACE2, Vero E6, 16HBE, and HMEC-1 
cells, but not in HEK293T control cells (Fig. 2d-f), indicating that 
SARS-CoV-2 spike induces the occurrence of autophagic responses in 
infected cells. Additionally, high throughput RNA-Seq analyses of 

Fig. 1. ACE2 mediates SARS-CoV-2 spike pseudovirions entry into human bronchial epithelial and microvascular endothelial cells. (a) Cell surface expression of 
ACE2 on HEK293T, Vero E6, 16HBE, and HMEC-1, determined using flow staining. Rabbit IgG was used as isotype control. (b) Vero E6, 16HBE, and HMEC-1 cells 
were transfected with Flag-tagged SARS-CoV-2 spike protein for 48 h. The interaction between SARS-CoV-2 spike protein and ACE2 was detected by IP with an ACE2 
antibody, and this was followed by detection with the Flag and ACE2 Western blotting antibodies. (c) HEK293T and HMEC-1 cells were infected with GFP-labeled 
SARS-CoV-2 spike pseudovirions. Fluorescence microscope imaging was performed to evaluate the infection efficiency after 24 h of infection (Scale bar, 40 μm). BF, 
bright field. (d) Immunohistochemical staining showing the expression and distribution of ACE2 in different tissues of mice (Scale bar, 100 μm). Arrows indicate 
blood vessels. Rabbit IgG was used as isotype control. All results were determined from three independent experiments. 
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Fig. 2. ACE2-mediated SARS-CoV-2 spike pseudovirions infection induces autophagic responses. (a) Western blot analysis of ACE2 expression in HEK293T-hACE2 
stable cells. GAPDH was used as the loading control. ACE2/GAPDH densitometric ratios were recorded. (b) Flow cytometric analysis of cell surface expression of 
ACE2 on HEK293T-hACE2 stable cells. Rabbit IgG was used as an isotype control. (c) Western blotting for autophagy markers LC3 and p62 after treatment with SARS- 
CoV-2 spike pseudovirions for 24 h. LC3-II/GAPDH and p62/GAPDH densitometric ratios were recorded. (d) HEK293T, HEK293T-hACE2, Vero E6, 16HBE and 
HEMC-1 were transfected with mCherry-GFP-LC3 followed by SARS-CoV-2 spike pseudovirions treatment for 24 h. GFP-LC3 and mCherry-LC3 puncta were visu-
alized using confocal microscopy. Hoechst 33342 was used to stain the nuclei of cells (blue) (Scale bar, 10 μm). (e, f) Statistical bar charts of autophagosome and 
autolysosome, as observed in SARS-CoV-2-S pseudovirions-infected HEK293T, HEK293T-hACE2, Vero E6, 16HBE, and HMEC-1 cells. SCV-2-S, SARS-CoV-2 spike 
pseudovirions. All results were determined from three independent experiments. Data represent mean ± SD (*P < 0.05; **P < 0.01; ***P < 0.001). 
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differentially expressed genes (DEGs) revealed a significant overlap in 
the expression of altered autophagy-regulatory genes in HEK293T- 
hACE2 and Vero E6 cells upon SARS-CoV-2 spike pseudovirions infec-
tion (Fig. 3a and b). The expression levels of the majority of autophagy- 
promoting genes, including ATG4B and MAP1LC3B2, were significantly 
increased in HEK293T-hACE2 and Vero E6 cells infected with SARS- 
CoV-2 spike pseudovirions (Fig. 3a and c). Conversely, the subset of 
autophagy-suppressing genes was significantly decreased in SARS-CoV- 
2 spike pseudovirions-treated HEK293T-hACE2 and Vero E6 cells 
(Fig. 3a and c). Furthermore, Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis and gene set enrichment analysis 
(GSEA) of DEGs revealed that the regulation of autophagy and lysosome- 
related pathways were significantly enriched in SARS-CoV-2 spike 
pseudovirions-infected cells (Fig. 3d and e). 

Meanwhile, flow cytometry analysis demonstrated that SARS-CoV-2 
spike pseudovirions and spike protein did not alter apoptosis in 
HEK293T control cells, which was in striking contrast to the result that 
late apoptotic (FITC+/7-AAD+) populations were significantly 
enhanced in SARS-CoV-2 spike pseudovirions-infected and recombinant 
spike protein-treated HEK293T-hACE2 cells on the stable expression of 
hACE2 (Fig. 4a and Fig. S2b). Annexin V-FITC staining also confirmed 
that SARS-CoV-2 spike pseudovirions increased the apoptosis of Vero 
E6, 16HBE, and HMEC-1 cells (Fig. 4b). Consistently, RNA-Seq analysis 
indicated that SARS-CoV-2 spike pseudovirions upregulated the major-
ity of genes correlated with pro-apoptotic responses, including Bax and 
ARC, and downregulated the pro-survival gene Bcl-2 in HEK293T- 
hACE2 and Vero E6 cells (Fig. 3a and c), which was further confirmed 
by Western blot analysis in HEK293T-hACE2, Vero E6, 16HBE, and 

Fig. 3. SARS-CoV-2 spike modulates the expression of a subset of autophagy and apoptotic genes. (a) Heatmap displaying the hierarchical clustering of genes in 
HEK293T-hACE2 and Vero E6 cells in response to SARS-CoV-2 spike pseudovirions infection. Gene expression values are indicated by the color intensities of red 
(upregulated) or green (downregulated). (b) Alteration of the expression of potential genes following SARS-CoV-2 spike pseudovirions infection; numbers indicate 
the quantity of genes in each DEG subset. (c) Column diagram represents the expression of genes correlated with autophagy, apoptosis, and inflammation following 
SARS-CoV-2 spike pseudovirions infection in HEK293T-hACE2 and Vero E6 cells. (d) KEGG pathway enrichment analysis of the DEGs revealed the top 20 enriched 
pathways in SARS-CoV-2 spike pseudovirions-treated HEK293T-hACE2 and Vero E6 cells. (e, f) Select enrichment plots highlighting the enriched lysosome-related 
gene (e) and TNF signaling pathways (f) identified by GSEA. SCV-2-S, SARS-CoV-2 spike pseudovirions. 

Fig. 4. ACE2-mediated SARS-CoV-2 spike pseudovirions infection induces pro-apoptotic responses. (a-c) Cell apoptosis of HEK293T, HEK293T-hACE2, Vero E6, 
16HBE, and HMEC-1 cells after 24 h of treatment with SARS-CoV-2 spike pseudovirions, measured using flow cytometry (a) Annexin V-FITC/7-AAD double binding, 
(b) Annexin V-FITC single staining, and (c) Western blot analysis of Bcl-2 and Bax expression. Bcl-2/GAPDH and Bax/GAPDH densitometric ratios were recorded. (d) 
Cell viabilities of HEK293T, HEK293T-hACE2, Vero E6, 16HBE, and HMEC-1 cells after 24 h of treatment with SARS-CoV-2 spike pseudovirions were determined 
with trypan blue staining. SCV-2-S, SARS-CoV-2 spike pseudovirions. All results were collected in three independent experiments. Data represent mean ± SD (*P <
0.05; **P < 0.01; ***P < 0.001). 
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HMEC-1 cells (Fig. 4c). KEGG pathway enrichment analysis of DEGs also 
revealed that the apoptosis-related pathway was significantly enriched 
in SARS-CoV-2 spike pseudovirions-infected cells (Fig. 3d). Moreover, 
trypan blue staining indicated that SARS-CoV-2 spike pseudovirions 
infection resulted in a significantly decreased cell viability in ACE2- 
expressing cells (Fig. 4d). Thus, these findings suggest that SARS-CoV- 
2 spike may induce autophagy and therefore play a pro-death regula-
tory role in ACE2-expressing cells. 

3.3. SARS-CoV-2 spike induces ROS upregulation to inhibit the PI3K/ 
AKT/mTOR pathway to promote autophagy 

Many studies have shown that ROS levels are aberrantly upregulated 
in virus-infected cells, which may be responsible for cell apoptosis 
[42,43]. To further investigate the mechanism by which SARS-CoV-2 
spike promotes autophagy and pro-apoptotic responses in ACE2- 
expressing cells, we evaluated the intracellular ROS levels using 
DCFH-DA probe, and we observed that SARS-CoV-2 spike pseudovirions 
treatment did not significantly alter the intracellular ROS levels in 
HEK293T control cells. However, the intracellular ROS levels of 
HEK293T-hACE2, Vero E6, 16HBE, and HMEC-1 cells were significantly 
increased after SARS-CoV-2 spike pseudovirions treatment (Fig. 5a and 
b). Notably, consistent with previous results showing that ROS upre-
gulation induced autophagy through PI3K/AKT/mTOR inhibition 
[44,45], ROS inhibition induced AKT and mTOR activation in all cells 
(Fig. 5c and d). However, on treatment with SARS-CoV-2 spike pseu-
dovirions, phosphorylation/ activation of mTOR and AKT, rather than 
STAT3 and ERK1/2 signaling, was markedly inhibited in HEK293T- 
hACE2, Vero E6, 16HBE, and HMEC-1 cells, but this inhibition was 
reversed by an ROS inhibitor in ACE2-expressing cells (Fig. 5c and d), 
indicating that SARS-CoV-2 spike-induced ROS upregulation inhibited 
PI3K/AKT/mTOR activation. Since both ROS generation and mTOR 
suppression are positively associated with enhanced autophagy [46,47], 
we treated ACE2-expressing cells with SARS-CoV-2 spike pseudovirions 
along with an ROS inhibitor or MHY1485, an mTOR selective agonist. 
Thus, we further validated that SARS-CoV-2 spike pseudovirions 
increased LC3-II levels and decreased p62 expression in ACE2- 
expressing cells (Fig. 5e). Nevertheless, it was remarkable that SARS- 
CoV-2 spike pseudovirions infection-induced LC3-II increase and P62 
decrease were abolished by an ROS inhibitor and MHY1485 (Fig. 5e). 
Meanwhile, SARS-CoV-2 spike pseudovirions infection-induced 
enhancement of apoptosis (Bcl-2 downregulation and Bax upregula-
tion) was also reversed by an ROS inhibitor and MHY1485 (Fig. 5f), 
suggesting that SARS-CoV-2 spike pseudovirions may promote auto-
phagy by upregulating intracellular ROS levels and inhibiting the PI3K/ 
AKT/mTOR pathway. Furthermore, immunofluorescence confirmed 
that the ability of SARS-CoV-2 spike pseudovirions infection to induce 
an increase in LC3 punctas was considerably reduced in the presence of 
an ROS inhibitor and MHY1485 (Fig. 5f). Collectively, these data indi-
cate that SARS-CoV-2 spike inhibits the PI3K/AKT/mTOR pathway via 
inducing ROS upregulation to promote autophagy. 

3.4. SARS-CoV-2 spike-induced autophagy promotes inflammation and 
apoptosis in infected cells 

Respiratory infection caused by SARS-CoV-2 usually result in viral 
pneumonia and acute respiratory distress syndrome [48,49]. Mean-
while, SARS-CoV-2 infection can also trigger inflammatory responses, 
which in turn promote the production of pro-inflammatory cytokines, 
including TNF-α, IL-6, and IL-1β [49,50]. Since ACE2 was expressed in 
16HBE and HMEC-1 cells and SARS-CoV-2 spike-mediated ROS upre-
gulation induced autophagy by inhibiting the PI3K/AKT/mTOR 
pathway in ACE2-expressing cells, we sought to investigate whether 
SARS-CoV-2 spike-induced autophagy was involved in inflammatory 
responses in bronchial epithelial and microvascular endothelial cells. 
ELISA data indicated that SARS-CoV-2 spike pseudovirions treatment 
significantly promoted the production of pro-inflammatory cytokines, 
IL-6, IL-8, and TNF-α, in HEK293T-hACE2, Vero E6, 16HBE, and HMEC- 
1 cells. However, treatment with 3-methyladenine (3-MA), an auto-
phagy inhibitor, led to a significant inhibition of SARS-CoV-2 spike 
pseudovirions-induced production of pro-inflammatory cytokines IL-6, 
IL-8, and TNF-α in theses ACE2-expressing cells (Fig. 6a-c). These re-
sults were further confirmed by performing GSEA and RT-PCR analyses 
of IL-6, IL-8, and TNF-α transcripts (Fig. 3f and Fig. 6d). Similarly, RNA- 
Seq analyses also showed that SARS-CoV-2 spike pseudovirions infection 
enhanced the expression of pro-inflammatory cytokines, including TNF 
and IL6ST, in infected cells (Fig. 3a and c). Notably, inflammation is 
strongly linked to apoptosis, and it can induce apoptosis to promote cell 
death [51]. Autophagy can inhibit apoptosis to maintain cell survival. 
Alternatively, autophagy can also work with apoptosis to induce cell 
death [52,53]. To investigate the regulatory effects of SARS-CoV-2 
spike-induced autophagy on apoptosis, we treated SARS-CoV-2 spike 
pseudovirions-treated cells with 3-MA, and we found that SARS-CoV-2 
spike pseudovirions upregulated and downregulated Bax and Bcl-2 
expression, respectively. However, this modulation was reversed by 3- 
MA treatment (Fig. 6e and f). Annexin V-FITC/7-AAD double staining 
and TUNEL staining also verified that SARS-CoV-2 spike pseudovirions- 
induced apoptosis (the percentage of TUNEL-positive cells) was reversed 
by 3-MA (Fig. 6g and Fig. S3). Altogether, these findings indicate that 
SARS-CoV-2 spike-induced autophagy via the ROS-suppressed PI3K/ 
AKT/mTOR axis promotes inflammation and apoptosis in infected cells, 
which highlights the pathogenic regulatory role of autophagy in SARS- 
CoV-2 infection (Fig. 6h). 

4. Discussion 

SARS-CoV-2 infects humans through the respiratory tract, ultimately 
resulting in dysfunctions of a number of systems, including the respi-
ratory, immune, nervous, and cardiovascular systems [54–57]. SARS- 
CoV-2-mediated inflammatory responses are largely responsible for 
multiple organ dysfunction and death of COVID-19 patients [35]. 
Although a recent study showed that SARS-CoV-2 spike protein stimu-
lates IL-6 and soluble IL-6R secretion by activating the angiotensin II 
type 1 receptor axis in spike-transfected human hepatoma Huh7.5 and 

Fig. 5. SARS-CoV-2 spike promotes autophagy through the ROS-suppressed PI3K/AKT/mTOR pathway. (a, b) Intracellular ROS levels in HEK293T, HEK293T- 
hACE2, Vero E6, 16HBE, and HMEC-1 cells treated with or without SARS-CoV-2 spike pseudovirions using (a) fluorescence microscopy (Scale bar, 200 μm) and 
(b) fluorescence microplate reader. (c) Western blot analysis of phospho-mTOR, mTOR, phospho-AKT, AKT, phospho-STAT3, STAT3, phospho-ERK1/2, and ERK1/2 
in HEK293T, HEK293T-hACE2, Vero E6, 16HBE, and HMEC-1 cells treated with or without SARS-CoV-2 spike pseudovirions. (d) Western blot analysis of phospho- 
mTOR, mTOR, phospho-AKT, AKT, phospho-STAT3, STAT3, phospho-ERK1/2, and ERK1/2 in SARS-CoV-2-S pseudovirions-treated, ROS-inhibited, and SARS-CoV-2 
spike pseudovirions and ROS inhibitor (5 mM)-co-treated HEK293T, HEK293T-hACE2, Vero E6, 16HBE, and HMEC-1 cells. GAPDH was used as the loading control. 
Phospho-mTOR/GAPDH, phospho-AKT/GAPDH, phospho-STAT3/GAPDH, and phospho-ERK1/2/GAPDH densitometric ratios were recorded. (e) Western blot 
analysis of LC3, p62, Bcl-2, and Bax in SARS-CoV-2 spike pseudovirions-treated HEK293T, HEK293T-hACE2, Vero E6, 16HBE, and HMEC-1 cells pretreated with 
DMSO, ROS inhibitor (5 mM), or MHY 1485 (10 μM). GAPDH was used as the loading control. LC3-II/GAPDH, p62/GAPDH, Bcl-2/GAPDH, and Bax/GAPDH 
densitometric ratios were recorded. (f) LC3 expression using confocal microscopy in SARS-CoV-2 spike pseudovirions-treated HEK293T, HEK293T-hACE2, Vero E6, 
16HBE, and HMEC-1 cells pretreated with DMSO, ROS inhibitor (5 mM), or MHY 1485 (10 μM). Protein expression was determined using LC3-specific antibodies 
followed by FITC-labeled secondary antibodies (green). Hoechst 33342 was used to stain the nuclei of cells (blue). (Scale bar, 5 μm). SCV-2-S, SARS-CoV-2 spike 
pseudovirions. All results were collected in three independent experiments. Data represent the mean ± SD (**P < 0.01; ***P < 0.001). 
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lung adenocarcinoma A549 cells [58], further exploration in normal 
human epithelial cells perhaps more helpful for uncovering the molec-
ular mechanisms underlying SARS-CoV-2-triggered inflammatory re-
sponses. Here, we found that SARS-CoV-2 spike suppressed PI3K/AKT/ 
mTOR signaling by upregulating intracellular ROS levels to enhance 
autophagy, thus promoting apoptotic and inflammatory responses in 
ACE2-expressing human bronchial epithelial and microvascular endo-
thelial cells. This suggests that SARS-CoV-2 spike-induced autophagy 
does not function as a pro-survival mechanism but rather accelerates 
pro-apoptotic inflammatory responses and therefore disrupts cellular 
homeostasis. Notably, both SARS-CoV-2 spike pseudovirions and re-
combinant SARS-CoV-2 spike protein treatment induced apoptotic and 
autophagic responses in ACE2-expressing cells, suggesting that the 
interaction between spike protein ectodomain and ACE2 receptor initi-
ated apoptotic and autophagic responses before viral entry. Further 
studies may be warranted to identify the alterations in the ACE2 mo-
lecular structure and signaling mechanisms of apoptosis and autophagy 
when spike protein binds to the ACE2 receptor. 

Several RNA viruses can induce autophagic responses in infected 
cells, which are closely related to viral replication and pathogenesis 
[32,41,59]. Viruses have learned to manipulate the autophagic 
pathway, exploiting autophagosomes to facilitate viral replication 
[60–62]. Meanwhile, some studies have demonstrated that some viral 
proteins block the fusion of autophagosomes with lysosomes, thus 
inhibiting autophagic processes [63,64]. In viral infections, a balanced 
mechanism of self-interest may exist, that is, pathogenic proteins, such 
as spike proteins, trigger autophagy, whereas other accessory proteins 
carried by the virus may prevent the final step of autophagy and lyso-
some fusion, thus utilizing autophagy to accumulate viral components. 
Previous studies suggested that the accessory protein ORF3a encoded by 
SARS-CoV-2 inhibits the formation of autophagolysosomes by blocking 
the assembly of the SNARE complex mediated by the HOPS complex 
[65]. In the present study, we found that SARS-CoV-2 spike proteins 
induced autophagy through the ROS-suppressed PI3K/AKT/mTOR 
pathway in infected cells (Fig. 2 and Fig. 5), implying that spike protein 
may induce autophagy initiation and progression, whereas accessory 
protein ORF3a block the fusion of autophagosomes with lysosomes in 
SARS-CoV-2-infected cells. However, considering that the current 
research only focuses on the regulation of autophagic processes by 
specific proteins of SARS-CoV-2, further studies are required to deter-
mine whether multiple proteins of SARS-CoV-2, such as ORF3a and 
spike proteins, have a balanced mechanism to promote the accumula-
tion of autophagosomes, which is conducive to viral replication. 

As microvascular endothelial cells play a crucial role in maintaining 
body homeostasis, viral infection via ACE-2 receptor usually leads to 
inflammation and causes vascular dysfunction through microvascular 
thrombosis, which in turn results in organ failure [66,67]. In this study, 
we reported that ACE2 was expressed in human microvascular endo-
thelial cells and that ACE2-mediated SARS-CoV-2 spike pseudovirions 
infection enhanced the inflammatory responses and apoptosis of 
microvascular endothelial cells (Fig. 1 and Fig. 6), indicating that SARS- 
CoV-2 infection may lead to an extensive apoptosis of microvascular 
endothelial cells and vascular leakage, eventually causing organ 
dysfunction. Most importantly, although ACE2 structure is different 
between humans and mice and cannot mediate SARS-CoV-2 infection in 

mice, the tissue specificity of ACE2 in humans and mice may be similar 
[68,69]. Using immunohistochemistry, we demonstrated that ACE2 was 
specifically enriched in epithelial cells of the trachea and pulmonary 
bronchus and vascular endothelial cells of the lungs and liver (Fig. 1d 
and Fig. S1d). This implies that SARS-CoV-2 infection not only causes an 
inflammation of the respiratory system but also affects the functions of 
many organs by destroying microvascular endothelial cells. 

ROS are formed by an incomplete one-electron reduction of oxygen 
and mainly encompass a range of small, short-lived, and highly reactive 
oxygen-containing molecules, including oxygen anions, free radicals, 
and peroxides [70,71]. A majority of viral infections cause an increase in 
ROS levels in infected cells, and an increasing number of evidence 
suggests the role of ROS in the pathogenesis of viral infections as a factor 
for endothelial damage and inflammation [72–74]. Consistent with 
previous studies, we found that SARS-CoV-2 spike upregulated intra-
cellular ROS levels and promoted the inflammatory responses in infec-
ted cells by inducing autophagy (Fig. 5 and Fig. 6), indicating that SARS- 
CoV-2 spike can induce cell damage by upregulating ROS. Notably, as 
several studies have suggested that autophagy reduces oxidative damage 
by decreasing ROS accumulation [75,76], future studies should deter-
mine whether the activation of autophagy can reverse ROS accumula-
tion in SARS-CoV-2 infection. Additionally, recent studies have reported 
that ROS production leads to the activation of signaling cascades, 
including JAK/STATs, PI3K/AKT, and MAPK/ERK [77,78]. Alterna-
tively, elevated ROS levels can also inhibit the PI3K/AKT/mTOR 
pathway, thus enhancing autophagy levels [79,80]. However, due to 
different metabolic processes in different cells, there may be a delicate 
balance between the promotion and inhibition of ROS for the down-
stream signaling pathways of autophagic responses in different cells. 
More precisely, ROS levels below a certain limit may activate autophagy 
inhibition-related pathways, while an excess ROS may induce auto-
phagy by activating or inhibiting autophagy-related signaling in cells 
with different metabolic levels. Further quantitative determination of 
the selected boundary threshold of ROS for pathway activation and 
autophagy may be helpful in increasing our understanding of the 
pathological role of ROS upregulation induced by SARS-CoV-2 spike in 
infected cells. 

5. Conclusion 

This study is the first to reveal that SARS-CoV-2 spike induces 
autophagy through the intracellular ROS-suppressed PI3K/AKT/mTOR 
axis, which then leads to inflammatory responses and apoptosis in 
infected cells. Although it is clear that SARS-CoV-2 infection can induce 
obvious inflammatory reactions in COVID-19 patients, the presently- 
used anti-inflammatory drugs are not effective as the mechanisms un-
derlying the inflammation remain unclear. Thus, our results may be 
helpful to develop ROS and autophagy inhibitors as adjuvant thera-
peutic drugs for COVID-19 patients. Due to the similarities in the 
infection mechanisms of viruses, these findings not only unveil the 
pathological mechanism of SARS-CoV-2 infection but also have broad 
implications in viral biology that can advance the treatment of multiple 
viral infections. 

Fig. 6. SARS-CoV-2 spike induces inflammation and apoptosis through enhanced autophagy. (a-c) The protein expression levels of IL-6, IL-8, and TNF-α in SARS- 
CoV-2 spike pseudovirions-infected HEK293T, HEK293T-hACE2, Vero E6, 16HBE, and HMEC-1 cells pretreated with DMSO or 3-MA (10 mM) were quantified using 
ELISA. (d) Semiquantitative RT-PCR analysis of IL-6, IL-8, and TNF-α expression in SARS-CoV-2 spike pseudovirions-infected HEK293T, HEK293T-hACE2, Vero E6, 
16HBE, and HMEC-1 cells pretreated with DMSO or 3-MA (10 mM). (e, f) Western blot analysis of Bcl-2 and Bax in SARS-CoV-2 spike pseudovirions-treated, 3-MA- 
treated, and SARS-CoV-2 spike pseudovirions and 3-MA (10 mM)-treated HEK293T, HEK293T-hACE2, Vero E6, 16HBE, and HMEC-1 cells. GAPDH was used as the 
loading control. Bcl-2/GAPDH and Bax/GAPDH densitometric ratios were recorded. (g) Apoptotic cells were determined using Annexin V-FITC/7-AAD double 
staining in SARS-CoV-2 spike pseudovirions-treated, 3-MA (10 mM)-treated, and SARS-CoV-2 spike pseudovirions and 3-MA (10 mM)-treated HEK293T, HEK293T- 
hACE2, Vero E6, 16HBE, and HMEC-1 cells. (h) Schematic illustrating the mechanism of SARS-CoV-2 spike to promote inflammation and apoptosis in infected cells. 
SCV-2-S, SARS-CoV-2 spike pseudovirions. All results were collected in three independent experiments. Data represent the mean ± SD (*P < 0.05; **P < 0.01; ***P 
< 0.001). 
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