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ABSTRACT Autophagy is thought to be involved in severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection. However, how SARS-CoV-2 interferes with the
autophagic pathway and whether autophagy contributes to virus infection in
vivo is unclear. In this study, we identified SARS-CoV-2-triggered autophagy in animal
models, including the long-tailed or crab-eating macaque (Macaca fascicularis), human
angiotensin-converting enzyme 2 (hACE2) transgenic mice, and xenografted human
lung tissues. In Vero E6 and Huh-7 cells, SARS-CoV-2 induces autophagosome formation,
accompanied by consistent autophagic events, including inhibition of the Akt-mTOR
pathway and activation of the ULK-1-Atg13 and VPS34-VPS15-Beclin1 complexes, but it
blocks autophagosome-lysosome fusion. Modulation of autophagic elements, including
the VPS34 complex and Atg14, but not Atg5, inhibits SARS-CoV-2 replication. Moreover,
this study represents the first to demonstrate that the mouse bearing xenografted
human lung tissue is a suitable model for SARS-CoV-2 infection and that autophagy in-
hibition suppresses SARS-CoV-2 replication and ameliorates virus-associated pneumonia
in human lung tissues. We also observed a critical role of autophagy in SARS-CoV-2
infection in an hACE2 transgenic mouse model. This study, therefore, gives insights into
the mechanisms by which SARS-CoV-2 manipulates autophagosome formation, and we
suggest that autophagy-inhibiting agents might be useful as therapeutic agents against
SARS-CoV-2 infection.

IMPORTANCE Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) caused a
global pandemic with limited therapeutics. Insights into the virus-host interactions
contribute substantially to the development of anti-SARS-CoV-2 therapeutics. The
novelty of this study is the use of a new animal model: mice xenografted with
human lung tissues. Using a combination of in vitro and in vivo studies, we have
obtained experimental evidence that induction of autophagy contributes to SARS-
CoV-2 infection and improves our understanding of potential therapeutic targets for
SARS-CoV-2.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causes coronavirus
disease 2019 (COVID-19), and its rapid global spread resulted in a pandemic with

more than 180 million laboratory-confirmed cases by the end of June 2021 (1, 2). The
most common symptoms caused by SARS-CoV-2 are fever, fatigue, and a dry cough,
while patients with underlying diseases may develop severe complications, including
severe acute respiratory distress syndromes and shock (3, 4). Therefore, therapeutics
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capable of effectively treating this infection are urgently needed, and insights into the
molecular mechanisms of SARS-CoV-2 infection would contribute to the development
of treatments for infected individuals.

Autophagy has been implicated in virus-host interactions, and coronavirus has
been reported to be capable of hijacking the endoplasmic reticulum-Golgi intermedi-
ate compartment to form viral proteins and complete virions, which are associated
with autophagy (5). Autophagy is an evolutionarily conserved cellular process involv-
ing the formation of double-membrane-bound autophagosomes that enclose flawed
or damaged cytoplasmic cargoes, including long-lived proteins and defective organ-
elles. These autophagosomes eventually fuse with lysosomes to generate autolyso-
somes, where the phagocytosed material is degraded (6–8). Nonstructural protein 6
(NSP6) of SARS-CoV, which has been classified in the same genus as the SARS-CoV-2
and Middle East respiratory syndrome coronavirus (MERS-CoV), promotes the genera-
tion of autophagosomes but restricts their expansion and maturation into autolyso-
somes (9, 10). In addition, recent studies have reported that the accessary protein
ORF3a of SARS-CoV-2 also blocked the fusion of autophagosomes and lysosomes in
host cells via its binding with homotypic fusion and protein sorting (HOPS) complexes
(11, 12). Evidence showed that SARS-CoV-2 increased the number of autophagosomes
and the autophagy inhibitor 3-MA inhibited virus replication in vitro (13). Nevertheless,
how SARS-CoV-2 acts on the signaling pathway involved in autophagosome formation
remains unknown, and no animal study related to autophagy function in SARS-CoV-2
infection has been reported.

A high-throughput screening study showed that autophagy modulators might be
potential drug candidates for SARS-CoV-2 therapy (14). Based on a WHO report from
March 2020, 12 FDA-approved drugs have been repurposed and clinically trialed as
potential COVID-19 treatments. (15, 16). Among them, six drugs have been reported as
autophagy regulators, for example, chloroquine (CQ)/hydrochloroquine, highlighting
the need for further research in this area (6). CQ and hydrochloroquine have previously
been found to regulate autophagy at its late stage, by the inhibition of autolysosome
formation, have been proven to be effective antivirals against SARS-CoV-2 in vitro, and
have been previously used as first-line drugs for the treatment of SARS-CoV-2 in several
clinical studies (17–21). However, a study in nonhuman primates has revealed that
hydrochloroquine does not inhibit SARS-CoV-2 infection (22). Ultimately, it was found
to have no beneficial effects on mortality rates in patients hospitalized with COVID-19
(23). This event emphasizes the need for adequate preclinical studies in different ani-
mal models to investigate how autophagy contributes to SARS-CoV-2 infection.

Here, we report results from SARS-CoV-2 infection conducted on established animal
models, Macaca fascicularis and human angiotensin-converting enzyme 2 (hACE2)-
transgenic mice, in addition to the original SARS-CoV-2 infection model based on
human lung xenografts in mice (24–26). Mice engrafted with fetal human lung tissue
that is capable of developing mature pulmonary structure represent a powerful tool
for clinical translation of drug candidates and has been reported before, for example,
in Nipah virus infection, which causes severe and often lethal respiratory damage in
humans (27). Here, we report enhanced autophagy in SARS-CoV-2-infected human
lung transplants, lung tissues of the Macaca fascicularis, and lung tissues of hACE2
transgenic mice. Moreover, we found that SARS-CoV-2 induces autophagosome forma-
tion, accompanied by consistent autophagic events, including inhibition of the Akt-
mTOR pathway, and activation of the ULK-1-Atg13 and VPS34-VPS15-Beclin1 com-
plexes, but blocks autophagosome-lysosome fusion. Finally, we provide evidence that
autophagy initiation is critical for SARS-CoV-2 infection and inhibition of autophagy
suppresses viral replication and improves lung injury in vivo.

RESULTS
SARS-CoV-2 activates autophagy in lesioned lung lobes of Macaca fascicularis.

Recently, nonhuman primates have been established as effective animal models that
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reflect pathological changes caused by SARS-CoV-2 infection (24, 28). Macaca fascicularis
macaques were intratracheally mock treated or infected with 1.3 � 106 median tissue
culture infectious doses (TCID50) of SARS-CoV-2 and sacrificed at 7 days postinfection
(dpi). Lung tissues from the SARS-CoV-2-infected monkeys displayed large areas of red
dark lesions in the lower bilateral lobes, as well as patchy hemorrhaging (Fig. 1A).
Studies looking at microscopic hematoxylin and eosin (H&E) staining revealed diffuse
thickening of the alveolar septum with infiltration of segmented granulocyte cells and
damaged alveolar structure, indicating interstitial pneumonia (Fig. 1A). In situ hybridiza-
tion showed positive signaling in the virus-infected tissues (Fig. 1B). SARS-CoV-2 infec-
tion was further corroborated by electron microscopy observation of substantial viral
replication structures of double-membrane vesicles (DMV) (Fig. 1C). The lung tissues
with severe lesions from SARS-CoV-2-infected animals and corresponding areas from
mock-infected lungs were collected and analyzed for autophagy. Atg5-Atg12 and LC3-II
proteins are critical components of the phagophore or autophagosome membrane.
Elevated expression levels of Atg5-Atg12 and LC3-I/LC3-II (indicative of autophagy acti-
vation) after SARS-CoV-2 infection were confirmed by immunohistochemistry (Fig. 1D)
and Western blotting (Fig. 1E), compared to those in mock-infected lungs.

SARS-CoV-2 increases autophagosome formation but blocks autophagosome-
lysosome fusion. LC3-I is predominantly located in the cytoplasm and is converted into
an active phosphatidylethanolamine-conjugated form, LC3-II, upon activation of autoph-
agy. LC3-II incorporates into the extending phagophore membrane and controls its elon-
gation into complete autophagosomes, thereby making LC3-II a reliable autophagoso-
mal marker (29, 30). Western blotting assays displayed a marked increase in the
expression levels of LC3-II at 12 and 24 h after SARS-CoV-2 infection in both Vero E6 and
Huh-7 cells (Fig. 2A), suggesting an increased number of autophagosomes caused by
SARS-CoV-2. Autophagosomes represent the intermediate vesicular compartment during
autophagy flux, which includes cargoes for transportation into lysosomes, and degrada-
tion (29). To directly observe the accumulation of autophagosomes, Vero E6 and Huh-7
cells were transfected with green fluorescent protein (GFP)-LC3, which caused them to
become decorated with GFP-LC3. We found that SARS-CoV-2 increased GFP-LC3 puncta
in both Vero E6 and Huh-7 cells at 24 h postinfection (hpi) (Fig. 2B). Using electron mi-
croscopy, we further examined Vero E6 cells treated with vehicle or SARS-CoV-2 at 6 hpi
and found an increased number of double-membrane autophagosomes in the Vero E6
cells infected with live virus compared to that in noninfected cells (Fig. 2C).

The accumulation of autophagosomes can result from the following two events
during autophagic flux: (i) increased biogenesis of complete autophagosomes and (ii)
reduced fusion of autophagosomes and lysosomes (29, 31). Recent studies have shown
that SARS-CoV-2 blocks autophagosome maturation into autolysosomes (11, 12). In ac-
cordance, our results displayed an increased abundance of both p62 and LC3 proteins
in SARS-CoV-2-infected Vero E6 cells over time (Fig. 2D), suggesting impaired autopha-
gic degradation of p62 substrates, which serve as a readout for clearance of autopha-
gic cargo (29). Immunofluorescence analysis showed a similar rise in p62 and LC3
expression at 24 hpi (Fig. 2E). In addition, no colocalization of LC3 and lamp2b, a bio-
marker for lysosomes, was observed in the SARS-CoV-2-infected Vero E6 cells at 24 hpi
(Fig. 2G), indicating that SARS-CoV-2 impedes the fusion of autophagosomes with
lysosomes.

Next, we examined whether the formation of autophagosomes was also triggered
by SARS-CoV-2 infection. CQ and E64D/pepstatin A can block autophagic flux at the
terminal stages and prevent lysosomal degradation by inhibiting lysosomal acidifica-
tion and protease function, respectively. These compounds lead to increased accumu-
lation of p62 and LC3 aggregates which are dependent upon extant, complete auto-
phagic events (29, 32). Western blotting showed higher levels of both p62 and LC3-II in
SARS-CoV-2-infected Vero E6 cells pretreated with E64D/pepstatin A compared to
those in cells treated with phosphate-buffered saline (PBS) (Fig. 2F), suggesting that
SARS-CoV-2 infection also triggered autophagosome formation in addition to blocking
its maturation. Finally, we further monitored the movement of LC3 from
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autophagosomes to lysosomes using enhanced GFP (EGFP)-mCherry-LC3-transfected
Vero E6 cells. The EGFP signal from the mCherry-EGFP-LC3 fusion protein is sensitive to
acidic pH compared to the mCherry fluorophore and is quenched under the low-pH
conditions within the autolysosomes (32). We found that SARS-CoV-2 infection mark-
edly increased yellow (EGFP-mCherry) puncta in infected Vero E6 cells at 24 hpi

FIG 1 SARS-CoV-2 activates autophagy in lesioned lung lobes of the Macaca fascicularis. Macaca
fascicularis macaques were intratracheally mock infected (n = 3) or infected (n = 3) with 1.3 � 106

TCID50 of SARS-CoV-2 and then sacrificed at 7 dpi. (A) Gross pathology and histopathology of the
lungs from mock- or SARS-CoV-2-infected monkeys. A large area of dark red lesions was observed on
the virus-infected lung surface (white arrowheads). H&E staining showed inflammatory cell infiltration
(yellow arrowheads) and thickened alveolar walls (green arrowheads) after SARS-CoV-2 infection. (B)
Representative images of in situ hybridization for SARS-CoV-2 RNA in the lung tissues. (C) Electron
microscope images of virus replication complexes (black arrows). (D and E) Autophagy activation was
examined by immunohistochemistry staining (D) and Western blotting (E), and increased Atg5-Atg12
and LC3-I/LC3-II expressions were observed in the lung tissues from SARS-CoV-2-infected Macaca
fascicularis. Data were expressed as means 6 SEM from three experiments. *, P , 0.05; **, P , 0.01.
Red scale bars = 1 cm, black scale bars = 50 mm, and white scale bars = 500 nm.
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FIG 2 SARS-CoV-2 increases autophagosome formation but blocks autophagosome-lysosome fusion. Vero E6 and Huh-7 cells
were treated with a vehicle or SARS-CoV-2 at an MOI of 0.008. (A) LC3 expression at 12 and 24 hpi in Vero E6 and Huh-7
cells. Samples were analyzed by Western blotting. (B) GFP-LC3 accumulation in mock- and SARS-CoV-2-infected Vero E6 and
Huh-7 cells at 24 hpi. Cells were transfected with GFP-LC3 plasmids and analyzed for autophagosome accumulation. The

(Continued on next page)
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compared to those in mock-infected cells (Fig. 2H), indicating an increased autophago-
some accumulation caused by SARS-CoV-2 infection. In addition, despite a rise in yel-
low puncta, no significant decrease in mCherry-only signal was observed in SARS-CoV-
2-infected cells compared to mock-infected ones, while such mCherry-only puncta
were hardly seen in the CQ-treated cells (Fig. 2H), suggesting that SARS-CoV-2 induced
formation of autophagosomes.

Autophagosome formation induced by SARS-CoV-2 promotes virus replication
via the VPS34 complex. To further elucidate the mechanism by which SARS-CoV-2
can induce autophagosome formation, we analyzed a series of signaling cascades
involved in autophagosome formation, notably, the mTORC1 signaling pathway, repre-
senting the most common upstream autophagy suppression regulator (29). The activ-
ity of mTOR can be monitored by the phosphorylation of its downstream substrates,
including 4E-BP1, p70S6 kinase, and the ribosomal protein S6 (33, 34). In Vero E6 cells
infected with SARS-CoV-2, the relative ratio of p-mTOR, p-4E-BP1 and pS6 to glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) were reduced over time (Fig. 3A), sug-
gesting attenuated mTOR signaling. Adenosine 59-monophosphate-activated protein
kinase (AMPK) and Akt are two of the upstream control points of mTOR signaling.
While AMPK suppresses mTOR activation, Akt produces the opposite effect (30).
Western blotting showed a corresponding decrease in p-Akt abundance in Vero E6
cells after SARS-CoV-2 infection (Fig. 3A), given the inhibited mTOR activity, while the
expressions of p-AMPK and its downstream substrates, such as p-TSC-2 and p-Raptor,
were downregulated after SARS-CoV-2 infection (Fig. 3B), suggesting the inhibition of
Akt-mTOR pathway by SARS-CoV-2.

Next, we examined the downstream events associated with mTOR inhibition. The
dephosphorylation of Atg1/ULK1 at Ser 757 caused by mTOR inactivation can initiate
autophagy (29). Activated ULK1 phosphorates multiple downstream targets that func-
tion in autophagy flux, such as Atg13 at Ser 355 and Beclin-1 at Ser 15. As shown in
Fig. 3C and D, dephosphorylation of ULK1 at Ser 757, as well as phosphorylation of
Atg13 at Ser 355 and Beclin-1 at Ser15, was observed in SARS-CoV-2-infected Vero E6
cells. These results suggest phosphorylation events caused by the active form of ULK1
and mTOR inhibition.

In mammalian cells, VPS34 is thought to exert its effect downstream of mTOR and
the ULK1 complex, and it appears to be the only class III phosphatidylinositol-3-phos-
phate (PI3P) kinase to generate the majority of PI3P, which is necessary for phagophore
elongation (29, 35). VPS34 also facilitates the formation of the Atg5-Atg12-Atg16L1 com-
plex, which represents components of the phagophore membrane (36). To determine
whether VPS34 functions in SARS-CoV-2-induced autophagy, we examined the core
VPS34 complex (Vps34-Vps15-Beclin1) and found that the expression of VPS34, VPS15,
p-Beclin1 (Ser 15), and Beclin1, as well as Atg5-Atg12 and Atg16L1, was upregulated
over time up to 72 hpi in SARS-CoV-2-infected Vero E6 cells (Fig. 3D and F), indicating
activation of the VPS34-VPS15-Beclin1 complex by SARS-CoV-2 infection. We further
measured the expression of Atg14, which can enhance the stability of Beclin1 and act as
a regulatory subunit in the VPS34-VPS15-Beclin1-Atg14 complex, promoting phago-

FIG 2 Legend (Continued)
amount of GFP-LC3 per cell was calculated from at least 30 cells from each group. Scale bar = 5 mm. (C) Electron microscope
images of autophagosomes (white arrows) in Vero E6 cells at 6 hpi. The number of autophagosomes per cell was calculated
from at least 10 cells. Scale bar = 500 nm. (D) p62 and LC3 expression in Vero E6 cells at indicated time points after SARS-
CoV-2 infection. Samples were analyzed by Western blotting. (E) Immunofluorescence analysis of p62 and LC3 in mock- or
SARS-CoV-2-infected Vero E6 cells at 24 hpi. The areal density of p62 and LC3 was calculated from at least 30 cells for each
group. Scale bar = 5 mm. (F) Western blotting of p62 and LC3 expression in Vero E6 cells that had been treated or not for 2 h
with E64D (10 mg/ml) and pepstatin A (10 mg/ml) before mock or SARS-CoV-2 infection. Samples were collected at 24 hpi. (G)
Immunofluorescence analysis of LC3 and lamp2b colocalization in SARS-CoV-2-infected Vero E6 cells at 24 hpi. Scale
bar = 5 mm. (H) Colocalization analysis of EGFP and mCherry in mock-infected, CQ-treated, and SARS-CoV-2-infected Vero E6
cells, pretransfected with EGFP-mCherry-LC3 plasmids. In the CQ group, 40 mM drug was added to the cells 2 h before
infection. Samples were collected at 24 hpi. The numbers of EFGP-mCherry (yellow) and mCherry-only dots were calculated
from at least 30 cells from each group. Scale bar = 5 mm. Data were expressed as means 6 SEM from three experiments. *,
P , 0.05; **, P , 0.01; ***, P , 0.001. n.s., not significant.
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FIG 3 Autophagy induced by SARS-CoV-2 promotes virus replication in Vero E6 cells via the VPS34 complex.
SARS-CoV-2-infected (MOI, 0.008) Vero E6 cells were harvested at different time points (0 h, 3 h, 6 h, 12 h, 24 h,
36 h, 48 h, and 72 h) after infection. (A to F) Alterations in the signaling pathway involved in the cellular
autophagy machinery were analyzed by Western blotting, and this included the Akt-mTOR pathway (A), AMPK-
TSC2/Raptor pathway (B), p-ULK1 (Ser 757), p-Atg13 (Ser 355), Atg13 proteins (C), VPS34-VPS15-Beclin1 complex

(Continued on next page)
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phore formation (36, 37). We found that in SARS-CoV-2-infected Vero E6 cells, the abun-
dance of Atg14 first increased up to 36 hpi but then decreased thereafter, which is
inconsistent with the VPS34 complex, indicating a temporary autophagy-inducing func-
tion of the Atg14-containing VPS34 complex upon SARS-CoV-2 infection.

After an overall detection of SARS-CoV-2-induced signaling cascades related to
autophagy induction, we sought to determine whether activation of autophagy con-
tributes to virus infection. We first inhibited initiation of autophagy by a widely used
autophagy inhibitor, 3-MA, which persistently inhibits class I PI3P kinase and temporar-
ily inhibits VPS34 activity. 3-MA (5 mM) was used to treat Vero E6 cells for 2 h prior to
SARS-CoV-2 infection, and reverse transcription-PCR (RT-PCR) analysis showed that the
viral load was significantly reduced at 24, 48, and 72 hpi compared to that in the
mock-treated group (Fig. 3G), indicating that autophagy activation was involved in
SARS-CoV-2 replication. In addition, 3-MA (0.3125 mM, 0.625 mM, and 1.25 mM)
improved viability of Vero E6 cells after SARS-CoV-2 infection for 72 h (Fig. 3H), sug-
gesting that autophagy-associated cell death was caused by SARS-CoV-2.

To further determine the key elements involved in virus replication, SAR405 (1 mM),
a specific VPS34 inhibitor, was used to treat cells for 2 h prior to SARS-CoV-2 infection,
and RT-PCR analysis showed that the viral load was significantly reduced at 24, 48, and
72 hpi in Vero E6 cells compared to that in the mock-treated group (Fig. 3G), indicating
that autophagy and VPS34 activation were required for SARS-CoV-2 replication. We
also consistently found that knockdown of Atg14 by siRNA reduced virus copy number
in SARS-CoV-2-infected Vero E6 cells at 24 hpi (Fig. 3I and J), suggesting a positive role
for the Atg14-containing VPS34 complex in SARS-CoV-2 infection. However, in Atg52/2

Vero E6 cells, the viral load stayed at the same level as that seen with the Atg51/1 cells
(Fig. 3K and L), suggesting that the SARS-CoV-2-induced formation of Atg5-containing
complexes was not associated with virus replication.

Taken together, these findings suggest that SARS-CoV-2 infection inhibited the Akt-
mTOR pathway and further dephosphorylated ULK1 to an active form which may be
able to initiate autophagy. In addition, the VPS34-VPS15-Beclin1 complex increased in
functions which may facilitate elongation of phagophore membranes and autophago-
some formation, and VPS34 complex is closely involved in SARS-CoV-2 replication.

Autophagy inhibition suppresses SARS-CoV-2 replication and ameliorates
pneumonia in hACE2 transgenic mice. Transgenic mice expressing the hACE2 recep-
tor driven by the mouse ACE2 promoter are a well-established animal model for SARS-
CoV-2 infection (26). Transgenic mice expressing hACE2 were intratracheally treated
with a vehicle or infected with 104 TCID50 of SARS-CoV-2 and sacrificed at 1, 3, and
5 dpi. Immunohistochemistry analysis showed increased abundance of LC3 in lung tis-
sues from the SARS-CoV-2-infected hACE2 transgenic mice on 5 dpi (Fig. 4A), indicating
an induction of autophagy. To further determine the role of autophagy in SARS-CoV-2
infection in vivo, we intraperitoneally treated SARS-CoV-2-infected mice with 3-MA
(30 mg/kg of body weight, once daily for 6 consecutive days) to block autophagy and
rapamycin (4 mg/kg, once daily for 6 consecutive days) to trigger autophagy. The
infected mice displayed severe dark red lesions in large parts of the inferior lobe of the
left lung and local hemorrhaging in the inferior lobe of the right lung at 5 dpi (Fig. 4B).
3-MA alleviated these pneumonia-like symptoms, as opposed to the autophagy-induc-
ing agent rapamycin, which further aggravated lung lesions (Fig. 4B). Similar effects
were observed at the microscopic level where 3-MA ameliorated the pneumonia-asso-

FIG 3 Legend (Continued)
(D), Atg14 protein (E), and phagophore and autophagosome membrane-associated proteins (F). (G) Viral load in
SARS-CoV-2-infected Vero E6 cells pretreated with SAR405 (1 mM) or 3-MA (5 mM). Cell samples were collected
at 0 h, 24 h, 48 h, and 72 h after infection and analyzed by RT-qPCR. (H) Viability of Vero E6 cells treated with
3-MA after SARS-CoV-2 infection (MOI, 0.008) for 72 h. (I) Western blotting of Atg14 knockdown efficiency in
Vero E6 cells. (J) Viral load in SARS-CoV-2-infected Vero E6 cells transfected with control or Atg14 siRNA.
Samples were harvested at 24 hpi. (K) Western blotting of alterations in Atg5-related proteins in Atg52/2 Vero
E6 cells. (L) Viral load in SARS-CoV-2-infected Atg51/1 and Atg52/2 Vero E6 cells at 24 hpi. Data were expressed
as means 6 SEM from three independent experiments. *, P , 0.05; **, P , 0.01; ***, P , 0.001.
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FIG 4 Autophagy inhibition ameliorates pneumonia in hACE2 transgenic mice. hACE2 transgenic mice (n = 6) were intratracheally inoculated with 104

TCID50 of SARS-CoV-2 and intraperitoneally administered either PBS, 3-MA (30 mg/kg), or rapamycin (4 mg/kg) for 6 consecutive days, with the first

(Continued on next page)
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ciated pathological changes in SARS-CoV-2-infected lung tissues, including necrosis
and abscission of the bronchiolar endothelial cells, peribronchiolar and perivascular
infiltration of segmented granulocytes, and thickened alveolar septum with inflamma-
tory exudation and proliferation of fibroblasts, as well as severe destruction of alveolar
structure (Fig. 4D to F and G). In contrast, rapamycin increased the pathological
changes in the lung tissue associated with SARS-CoV-2 infection (Fig. 4H). Neither
SARS-CoV-2 infection nor drug treatment had any effect on body weight in the hACE2
transgenic mice (Fig. 4C). It is worth noting that among these mice, all infected animals
remained alive. The mild disease progression may be due to the relatively low levels of
hACE2 expression driven by the mouse ACE2 promoter compared to other types of
promoters that control hACE2 expression in transgenic mice, including human cytoker-
atin 18 (K18) and hepatocyte nuclear factor-3/forkhead homologue 4 (HFH4) pro-
moters (38–41). Since the death rate is relatively low in COVID-19 patients, this more
resistant hACE2 transgenic mouse, still with significant pathological symptoms, is use-
ful to understand the pathogenesis of SARS-CoV-2 (42).

Next, we examined viral replication in the infected animals by real-time quantitative
PCR (RT-qPCR) analysis and found that SARS-CoV-2 N gene copy numbers increased sig-
nificantly in lung tissues at 1, 3, and 5 dpi compared to those in mock-infected tissues
(Fig. 5A and B). The highest viral load was observed at 1 dpi and decreased as described
previously with time (26). Apparently, 3-MA reduced the viral yield in lung tissues at 1, 3,
and 5 dpi (Fig. 5A and B). Compared to the mock infection group, no significant viral yield
was detected in other primary organs caused by SARS-CoV-2 infection or 3-MA treatment,
suggesting that SARS-CoV-2 replicates specifically in the lung tissues of hACE2 transgenic
mice, and such tissue tropism was not affected by 3-MA administration (Fig. 5C). In con-
trast to 3-MA, rapamycin substantially promoted the viral yields in SARS-CoV-2-infected
lung tissues (Fig. 5A). In situ hybridization analysis consistently displayed contradictory
findings caused by 3-MA and rapamycin treatment in SARS-CoV-2 RNA levels in lung tis-
sues at 5 dpi (Fig. 5D). Collectively, enhanced autophagy induction promotes SARS-CoV-2
infection, while autophagy inhibition suppresses SARS-CoV-2 replication and ameliorates
virus-associated pneumonia in this model.

Autophagy inhibition suppresses SARS-CoV-2 replication and ameliorates
pneumonia in xenografted human lung tissues. The xenografted human lung
mouse model previously used to study Nipah virus infection gives clinical readouts for
studying virus infections in pulmonary disease (27). To further investigate the role of
autophagy initiation during SARS-CoV-2 infection, we studied this new mouse model
of SARS-CoV-2 infection using fetal human lung tissues engrafted into the dorsal sub-
cutaneous space of NCG mice. SARS-CoV-2 (105.5 TCID50) was injected into the fetal
human lung, and mice were sacrificed at 12 hpi, 24 hpi, 48 hpi, 72 hpi, and 5 dpi for tis-
sue harvesting (Fig. 6A). RT-qPCR analysis showed that SARS-CoV-2 N and E gene cop-
ies continued to increase with time (Fig. 6B and C). The viral titer of live SARS-CoV-2
consistently increased significantly after infection and reached a peak on 48 hpi
(Fig. 6D), indicating SARS-CoV-2 replication in human lung tissues. At the microscopic
level, we observed a mature pulmonary structure of the distal respiratory tract contain-
ing primitive alveolar spaces, as well as bronchioles, in the mock-infected human lungs.
SARS-CoV-2 infection caused severe damage to this alveolar structure with diffuse
inflammatory infiltration of granulocytes and macrophages, extensive fibrosis, and

FIG 4 Legend (Continued)
dose given 2 h before infection. Mice were sacrificed at 5 dpi and lung tissues were collected for immunohistochemistry analysis and H&E staining. (A)
Immunohistochemistry analysis of LC3 expression. Scale bar = 50 mm. (B) Gross pathology of the lung. Scale bar = 2 mm. (C) Body weight changes
from the different groups. (D) Histological score based on H&E staining indicating pathological lesions in lung tissues from mock-infected and SARS-
CoV-2-infected mice treated with PBS (indicated as Mock infection, SARS-CoV-2 group), and SARS-CoV-2-infected mice treated with 3-MA or rapamycin
(indicated as 3-MA, rapamycin group). The score used for the measurement of damage is detailed in Materials and Methods. (E to H) Representative
H&E-stained images from each group. The numbered panels display enlarged images from the indicated black circular areas on the left and illustrate
necrosis and exfoliation of the bronchiolar endothelial cells (black arrowheads), and infiltration of segmented granulocytes around the bronchiolar area
(yellow arrowheads) (1), exudation of inflammatory cells into the perivascular tissues (yellow arrowheads) (2), and destruction of alveolar structure and
thickened alveolar septum, with inflammatory exudation (black arrowheads) (3). Scale bar = 200 mm. Data were expressed as means 6 SEM from three
independent experiments. *, P , 0.05; **, P , 0.01; ***, P , 0.001.
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FIG 5 Autophagy inhibition suppresses SARS-CoV-2 replication in lung tissues from hACE2 transgenic mice.
hACE2 transgenic mice (n = 6) were intratracheally inoculated with 104 TCID50 of SARS-CoV-2 and
intraperitoneally administered either PBS, 3-MA (30 mg/kg), or rapamycin (4 mg/kg) for 6 consecutive days,
with the first dose given 2 h before infection. Mice were sacrificed at 1, 3, and 5 dpi and lung tissues and
primary organs were collected for RT-qPCR and in situ hybridization analysis. (A) RT-qPCR analysis of SARS-
CoV-2 N gene copies in lung tissues at 5 dpi. (B and C) RT-qPCR analysis of SARS-CoV-2 N gene copies in
lung tissues at 1 dpi and 3 dpi (B) and primary organs at 5 dpi (C) from mock- or SARS-CoV-2-infected mice
with or without 3-MA treatment. (D) Representative images and analysis of in situ hybridization for SARS-
CoV-2 RNA in lung tissues at 5 dpi. Scale bar = 50 mm. Data were expressed as means 6 SEM from three
independent experiments. *, P , 0.05; **, P , 0.01; ***, P , 0.001.
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FIG 6 Autophagy inhibition suppresses SARS-CoV-2 replication and ameliorates pneumonia in xenografted human lung tissues. NCG mice engrafted with
human lung tissues were inoculated with 105.5 TCID50 of SARS-CoV-2 or a vehicle. PBS or 3-MA (30 mg/kg) was intraperitoneally injected for 6 consecutive
days, with the first dose given 2 h before infection. Mice were sacrificed at 12 hpi, 24 hpi, 48 hpi, 72 hpi, and 5 dpi and xenografted human lung tissues
were isolated for RT-qPCR, virus titration, immunohistochemistry, and H&E staining. (A) Schematic diagram of the SARS-CoV-2 challenge, drug treatment,
and sample collection schedule. (B and C) RT-qPCR analysis of SARS-CoV-2 N (B) and E (C) gene copies in the mock- or SARS-CoV-2-infected human lung

(Continued on next page)
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connective tissue hyperplasia, as well as alveolar endothelial cell death (Fig. 6J), indi-
cating that SARS-CoV-2 induced pneumonia-like pathological changes.

Next, we determined whether autophagy inhibition conferred protection on human
lung after SARS-CoV-2 infection by treating with 3-MA intraperitoneally once daily for
6 consecutive days with the first dose given 2 h prior to infection (Fig. 6A). The induc-
tion of autophagy caused by SARS-CoV-2 was confirmed by the presence of elevated
LC3 expression in the lungs which was blocked by 3-MA (Fig. 6I). RT-qPCR and in situ
hybridization analysis indicated a suppression of viral yield caused by 3-MA at 3 dpi
and 5 dpi (Fig. 6E and F and H). Consistent suppression of live virus particles was also
observed in 3-MA-treated human lungs (Fig. 6G). Histopathology examination exhib-
ited improved morphology of the alveolar space and bronchiolar structure by a reduc-
tion in inflammatory exudation in 3-MA-treated human lung tissues at 5 dpi (Fig. 6J).
The body weights of the mice were not affected by either SARS-CoV-2 infection or
drug treatment (data not shown). Collectively, NCD mice xenografted human lung
appear to be a suitable model for SARS-CoV-2 infection, and autophagy inhibition sup-
presses SARS-CoV-2 replication and ameliorates pneumonia-like symptoms.

DISCUSSION

Autophagy is thought to be involved in SARS-CoV-2 infection (6, 8, 43, 44). In the
present study, using animal infection-based models such as Macaca fascicularis, hACE2
transgenic mice, and human lung xenografts in mice, we identified autophagy induced
by SARS-CoV-2 infection (Fig. 1, 4A, and 6I). We also showed increased autophagosome
accumulation in SARS-CoV-2-infected Vero E6 and Huh-7 cells (Fig. 2), which is consist-
ent with a recent study demonstrating that SARS-CoV-2 ORF3a protein triggered GFP-
LC3 accumulation in HeLa-hACE2 cells (45). From our findings, we have concluded that
the accumulation of autophagosomes in SARS-CoV-2-infected Vero E6 cells resulted
from both suppression of autophagosome-lysosome fusion and activation of autopha-
gosome formation (Fig. 2). Consistent with our findings, the maturation of autophago-
somes into autolysosomes was blocked by the SARS-CoV-2 ORF3a protein, SARS-CoV
NSP6, and MERS-CoV infection (9, 11, 12, 46).

By use of Western blotting, we screened the signaling cascade involved in autopha-
gosome formation, and our results showed an inhibition in the Akt-mTOR pathway,
which is thought to be involved in upstream activation signals for the induction of
autophagy in SARS-CoV-2-infected Vero E6 cells (Fig. 3A). In addition, SARS-CoV-2
failed to activate the AMPK-Raptor/TSC-2 pathway, another pathway thought to inhibit
mTOR activity (Fig. 3B). Consistent with this mTOR inhibition, dephosphorylation of
ULK1 at Ser 757 and phosphorylation of Atg13 at Ser 355 were also observed (Fig. 3C).
Furthermore, we observed an activation of the VPS34-VPS15-Beclin1 complex and
increased abundance of its substrates Atg5-Atg12 and Atg16L1, which serve as compo-
nents of the phagophore membrane and are essential for membrane elongation into
autophagosomes (Fig. 3D and F) (29).

To determine the relationship between these autophagic events and SARS-CoV-2
replication, we assessed virus yields in Vero E6 cells and looked at the inhibition of vi-
rus replication using 3-MA and VPS34 inhibitor SAR405, as well as the knockdown of
Atg14 protein, which reached a peak at 24 h after SARS-CoV-2 infection and may act as
a subunit of the VPS34 complex (Fig. 3G, I, and J). Consistently, recent studies reported
that attenuation of VPS34 kinase activity suppressed SARS-CoV-2 replication in a
human airway epithelial cell line and human lung tissues (47, 48). We further

FIG 6 Legend (Continued)
tissues, along the indicated timeline. (D) Viral titers of the SARS-CoV-2-infected human lung tissues collected at the indicated times. (E and F) RT-qPCR
analysis of SARS-CoV-2 N (E) and E (F) gene copies at 3 and 5 dpi in the mock- or SARS-CoV-2-infected human lungs treated with PBS or 3-MA. (G) Viral
titers of SARS-CoV-2-infected human lung tissues from PBS- or 3-MA-treated mice at 3 and 5 dpi. (H) In situ hybridization analysis of SARS-CoV-2 RNA in
PBS or 3-MA-treated human lung tissues after SARS-CoV-2 infection at 5 dpi. (I) Immunohistochemistry of LC3 expression in mock- or SARS-CoV-2-infected
human lung tissues from PBS or 3-MA-treated mice at 5 dpi. (J) Representative H&E-stained images of mock- or SARS-CoV-2-infected human lung tissues
from PBS- or 3-MA-treated mice at 5 dpi. Scale bar = 50 mm. Data were expressed as means 6 SEM from three independent experiments. *, P , 0.05;
**, P , 0.01; ***, P , 0.001.
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demonstrated a role of autophagy induction in SARS-CoV-2-induced cell death, as
observed by increased cell proliferation in 3-MA-treated Vero E6 cells after virus infec-
tion (Fig. 3H). Moreover, we found that SARS-CoV-2 replication was independent of
Atg5, since the genetic ablation of Atg5 had no effect on virus yields in SARS-CoV-2-
infected Vero E6 cells (Fig. 3K and L). A previous study using Atg52/2 mice also demon-
strated a dispensable role for Atg5 in the replication of coronavirus murine hepatitis vi-
rus (49). However, in a different study, Atg5 knockout reduced SARS-CoV-2 replication
efficiency in MEF-hACE2 cells (45). This finding, which differs from our results, may be
attributed to the use of different cell lines for SARS-CoV-2 infection, and therefore, fur-
ther studies using different infection models are needed to determine the function of
Atg5 during SARS-CoV-2 replication.

We further applied two different animal models to simulate SARS-CoV-2 infection in
vivo. In our hACE2 transgenic mouse model, we demonstrated that inhibition of
autophagy suppressed SARS-CoV-2 replication and alleviated virus-associated pneu-
monia in the lungs. In contrast, autophagy induction by rapamycin promoted virus
replication and aggregated the lung lesions (Fig. 4 and 5). It is worth noting that all
infected mice were free of brain infection, as indicated by the unaltered brain SARS-
CoV-2 N gene copies in virus-infected mice compared to those in controls (Fig. 5C). In
contrast, brain infection was reported for some of the hACE2 transgenic mice (38–41).
This may be due to different infection methods of SARS-CoV-2. Since there were few
early publications involving a SARS-CoV-2 infection model when we began this study,
to ensure effective lung infection with SARS-CoV-2, we infected hACE2 transgenic mice
by intratracheal inoculation, which is a common infection route for SARS-CoV-2 in non-
human primates (22, 25, 28), rather than the intranasal route. Intranasal inoculation of
SARS-CoV-2 may contribute to brain infection and corresponding fatality, since nerve
terminals in the oral and nasal mucosa, as well as the olfactory nerves, might be poten-
tial entry sites for SARS-CoV-2 neurotropic infection (50).

Moreover, we evaluated a new mouse model involving xenografted human lung
during SARS-CoV-2 infection and confirmed that the virus was able to replicate in
human lung tissues and the human lung went on to mimic SARS-CoV-2-associated
pneumonia (Fig. 6B to D, H, and J). We consistently found that autophagy inhibition
restrained virus infection and ameliorated the pathological changes seen in human
lung tissues, demonstrating the need for autophagy initiation in SARS-CoV-2 infection
(Fig. 6E to H and J). However, despite the presence of macrophages and granulocytes,
the leukomonocytes and NK cells were deficient in NCG mice, thereby avoiding trans-
plantation rejection (27). This model may be more suitable for studies of innate immu-
nity, and therefore, future studies are needed to look at the inflammatory cytokines
released by the xenografted human lung tissue after SARS-CoV-2 infection to further
explore its application.

In summary, by combination of in vitro and in vivo studies, we have confirmed that
autophagy induction contributes to SARS-CoV-2 infection, and we suggest that
autophagy-inhibiting agents might be useful as therapeutic agents against SARS-CoV-
2 infection. Our study provides a preliminary foundation for further research into virus-
cell interactions and the development of autophagy-related antiviral therapeutics.

MATERIALS ANDMETHODS
Cell lines, viruses, and chemicals. African green monkey kidney Vero E6 cells (ATCC; CRL-1586) and

human hepatocarcinoma Huh-7 cells (JCRB, 0403) were cultured in Dulbecco’s modified Eagle medium
(DMEM; Sigma-Aldrich; D5796) containing 10% fetal bovine serum (FBS; Invitrogen; 10270), 50 U ml21 of
penicillin, and 50 mg ml21 of streptomycin. The Atg52/2 Vero E6 cell line was purchased from Ubigene
Biosciences (Guangzhou, China) and maintained in the same growth medium as described above.

The SARS-CoV-2 strain BetaCoV/Beijing/IME-BJ01/2020 was originally isolated by C. F. Qin’s laboratory
(Beijing, China) as described previously (24). Virus stocks were propagated and titers were determined on
Vero E6 cells. All experiments with infectious SARS-CoV-2 virus were conducted in a biosafety level 3 labo-
ratory in the Changchun Veterinary Research Institute, Chinese Academy of Agricultural Sciences.

3-MA (HY-19312), rapamycin (HY-10219), E64D (HY-100229), pepstatin A (HY-P0018), SAR405 (HY-
12481), and VPS34-IN-2 (HY-12473) were purchased from MedChemExpress (Monmouth Junction, NJ).
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VPS34-IN-1 (A15874) was purchased from Adooq Bioscience (Irvine, CA). CQ (C6628) was purchased
from Sigma-Aldrich (St. Louis, MO).

Antibodies. Antibodies against Atg5 (2630), p-AKT (4060), AKT (4685), p-mTOR (5536), mTOR (2983), p-
S6 (4858), S6 (2317), p-4E-BP1 (2855), 4E-BP1 (9644), p-AMPK (2535), AMPK (5831), p-TSC-2 (3614), TSC-2
(4308), p-Raptor (2083), Raptor (2280), p-Atg13 (26839), Atg13 (13273), ULK1 (8054), p-ULK1 (Ser757) (14202),
p-ULK1 (Ser555) (5869), VPS15 (14580), VPS34 (4263), Beclin1 (3495), p-Beclin1 (84966), Atg14 (96752),
Atg16L1 (8089), p62 (16177), and GAPDH (5174) were obtained from Cell Signaling Technology (Danvers,
MA). Anti-LC3 antibody (L8918) was obtained from Sigma-Aldrich. Anti-Lamp2b antibody (66301-1-Ig) was
purchased from Proteintech (Chicago, IL). Horseradish peroxidase (HRP)-conjugated secondary antibodies
(7074 or 7076), Alexa Fluor 647-conjugated secondary antibodies (4414), and Alexa Fluor 488-conjugated
secondary antibodies (4408) were purchased from Cell Signaling Technology.

Plasmid and small interfering RNA (siRNA) transfection. The GFP-LC3 plasmid (psetz-gfplc3) was
purchased from InvivoGen (San Diego, CA). The pmCherry-EGFP-LC3 plasmid (PPL70001-2a) was pur-
chased from Bioworld Technology (New York, NY). At 24 h after seeding, the Vero E6 and Huh-7 cells
were transfected with 1.5 mg of plasmid using Lipofectamine 3000 reagent (Thermo Fisher Scientific;
L3000015), and experiments were conducted 48 h posttransfection.

The control siRNA (sc-37007) and siRNAs against Atg14 (sc-92229) were purchased from Santa Cruz
Biotechnology (CA). At 24 h after seeding, the Vero E6 cells were transfected with 50 nM siRNA using
Lipofectamine RNAiMAX reagent (Thermo Fisher Scientific; 13778150), and experiments were conducted
48 h posttransfection.

Western blotting. Cells were seeded into 6-well plates and infected with SARS-CoV-2 at a multiplicity
of infection (MOI) of 0.008 1 day later. In the E64D (10 mg/ml)-treated and pepstatin A (10 mg/ml)-treated
groups, drugs were used for treatment 2 h before SARS-CoV-2 infection. At various time points as indi-
cated, cells were collected and lysed and protein concentrations were determined using a bicinchoninic
acid (BCA) protein assay kit (Beyotime, Shanghai, China; P0010). The proteins were mixed with loading
buffer and denatured by boiling, and then equal amounts (30 mg) were electrophoresed, transferred onto
a polyvinylidene difluoride (PVDF) membrane, and then incubated overnight at 4°C with primary antibod-
ies as described previously. After a further incubation with HRP-conjugated secondary antibodies, specific
protein bands were visualized using Pierce ECL Western blotting substrate (Thermo Fisher Scientific;
32106) and an Amersham Imaging 600 system. In the siRNA gene silencing and Atg52/2 cell-associated
experiments, cells were collected without SARS-CoV-2 infection and subjected to Western blotting as
described above. For the lung tissues isolated from Macaca fascicularis, samples were collected and ho-
mogenized in lysis buffer and the tissue lysate was denatured and processed as described above.

TEM. Cells were mock or SARS-CoV-2 infected for 6 h and then fixed with 2.5% glutaraldehyde.
Areas containing cells were block mounted and sliced. Ultrathin sections were stained with uranyl ace-
tate and lead citrate before transmission electron microscopy (TEM) analysis. The number of autophago-
somes per cell was calculated, and at least 30 cells were included. For the lung tissues isolated from
Macaca fascicularis, samples were fixed with 2.5% glutaraldehyde and processed as described above.

RT-qPCR analysis. Vero E6 cells were seeded into 6-well plates at a density of 2 � 105/well, and after
culture for 24 h, SARS-CoV-2 was infected at an MOI of 0.008 and incubated for the specified time. Viral
RNA in the supernatant was isolated with the QIAamp viral RNA kit (Qiagen; 52906) following the manufac-
turer’s instructions. Viral copy numbers were then detected by absolute quantitative real-time PCR (RT-
qPCR) methodology using the HiScript II one-step RT-qPCR SYBR green kit (Vazyme Biotech, Nanjing,
China) and an ABI 7500 real-time PCR system (Applied Biosystems, CA). The protocol for the RT-qPCR was
as follows: 50°C for 15 min and 95°C for 30 s, followed by 45 cycles at 95°C for 10 s and 63°C for 35 s. The
specific primers used to detect the SARS-CoV-2 N and E genes were as follows: for the N gene, 59-GGG
GAACTTCTCCTGCTAGAAT-39 (forward) and 59-CAGACATTTTGCTCTCAAGCT-39 (reverse), and for the E gene,
59-CGATCTCTTGTAGATCTGTTCTC-39 (forward) and 59-ATATTGCATTGCAGCAGTACGCACA-39 (reverse). The
sequences of the TaqMan probe were as follows: for the N gene, 59-FAM-TTGCTGCTGCTTGACAGATT-6-car-
boxytetramethylrhodamine (TAMRA)-39, and for the E gene, 59-6-carboxyfluorescein (FAM)-ACACTAGCCA
TCCTTACTGCGCTTCG-BHQ1-39. For lung tissues or xenografted human lung tissues isolated from mice, sam-
ples were collected and homogenized in PBS. Viral RNA in the homogenate was isolated and processed as
described above.

Analysis of LC3 aggregates. Vero E6 and Huh-7 cells were transfected with GFP-LC3 plasmid or
pmCherry-EGFP-LC3 plasmid as described previously (51). At 48 h after transfection, SARS-CoV-2 was
infected at an MOI of 0.008. In the CQ-treated groups, CQ (40 mM) was used for treatment 2 h before
SARS-CoV-2 infection. Images were captured 12 and 24 h postinfection using a fluorescence microscope
(Olympus, Tokyo, Japan; BX43) and the average numbers of GFP/EGFP- or mCherry-containing dots in
30 cells were counted at a magnification of �40.

Immunofluorescence analysis. Vero E6 cells were seeded into 12-well plates at a density of
1 � 105/well and incubated for 24 h. Then, cells were infected with SARS-CoV-2 at an MOI of 0.008 and
cultured for a further 24 h. The cells were then fixed with ice-cold 4% (wt/vol) paraformaldehyde for 1 h
and washed three times with PBS. Next, cells were blocked with 0.3% Triton X-100 and 5% bovine serum
albumin (BSA) for 1 h. After washing a further three times with PBS, specific primary antibodies were
added and incubated overnight at 4°C. Cells were then washed and incubated with Alexa Fluor 647-con-
jugated anti-mouse antibody and/or Alexa Fluor 488-conjugated anti-rabbit antibody for 1 h, and
images were captured using a fluorescence microscope and analyzed with Image-pro plus 6.0 (Media
Cybernetics, Inc., MD). Images were transformed into black and white, and a unified standard was set up
to identify positive signals. The integrated optical density (IOD) and pixel area of the cells were meas-
ured, and areal density was calculated as IOD/corresponding pixel area of the target cell.
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Cell viability assays. Cell viability was assessed with Cell Counting Kit-8 (CCK-8) reagent (Dojindo
Molecular Technologies, Rockville, MD). Vero E6 cells were seeded into 96-well plates at a density of
7 � 103/well and incubated for 24 h. Then, 3-MA (0, 0.3125, 0.625, or 1.25 mM) was given 2 h prior to vi-
rus treatment. After incubation for 72 h, the CCK-8 reagent was added (10 ml per well), and values for
OD at 450 nm were determined with a multifunction microplate reader after 2 h of incubation.

Animal experiments. Male Macaca fascicularis macaques, weighing 4 to 6 kg, were randomly distrib-
uted into experimental groups (mock infection, n = 3; SARS-CoV-2, n = 3). Each monkey was intratracheally
mock infected or infected with 1.3 � 106 median tissue culture infectious doses (TCID50) of SARS-CoV-2 in
4 ml of DMEM under anesthesia with tiletamine-zolazepam (Zoletil). On day 7 postinfection (dpi), animals
were sacrificed by exsanguination and lung tissues were collected for Western blotting, histopathological
examination, TEM analysis, immunohistochemistry staining, and in situ hybridization analysis.

Female hACE2 transgenic mice (C57BL/B6 background), weighing 30 to 32 g, were obtained from the
National Institute for Food and Drug Control (Beijing, China). The transgenic mice express hACE2, which
was driven by the mouse ACE2 promoter as described previously (26). Mice were randomly allocated into
experimental groups (n = 6). 3-MA (30 mg/kg) or rapamycin (4 mg/kg) was given intraperitoneally 2 h prior
to SARS-CoV-2 injection and then once daily for a total of 6 days. Each mouse was intratracheally adminis-
tered DMEM (mock infection) or 104 TCID50 of SARS-CoV-2 in 30ml of DMEM under anesthesia (intraperito-
neally administered barbiturates). The body weights were measured daily. At 1, 3, and 5 dpi, mice were
sacrificed by cervical dislocation and the lung tissues, as well as primary organs, were isolated for RT-qPCR
analysis, histopathological examination, immunohistochemistry staining, and in situ hybridization analysis.

Male NCG (NOD/ShiLtJGpt-Prkdcem26Cd52Il2rgem26Cd22) mice, weighing 22 to 29 g and bearing a
fragment of human fetal lung in the dorsal subcutaneous space, were kindly provided by Yong-guang
Yang from the First Hospital of Jilin University, Changchun, China. The xenografted fetal human lungs
develop mature pulmonary structure as described previously (27). Mice were randomly allocated into ex-
perimental groups (n = 3). The 3-MA (30 mg/kg) was added intraperitoneally 2 h prior to SARS-CoV-2
infection and once daily for a total of 6 days. Human lung tissues were subjected to intragraft inocula-
tion with 105.5 TCID50 of SARS-CoV-2 in 100 ml of DMEM or a vehicle, using the same volume of DMEM.
The body weights were measured daily. At 12 hpi, 24 hpi, 48 hpi, 72 hpi, and 5 dpi, mice were sacrificed
by cervical dislocation and human lung tissues were isolated for RT-qPCR analysis, viral titration, immu-
nohistochemistry staining, and histopathological analysis.

All animals were housed at biosafety level 3 and given free access to standard pellet feed and water.
All experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals
(52). Discarded tissue from deceased human fetuses was obtained from the first hospital of Jilin
University with written informed consent.

Histopathological examination. Lung tissues were fixed in 4% paraformaldehyde solutions for
7 days, paraffin embedded, sectioned, and stained with hematoxylin and eosin (H&E) according to
standard protocols. Images were captured using light microscopy and analyzed as described previously
(53). To distinguish lung histopathology, the severity of damage in bronchioles, alveoli, and blood ves-
sels was graded, and the total score was accumulated. The degree of damage was scored as follows: 0,
normal structure; 1, mild infiltration, epithelial cell thickening, and congestion; 2, moderate epithelial
cell death, infiltration, focal exudation, or widened alveolar septum; and 3, severe epithelial cell death,
diffuse inflammatory cell infiltration, or collapse of alveolar structure.

Immunohistochemistry analysis. Lung tissues were fixed in 4% paraformaldehyde solution for
7 days, then paraffin embedded, and cut into 3- to 4-mm sections. Sections were deparaffined and rehy-
drated and antigens were retrieved using a citric acid (pH 6.0) antigen retrieval buffer. Next, the endoge-
nous peroxidase activity was blocked using 3% hydrogen peroxide at room temperature for 25 min. After
washing three times with PBS, 3% BSA was added to tissue sections and the tissues were sealed for
30 min. Sections were then incubated overnight with primary antibodies against LC3 and Atg5 at 4°C. The
next day after washing, the sections were incubated with HRP-conjugated secondary antibodies for
50 min and 3,39-diaminobenzidine (DAB) color-developing solution was added, followed by counterstain-
ing with hematoxylin stain solution, for nuclear staining. The final DAB-labeled images were captured by
microscopy. The nucleus became blue after hematoxylin staining, and DAB-positive sections were stained
brownish yellow. Images were analyzed with Image-pro plus 6.0, and a unified standard was set up for
positive signaling of brownish yellow. The positive IOD and pixel area from three visual fields in each slice
were measured, and areal density was calculated as IOD/corresponding tissue pixel area.

RNA in situ hybridization assay. Lung tissues were fixed in 4% paraformaldehyde solution contain-
ing 0.1% diethyl pyrocarbonate (DEPC) for 72 h. Tissues were then dehydrated, paraffin embedded, and
sectioned into thin slices. Endogenous peroxidase was blocked, and the sections were hybridized with
specific probes, the sequence of which was as follows: 59-digoxigenin (DIG)-ACTACAGCCATAACCTTT
CCACATACCGCAGAC-DIG-39. The DIG label was detected using an anti-DIG-HRP antibody. After incuba-
tion with DAB, the images were captured by light microscopy and the areal density was analyzed as
described previously using Image-Pro Plus 6.0.

Measurement of viral titers. Lung tissues were homogenized and serially diluted in serum-free
DMEM growth medium. Tenfold dilutions were added to 96-well plates in a volume of 100 ml/well. Vero
E6 cells were seeded in the plates 1 day before at a density of 7 � 103/well. Next, 100 ml of DMEM with
4% FBS, 100 IU/ml of penicillin, and 100 mg/ml of streptomycin were added 2 h postinfection to reach a
final volume of 200 ml per well. Cells were then cultured at 37°C with 5% CO2 for 4 days. Viral titers were
calculated using the Reed-Muench method in the form of TCID50.

Statistics. Statistical significance between groups was determined using GraphPad Prism, version
8.0. Data were presented as means 6 standard errors of the means (SEM) in all experiments and
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analyzed using a t test or analysis of variance followed by a two-tailed t test, and a P value of ,0.05 was
considered to be statistically significant.

Data availability. Source data in this work are available in the GitHub repository at https://github
.com/13382029577/SARS-CoV-2-autophagy.
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