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� Single-cell RNA sequencing showed
that iPSC-AOs exhibition of the
genetic profiles highly resembling the
genotypes of human airways.

� iPSC-AOs are susceptible to SARS-
COV-2 infection and the expressions
of S and N proteins after viral
infection.

� Bioinformatics analysis indicated the
involvement of aberrant enrichment
of lipid transport and lipid pathways
in infected iPSC-AOs.

� Statin preincubation relocated ACE2,
reduced N protein, and limited SARS-
CoV-2 infection in iPSC-AOs.

� Lipid modifications consistently
inhibited viral entry of various SARS-
CoV-2 strains (wild-type, alpha, delta,
omicron).
g r a p h i c a l a b s t r a c t

Human iPSC-derived airway organoids (iPSC-AOs) exhibit cellular heterogenicity resembling the human
native airway. Bioinformatics analysis revealed a robust dysregulation in inflammation, lipid-metabolism
pathway, and alternative splicing in SARS-CoV-2 infected airway organoids. Manipulating lipid home-
ostasis using cholesterol-lowering drugs (e.g. Statins) relocated the viral entry receptor angiotensin-
converting enzyme-2 (ACE-2), leading to the reduction of SARS-CoV-2 entry and replication.
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Background: Modifications of lipid metabolism were closely associated with the manifestations and prog-
nosis of coronavirus disease of 2019 (COVID-19). Pre-existing metabolic conditions exacerbated the
severity of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection while modulations
of aberrant lipid metabolisms alleviated the manifestations. To elucidate the underlying mechanisms,
an experimental platform that reproduces human respiratory physiology is required.
Methods: Here we generated induced pluripotent stem cell-derived airway organoids (iPSC-AOs) that
resemble the human native airway. Single-cell sequencing (ScRNAseq) and microscopic examination ver-
ified the cellular heterogeneity and microstructures of iPSC-AOs, respectively. We subjected iPSC-AOs to
SARS-CoV-2 infection and investigated the treatment effect of lipid modifiers statin drugs on viral patho-
genesis, gene expression, and the intracellular trafficking of the SARS-CoV-2 entry receptor angiotensin-
converting enzyme-2 (ACE-2).
Results: In SARS-CoV-2-infected iPSC-AOs, immunofluorescence staining detected the SARS-CoV-2 spike
(S) and nucleocapsid (N) proteins and bioinformatics analysis further showed the aberrant enrichment of
lipid-associated pathways. In addition, SARS-CoV-2 hijacked the host RNA replication machinery and
generated the new isoforms of a high-density lipoprotein constituent apolipoprotein A1 (APOA1) and
the virus-scavenging protein deleted in malignant brain tumors 1 (DMBT1). Manipulating lipid home-
ostasis using cholesterol-lowering drugs (e.g. Statins) relocated the viral entry receptor angiotensin-
converting enzyme-2 (ACE-2) and decreased N protein expression, leading to the reduction of SARS-
CoV-2 entry and replication. The same lipid modifications suppressed the entry of luciferase-
expressing SARS-CoV-2 pseudoviruses containing the S proteins derived from different SARS-CoV-2 vari-
ants, i.e. wild-type, alpha, delta, and omicron.
Conclusions: Together, our data demonstrated that modifications of lipid pathways restrict SARS-CoV-2
propagation in the iPSC-AOs, which the inhibition is speculated through the translocation of ACE2 from
the cell membrane to the cytosol. Considering the highly frequent mutation and generation of SARS-CoV-
2 variants, targeting host metabolisms of cholesterol or other lipids may represent an alternative
approach against SARS-CoV-2 infection.
� 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

In late 2019, the outbreak of the coronavirus disease 2019
(COVID-19) has caused a severe pandemic that led to a consider-
able amount of confirmed cases (>600 million) and mortality (>6
million). Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), the pathogen that caused COVID-19, was first reported in
Wuhan Province, China, and was speculated as a zoonotic incident
[1]. The virus mainly attacks the human lungs and later spreads to
other organ systems, causing life-threatening complications of
acute respiratory distress syndrome (ARDS), sepsis, or organ fail-
ure. Last year, a newly emerging variant, Omicron [2], further
struck the global community with an even more ominous note.
Although precautionary measures and vaccination have slowed
down the pandemic, scientific communities are still trying to fill
in the knowledge gaps about SARS-CoV-2.

To explore the pathological mechanisms of human diseases,
numerous cell lines and animal models were used to meet the
demand for disease investigations for decades. However, several
limitations of the experimental models, including differences in
the type of species, native organ architecture, and cellular hetero-
geneity, largely hinder the full understanding of the diseases. The
development of induced pluripotent stem cell (iPSC) technologies
not only enables the capabilities of iPSCs for pluripotent differenti-
ation but reproduces the molecular characteristics of the cell
donors after defined differentiation [3,4]. In addition, iPSCs can
be driven to differentiate into three-dimensional (3D) organ cul-
tures, allowing the structure formation that resembles architecture
and functionality in the in vivo organs [5]. The resultant iPSC-
differentiated 3D architecture, also known as iPSC-derived orga-
noids, can be expanded in vitro with the maintenance of genetic
integrity after long-term culture. These advantages render iPSC-
derived organoids an ideal platform for disease modeling.
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The entry of SARS-CoV-2 into the host cells has been well
investigated. Through the binding of the SARS-CoV-2 spike (S) pro-
tein to the entry receptor angiotensin-converting enzyme 2 (ACE),
SARS-CoV-2 is permitted to enter the host cells. After the entry, the
virus replicates its genome using nucleocapsid (N) protein and
further undergoes virus packaging with the membrane (M) and
envelope (E) protein before releasing the new virions into the host
bodies [6]. After the outbreak of COVID-19, several attempts have
been made to use organoid technologies in virology for modeling
SARS-CoV2 infection [7–9]. Relying on the expression of ACE2 as
well as the transmembrane protease serine type 2 (TMPRSS2)
receptor, iPSC-derived organoids have been shown to be permis-
sive to SARS-CoV-2 infection [10–13]. Owing to the inclusion of cell
types and structures resembling human lungs and the expression
of lung-specific markers, iPSC-derived lung organoids have been
subjected to SARS-CoV-2 infection for testing different therapeutic
approaches [11]. Despite the progresses in organoid technologies,
iPSC-based disease modeling, and the development of antiviral
regimens against COVID-19, the pathomechanisms and effective
intervention strategies for SARS-CoV-2 remain generally unclear.

In clinical observations, growing evidence showed that the use
of lipid-modulating drugs such as statins is associated with lower
disease severity and reduced mortality among COVID-19 patients
[14–16]. The beneficial effects of statins on disease outcomes were
also observed in several clinical trials, whereas the mechanisms
underlying such beneficial effects remain unclear [17]. In the pre-
sent study, we first attempted to generate iPSC-derived airway
organoids (iPSC-AOs) and used microscopic examination and
single-cell RNA sequencing (ScRNA-seq) to validate iPSC-AOs that
resemble human lungs in phenotypic features, cellular heterogene-
ity, and gene expression patterns. The detection of S and N proteins
after viral infection supported that iPSC-AOs are permissive to
SARS-CoV-2 entry and replication. Bioinformatics approaches
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revealed a robust dysregulation in lipid-related pathways in
infected iPSC-AOs. We next treated iPSC-AOs with statin drugs
and evaluated the effect of manipulating lipid homeostasis on
the trafficking of ACE2, the SARS-CoV-2 entry receptor, as the
infection and replication of SARS-CoV-2 in iPSC-AOs. Furthermore,
we compared the effect of modifying lipid homeostasis and exam-
ined whether this intervention restricted SARS-CoV-2 infection
among iPSC-AOs exposed to different virus variants, i.e. wild-
type, alpha, delta, and omicron.
Materials and methods

General mammalian cell culture conditions

The HEK293-ACE2 cell line constitutively expresses human
Angiotensin-converting enzyme 2 (ACE2) by transduction of
ACE2 into HEK293 cell [18]. The HEK293-ACE2 cell line was cul-
tured and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco), supplemented with 10% (v/v) fetal bovine serum
(Gibco) and 1 � penicillin–streptomycin (Gibco). Cells were pas-
saged at 80% confluency using 0.25% trypsin. For hiPSC mainte-
nance, the cell colonies were passaged as single cells using
Versene (Gibco), and cultured on Geltrex (Corning)-coated culture
dish in commercially available StemFlex medium (Gibco), supple-
mented with 10 lM ROCK inhibitor during the first day of subcul-
ture. All cell types were maintained and cultured at 37 ℃ with 5%
CO2.

Generation of airway organoids

Human iPSCs were stepwise differentiated into airway orga-
noids (iPSC-AOs), following the protocol reported previously [19].
Briefly, 2 � 106 of iPSCs were cultured in Geltrex-coated 6-well
plates with StemFlex medium 24 h prior to being induced into
definitive endoderm with STEMdiff Definitive Endoderm Kit (Stem
Cell Technologies) for 72 h. At this stage, the cells were dissociated
and cultured as small clumps in the Geltrex-coated 6-well plate at
the ratio of 1:7 in a complete serum-free differentiation medium,
cSFDM (IMDM, Ham’s F12, B27 Supplement, N2 Supplement,
0.1% bovine serum albumin Fraction V, monothioglycerol, Gluta-
max, L-ascorbic acid, and Pen/Strep), supplemented with 10 lM
SB431542 and 2 lM Dorsomorphin for 72 h to induce the cells
towards anterior foregut endoderm development. The cells were
cultured for another 9–11 days (D14–D16) in cSFDM containing
3 lM CHIR99021, 10 ng/ml rhBMP4, and 100 nM retinoic acid for
lung epithelial progenitor cells induction. Later, cells expressing
CD47high/CD26low markers were sorted using BD FACSAriaTM III Cell
Sorter (BD Biosciences) for further differentiation into the 3D air-
way organoids. The sorted cells were maintained in the Matrigel
(Corning) at a seeding density of 200 cells/lL of Matrigel and fed
with airway differentiation medium (ADM): cSFDM medium, sup-
plemented with 0.1 mM 8-Bromoadenosine 30, 50-cyclic adenosine
monophosphate, 250 ng/ml recombinant human fibroblast growth
factor 2, 100 ng/ml recombinant human fibroblast growth factor
10, 50 nM dexamethasone, 0.1 mM 3-Isobutyl-1-methylxanthine,
and 10 lM Rock inhibitor. DAPT, a Notch signaling inhibitor was
added post two weeks of sorting to induce ciliary motility. The
organoids can be dissociated into single cells for further passaging
or cryopreservation.

Immunofluorescence staining

Immunofluorescence (IF) staining of the monolayer-cultured
HEK293-ACE2 cells was performed using the general protocol.
Briefly, cells were fixed and permeabilized with 4% paraformalde-
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hyde (PFA) and Trixton-X 100, respectively before being incubated
with primary antibodies overnight at 4℃. On the next day, cells
were washed three times with phosphate-buffered saline (PBS),
then incubated with secondary antibodies and counterstained with
DAPI before visualization. For whole-organoid IF staining, the 3D
airway organoids were isolated from Matrigel extracellular matrix
using Dispase (Corning) and fixed with 4% PFA in the 8-well cham-
ber slides (Merck Millipore). Next, the organoids were permeabi-
lized and blocked in blocking buffer (5% BSA + 0.5% Triton X-100
in 1 � PBS) for 2 h, before being incubated with primary antibodies
overnight at 4℃. Similarly, secondary antibodies and DAPI counter-
stain were given the next day before analysis. All IF images were
taken with a confocal laser scanning microscope (FLUOVIEW
FV3000, Olympus). All primary and secondary antibodies used in
the IF analyses are listed in Supplementary Table 1.
10x Single-cell RNA sequencing of airway organoid

The differentiated airway organoids were prepared with 10x
Genomics Single Cell 30 v3 Reagent Kit as our previous study
described [20]. Briefly, we carefully dissociated the organoid with
trypsin and washed it twice with commercial PBS plus 0.04% BSA
(Sigma). We then resuspended the dissociated cells in PBS plus
0.04% BSA and checked the viability by Trypan blue staining
(Thermo Fisher). After confirming the viability higher than 80 %,
we applied the 6,672 cells for single-cell cDNA preparation as man-
ufacturing instruction. After amplifying the cDNA with 12-cycle
PCR, we used SPRIselect beads (Beckman) to purify the suitable-
length DNA. The quality was confirmed by Bioanalyzer (Agilent
Technologies) and determined their concentration. We prepared
the cDNA library according to manufacturing instructions and
sequenced it with Illumine NovaSeq 6000.
Western-blotting

The total protein of cells and organoids from different experi-
ment groups were extracted using the general western blotting
protocol and quantified by Bradford assay. An equal amount of pro-
tein lysate (30 lg) was separated by the SDS-PAGE system and
transferred to polyvinylidene difluoride membranes. For
immunoblotting, the membranes were blocked with 5% non-fat
milk in PBS/0.1% Tween 20 (PBST) before being incubated over-
night at 4 �C with primary antibodies of interest. The membranes
were washed three times with PBST the next day to remove exces-
sive antibodies, followed by 1 h incubation at room temperature
(RT) with species-specific secondary antibodies conjugated with
horseradish peroxidase (HRP). Finally, membranes were exposed
to chemiluminescent HRP detection reagents (Millipore) and the
blots were developed using the X-ray film in the dark room. All pri-
mary and secondary antibodies are listed in Supplementary
Table 1.
SARS-CoV-2 luciferase assay

HEK293-ACE2 cells were seeded into a white opaque 96-well
plate (Corning). The next day, we pretreated cells with 0, 5, and
10 lM of Remdesivir, Fluvastatin, and Simvastatin for 24 h, respec-
tively. After 24 h, we replaced the medium with the phenol-red
free culture medium containing one MOI virus (SARS-CoV-2-
Nluc). After 48 h post-infection, we added luciferase substrates
(Promega) to 50 lL cell lysate from each well. The luciferase activ-
ity was normalized with the luciferase signals of the mock group
(set as 100%). All experiments were performed with technical
duplicates.
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Quantitative RT-PCR (qPCR)

Total RNA in the cells was extracted using Trizol (Invitrogen)
according to the manufacturer’s protocol, and 1 lg of the RNA
was reverse transcribed into cDNA. The qPCR was performed using
the Applied Biosystems QuantStudio 5 Real-Time PCR System
(Thermo Fisher Scientific). The cycling conditions were as follows:
polymerase activation at 95 �C for 2 min, followed by 40 cycles of
denaturation at 95 �C for 10 s, and annealing at 60 �C for 30 s.

GFP-Forward: CTACCCCGACCACATGAAGC; GFP-Reverse:
AAGAAGATGGTGCGCTCCTG.

Transmission electron microscopy (TEM)

Organoids were collected and immersed in a fixative buffer con-
taining 2% PFA (Electron Microscopy Science, PA, USA) and 2.5%
glutaraldehyde (Electron Microscopy Science, PA, USA) in 0.1 M
PBS overnight. The fixed organoids were washed with PBS three
times and fixed in 1% osmium tetroxide (OsO4, Electron Micro-
scopy Science, PA, USA) for 2 h at RT for further dehydration. Dehy-
dration was operated by sequential changing the alcohol (Merck)
concentration from 30%, 50%, 70%, 80%, 85%, 90%, 95%, and 100%,
followed by replacement with propylene oxide (Merck) and Spurr’s
epoxy (Electron Microscopy Science, PA, USA). By gradually chang-
ing the concentration of Spurr’s epoxy, the samples were finally
infiltrated with pure Spurr’s epoxy overnight. The samples were
carefully embedded into separate BEEM capsules (Electron Micro-
scopy Science) and cured for 72 h at 70℃ before sectioning using
an ultramicrotome (Leica EM UC7, Leica Microsystems). The sec-
tions on the copper grids were stained with 2% uranyl acetate
(Electron Microscopy Science, PA, USA) and 2.5% lead citrate (Elec-
tron Microscopy Science, PA, USA) and observed in a TEM (JEM-
1400plus, 80 kV, JEOL Ltd.). Images were acquired by the CCD cam-
era on TEM with identical magnification.

Rna-seq sequencing, data processing, and data analysis

Total RNA of the uninfected and virus-infected organoids were
harvested followed by mRNA isolation using Oligo(dT)25 (Thermo
Fisher Scientific) following the manufacturer’s instruction. Purified
and fragmented RNA (with an approximate average length of
Table 1
The used software and algorithms in the study.

Software Ref.

fastQC v.0.11.8 [21]
Trimmomatic v.0.39 [22]
STAR 2.7.1a [23]
Featurecounts [26]
DeSeq2 [27]
GAP [29]
GRCh38 –
SARS-CoV-2 [78]
GO analysis [30,31]
goseq v1.46.10 [32]
rrvgo v1.6.0 [33]
IMPaLA v13 [37]
KEGG database [79–81]
pathview v1.34.0 [82]
HISAT2 v2.2.1 [40]
regtools v0.5.2 [42]
StringTie v2.1.5 [43]
ballgown v2.24.0 [44]
IsoformSwitchAnalyzeR v1.14.1 [45,46]
ggsashimi v1.1.5 [47]
ggplot2 v3.3.5 [28]
visNetwork v2.1.0 [35]
EnrichR [38]
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200 bp) were used in first-strand and second-strand cDNA synthe-
sis followed by 30ends polyadenylation and adaptor ligation before
final enrichment, according to the instructions of NEBNext Ultra
RNA Library Prep Kit for Illumina (New England Biolabs). The qual-
ity of the purified library products was evaluated using the Agilent
2200 TapeStation system (Agilent) and Qubit 2.0 fluorometer (Life
Technologies). RNA sequence quality of FASTQ files was checked
using FastQC [21]. Leftover of adapter sequences and poor-
quality bases at read ends from every read were trimmed off by
using Trimmomatic v.0.39 [22] before the reads were mapped to
the reference genome. The reference genome was built by combin-
ing the reference genomes of homo sapiens (GRCh38, https://
www.ncbi.nlm.nih.gov/assembly/GCF_000001405.39/) and SARS-
CoV-2 (human/TWN/CGMH-CGU-04/2020; GenBank number:
MT370517). Total RNA-seq reads from sequencing the lung orga-
noid samples were mapped to the reference genome by using STAR
2.7.3a [23] with permissive parameters for noncanonical splicing
[24,25]. Reads that mapped equally well to multiple genomic
regions were removed. The mapping and generation of count
tables were performed using Featurecounts [26]. Normalization
and identification of differentially expressed genes were processed
using the R package DESeq2 [27]. Estimated effect sizes and p-
values of differentially expressed genes were displayed in a vol-
cano plot by using the R package ggplot2 [28]. Gene clusters were
constructed by using GAP [29], where the Pearson correlation coef-
ficient was used as a proximity to measure the between-gene asso-
ciation. An average linkage hierarchical clustering dendrogram
with Pearson correlation proximity was constructed. The nomen-
clature of the gene clusters was assigned through a gene ontology
enrichment analysis [30,31]. All information on used software is
listed in Table 1.

Functional enrichment analysis

DEGs were classified into multiple subgroups according to the
temporal profiles of gene expression at mock, 24 h, and 96 h. A
GO enrichment analysis was carried out in each subgroup using
the R package goseq [32]. The GO terms enriched by the identified
DEGs were further grouped into several clusters by using rrvgo
[33], and then cluster names were assigned, and GO networks were
analyzed by the website REVIGO [34] and plotted using visNetwork
Website

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.usadellab.org/cms/index.php?page = trimmomatic
https://hbctraining.github.io/Intro-to-rnaseq-hpc-O2/lessons/03_alignment.html
https://subread.sourceforge.net/
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://gap.stat.sinica.edu.tw/Software/index.htm
https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.39/
https://www.ncbi.nlm.nih.gov/nuccore/MT370517
https://geneontology.org/
https://doi.org/10.18129/B9.bioc.goseq
https://doi.org/10.18129/B9.bioc.rrvgo
https://impala.molgen.mpg.de/
https://www.genome.jp/kegg/kegg1.html
https://doi.org/10.18129/B9.bioc.pathview
https://daehwankimlab.github.io/hisat2/
https://github.com/griffithlab/regtools
https://ccb.jhu.edu/software/stringtie/
https://doi.org/10.18129/B9.bioc.ballgown
https://doi.org/10.18129/B9.bioc.IsoformSwitchAnalyzeR
https://github.com/guigolab/ggsashimi
https://ggplot2.tidyverse.org/
https://CRAN.R-project.org/package = visNetwork
https://maayanlab.cloud/Enrichr/#

https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.39/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.39/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.usadellab.org/cms/index.php?page
https://hbctraining.github.io/Intro-to-rnaseq-hpc-O2/lessons/03_alignment.html
https://subread.sourceforge.net/
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://gap.stat.sinica.edu.tw/Software/index.htm
https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.39/
https://www.ncbi.nlm.nih.gov/nuccore/MT370517
https://geneontology.org/
https://doi.org/10.18129/B9.bioc.goseq
https://doi.org/10.18129/B9.bioc.rrvgo
https://impala.molgen.mpg.de/
https://www.genome.jp/kegg/kegg1.html
https://doi.org/10.18129/B9.bioc.pathview
https://daehwankimlab.github.io/hisat2/
https://github.com/griffithlab/regtools
https://ccb.jhu.edu/software/stringtie/
https://doi.org/10.18129/B9.bioc.ballgown
https://doi.org/10.18129/B9.bioc.IsoformSwitchAnalyzeR
https://github.com/guigolab/ggsashimi
https://ggplot2.tidyverse.org/
https://CRAN.R-project.org/package
https://maayanlab.cloud/Enrichr/%23
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[35]. Combining the identified DEGs in this study and metabolites
that were associated with the SARS-CoV-2 infection [36], an inte-
grative pathway analysis was conducted by using IMPaLA [37].
EnrichR [38] was used to identify the Gene Ontology (GO) for the
Biological process. Log2 expression of each gene of more than three
were selected in the EnrichR. Alternatively, the Cytoscape package
ClueGO [39] was also used to map the over-presentative GO term.
EnrichR can obtain the P-value and q-value by the Fisher exact test.
The GO terms with the q-value < 0.05 were considered statistically
significant.

Isoform detection

Trimmed RNA-seq reads were mapped to the reference genome
by using HISAT2 [40] based on an analysis protocol [41]. All junc-
tions were extracted from the alignments using regtools [42]. Junc-
tions with differential expressions were identified in the pairwise
comparisons (mock, 24 h, and 96 h). Isoform assembly was con-
ducted by using StringTie [43], ballgown [44], and the R package Iso-
formSwitchAnalyzeR [45,46]. Assembled isoforms were ranked and
sorted according to the coverages of differential junctions. The
top 50 isoforms with the highest coverages were visualized in
Sashimi plots by using ggsashimi [47].

Cell viability assay

To determine the possible cytotoxicity effect of Statin on the
mammalian cells, we performed cell viability assay using cell
counting kit-8 (CCK-8) (Sigma Aldrich). HEK293-ACE2 cells were
plated in a 96-well plate and later incubated with a range of con-
centrations of Statin (1, 2, 5, 10, 20, and 50 lM), and meanwhile
negative control groups with PBS for 48 h at 37℃ with 5% CO2.
For the assay, 10 lL of CCK-8 solution was added to each well of
the plate and incubated for 2 h before being measured using a
microplate reader at an absorbance of 450 nm.

SARS-CoV-2 and pseudovirus infection with drugs treatment

All the experiments with infectious SARS-CoV-2 were employed
in appropriate biosafety level (BSL) 3 or BSL 4 laboratories, at the
Institute of Preventive Medicine (IPM). SARS-CoV-2 was obtained
from Taiwan Centers for Disease Control. The SARS-CoV-2 pseu-
dovirus was purchased from National RNAi Core Facility at Acade-
mia Sinica in Taiwan. To evaluate the antiviral efficacy of
remdesivir and Statin, HEK293-ACE2 cells or airway organoids
were pre-treated with remdesivir or Statin analogs at the indicated
doses, respectively. After drug treatment, the cells were infected
with pseudovirus or SARS-CoV-2 (one MOI) for 1 h and the viruses
were removed and cultured for 48 h. The viruses were tittered
using a plaque assay on Vero E6 cells. For GFP- or luciferase-
conjugated pseudovirus, cells were either viewed under a confocal
microscope or subjected to luciferase activity assay by following
the manufacturer’s instructions. The Remdesivir, Fluvastatin
(Sigma-Aldrich), and Simvastatin (Sigma-Aldrich) administration
were treated prior to 24 h of infection. For SARS-CoV-2 infection
groups, organoids were lysed for western immunoblotting or fixed
for subsequent IF staining.

Statistical analysis

If not specified, all bioassays were performed in triplicates and
expressed as mean ± S.E.M. The average data and their respective
standard deviation were obtained using Microsoft Excel or Graph-
Pad Prism version 7.0 software. For the comparison of two groups,
a t-test (paired or unpaired) was performed by Prism. For the com-
parison of three or more groups, one-way ANOVA analysis of vari-
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ance with an appropriate multiple comparisons test was
performed by Prism, P < 0.05 was considered statistically
significant.
Results

Human iPSC-AOs express human airway markers and the machinery
for SARS-CoV-2 infection

The pluripotency property grants iPSCs the ability to differenti-
ate into all human cell lineages. Considering the human lung as the
primary target organ of SARS-CoV-2, we induced the differentia-
tion of human iPSCs into 3D airway organoids (iPSC-AOs) (Fig. 1A
& B) [19]. Immunofluorescence staining detected the various cell
populations expressing airway markers of basal (KRT5 + ), secre-
tory (SCGB3A2 + ), and ciliated (Act-a-TUB + ) cells in iPSC-AOs
(Fig. 1C). Single-cell transcriptome analysis further supported our
findings, revealing genes that represent five distinct clusters of
multiciliated cells (CDK1), secretory cells (CEACAM6), basal cells
(KRT17), alveolar epithelial type 1 cells (OBSL1), and alveolar
epithelial type 2 cells (TTYH1) (Fig. 1D). These findings are consis-
tent with that of human lung transcriptomes analyzed using
Single-cell RNA-sequencing (ScRNAseq) in previous studies
[48,49]. Upon microscopic examination, we also observed beating
cilia on the apical layer of the iPSC-AOs after 30 days of differenti-
ation, resembling the native airway mucociliary movement (Video
S1). Using ScRNAseq and immuno-blotting, we further detected
ACE2 expression at both gene and protein levels, respectively
(Fig. 1E & F). To validate whether iPSC-AOs are permissive to
SARS-CoV-2 infection, we subjected iPSC-AOs to the infection using
green fluorescence protein (GFP)-tagged SARS-CoV-2 pseudovirus.
The SARS-CoV-2 pseudovirus was produced by the transfection of
the HEK 293 T cells with a lentiviral backbone that encodes a flu-
orescent reporter protein and the SARS-CoV-2 S protein [50,51].
After the exposure to SARS-CoV-2 pseudovirus, strong GFP signals
were detected within the iPSC-AOs using immunofluorescence
staining (Fig. 1G). Quantitative real-time polymerase chain reac-
tion (qPCR) also showed high expression of GFP signals in the
iPSC-AOs after the exposure to SARS-CoV-2 pseudovirus (Fig. 1H).
These findings suggested that iPSC-AOs recapitulate the cellular
heterogeneity and gene expression patterns of the human native
airway and may act as a feasible platform for SARS-CoV-2 infection.
iPSC-AOs are vulnerable to SARS-CoV-2 infection

Owing to the susceptibility of iPSC-AOs to SARS-CoV-2 pseu-
dovirus, we next infected the iPSC-AOs with wild-type SARS-
CoV-2 virus (MOI = 1) for different time courses in subsequent
experiments (Fig. 2A). Time-point imaging indicated the mock
iPSC-AOs self-organized and expanded time-dependently, whereas
the post-infection iPSC-AOs lost the ability for volume expansion
over time (Fig. 2B, Video S2). After exposure to wild-type SARS-
CoV-2 and iPSC-AO harvesting, immunoblotting, and immunofluo-
rescence both showed increased expression of the SARS-CoV-2
spike (S) and nucleocapsid (N) proteins (Fig. 2C & D), indicating
the SARS-CoV-2 entry and replication, respectively. Notably,
ACE2 expression was dramatically reduced at 96 h post-infection.
These findings suggested the self-defense of iPSC-AOs against
SARS-CoV-2 infection, consistent with clinical observations among
COVID-19 patients [52]. We further used transmission electron
microscopy (TEM) to capture SARS-CoV-2 propagation within
iPSC-AOs. The presence of the SARS-CoV-2 virions (indicated by
red arrows) and the virus replicative structures (indicated by green
arrows) provided evidence demonstrating the viral entry and repli-
cation within this iPSC-derived 3D platform (Fig. 2D). Collectively,



Fig. 1. Ipsc-derived airway organoids (ao) exhibit ace2 expression and vulnerable to sars-cov-2 pseudovirus infection. (A) Schematic illustration of the differentiation
process of iPSCs to AO. (B) Brightfield image of the iPSC-derived AO at different stages of differentiation spanning = 30 days. Scale bar = 200 lm. (C) Immunofluorescence
staining of AO showed marker expression of basal cell (KRT5), secretory cell (SCGB3A2 and CFTR), and ciliated cell (Act-a-TUB). Nuclei and cellular actin filaments were
counterstained with DAPI (blue) and ACTIN (green), respectively. Scale bar = 20 lm. (D) Cluster map showing the assigned identity for each airway component (Multiciliated,
Secretory, Basal, AT1, and AT2 cells). (E) t-SNE projection showing major airway marker CDK1, CEACAM6, KRT17, OBSL1, TTYH1, and ACE2 expressions in the AO. (F)
Immunoblotting analysis showed high ACE2 protein expression in iPSC-derived AO. (G) iPSC-derived AO expressed GFP signals after 48 h infection with GFP-conjugated SARS-
CoV-2 pseudovirus. Scale bar = 100 lm. (H) Quantitative real-time PCR analysis showed increased mRNA expression level of GFP; n = 3. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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these data indicated that iPSC-AOs are vulnerable to SARS-CoV-2
infection and serve as an ideal platform for investigating the path-
omechanisms of COVID-19.

Differentially expressed gene expression in iPSC-AOs in response to
SARS-CoV-2 infection

We performed RNA-sequencing (RNAseq) to profile differential
gene expression in the iPSC-AOs after SARS-CoV-2 infection. The
detailed flow chart of sequencing analysis is shown in Fig. 3A. After
quality control and pre-processing of RNAseq data, we performed
differential expression gene analysis. In iPSC-AOs, we identified
1,643 differentially expressed genes (DEGs) after 24-hour infection
(1,122 upregulated and 521 downregulated genes) and 1,282 DEGs
after 96-hour infection (888 upregulated and 394 downregulated
genes), compared to the uninfected iPSC-AOs. In infected iPSC-
AOs at 24 h post-infection, Egl-9 Family Hypoxia Inducible Factor
3 (EGLN3) was the most upregulated gene (FDR adjusted p-value =
9.32 � 10-63) with a 3.97-fold upregulation. Transcription factor
21 (TCF21) was the most decreased gene (FDR adjusted p-value =
4.47 � 10-43) with a 3.36-fold downregulation (Left subpanel in
Fig. 3B). For iPSC-AOs at 96 h post-infection, cyclin and CBS domain
divalent metal cation transport mediator 1 (CNNM1) were the
most significantly upregulated gene (p-value = 7:83� 10�25

3.70 � 10-29) with a 4.59-fold increase, while periostin (POSTN)
was the most significantly decreased gene (FDR adjusted p-value =
4.07 � 10-23) with a 4.00-fold decrease in gene expression (Right
subpanel in Fig. 3B). The majority of identified DEGs were different
between iPSC-AOs with 24-hour infection and 96-hour infection.
Among these DEGs, only 10.5% of DEGs (279 DEGs) were over-
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lapped, illustrating the dramatical differential transcriptomic
changes after short-term exposure (24 h) and prolonged exposure
(96 h) to SARS-CoV-2 infection (Fig. 3C). To reveal the participating
biological processes (BPs) contributed by these DEGs, we first per-
formed the gene ontology (GO) analysis of these dysregulated
DEGs in the infected iPSC-AOs after 24-hour infection. The GO
analysis revealed the involvement of several typical biological
responses of virus infection, such as proteolysis (GO:0006508),
response to virus (GO:0009615), inflammatory response
(GO:0006954), and acute phase response (GO:0006953), resem-
bling the manifestations of the human physiological environment
in response to virus infection. Remarkably, GO analysis also
showed the involvement of lipid transport (GO:0006869) and lipid
metabolic processes (GO:0006629) in response to SARS-CoV-2
infection (Fig. 3D). Transcription factors of the same signaling usu-
ally have a similar expression pattern due to sharing the same pro-
moter or the control of the same regulatory loops. For a more
precise understanding of the interaction networks, we conducted
a similarity matrix to capture the transcription pattern and
mapped the major effectors. According to the transcriptional pro-
files of DEGs in iPSC-AOs after 24 h infection, we classified the
transcriptional profiles into eleven groups, including response to
chemotaxis, development differentiation, proliferation cell regula-
tion, death cell process apoptotic, transport cell migration lipid,
regulation negative growth, homeostasis process homeostatic
maintenance lipid, immune regulation, etc. (Fig. 3E). Among the
processes, GO terms related to chemotaxis response, cell metabo-
lism, lipid transport, and apoptosis were significant, especially in
iPSC-AOs after 24 h infection (Fig. 3F). Due to the loss of expansion
ability (Fig. 2B) and the significantly upregulated pathways related



Fig. 2. Human iPSC-derived airway organoids (iPSC-AO) are vulnerable to SARS-CoV-2 infection. (A) Schematic illustration of SARS-CoV-2 virus infection in AO. (B) Time-
lapse images of SARS-CoV-2-infected AO. The white arrow indicated the same organoid in the mock group, and black arrow indicated the same organoids in the infection
group. (C) Immunofluorescence staining of N protein and S protein in SARS-CoV-2-infected AO. Nuclei were counterstained with DAPI (blue). Scale bar = 20 lm. (D)
Transmission electron microscope analysis detected successful SARS-CoV-2 virus infection in AO, indicated by arrow. Scale bar = 200 nm. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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to cellular death response (Fig. 3D, 3F, and S3) in iPSC-AOs at the
96 h post-infection, we then focused on the infected iPSC-AOs after
24 h infection and investigated the changes of lipid pathways in
response to SARS-CoV-2 infection in subsequent experiments.

Enrichment of lipid-associated pathways in SARS-CoV-2-infected iPSC-
AOs

To assess whole transcriptional changes during SARS-CoV-2
infection, we harvested the RNA from the SARS-CoV-2-infected
iPSC-AOs at 24 h and 96 h post-infection and compared the gene
expression with that in uninfected iPSC-AOs. We carefully per-
formed a quality control (QC) validation and trimmed the raw
reads for precise transcriptional quantification (Fig. 4A). Briefly,
we aligned the raw reads to the SARS-CoV-2 genome, cleaned the
viral RNA, and aligned the remaining reads to the human genome.
We counted and normalized the alignments by cufflinks and
DESeq2, respectively, and eventually obtained the DEGs from the
analysis pipeline. According to the temporal dynamic patterns of
these identified DEGs, we classified these DEGs into five categories
and used GO enrichment analysis and text mining cluster analysis
to identify their activated biological processes (BPs). The top three
prominent GOs of each category are shown in Fig. 4B. The first
group was associated with cell response to stress, including
defense response, immune response, and cellular response to
chemical stimuli. The second group was associated with cell repli-
cation, including cell cycle, nuclear DNA replication, and epithelial
cell proliferation. The last group was associated with lipid metabo-
lism, including lipid metabolic process, regulation of lipoprotein
lipase activity, response to lipid, etc. Together, we found substan-
tial changes in gene expression levels and the critical roles of
immune, inflammatory, and defense responses to SARS-CoV-2
infection in host cells, particularly at the early stage of viral infec-
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tion. Under the attack by SARS-CoV-2, it has been shown that the
host cells eliminated foreign substances through the release of
defense signals damage-associated molecular patterns (DAMPs),
such as interleukins and interferon families. Overstimulation by
these signals was shown to result in inflammation and cell death
[53–55]. Remarkably, GO enrichment analysis indicated that lipid
metabolism was the predominant function during SARS-CoV-2
infection, implying that aberrant regulation of lipid pathways
may be involved in SARS-CoV-2 propagation (Fig. 4B). Extensive
studies have shown that cholesterol facilitates the production of
infectious particles in viruses such as Hepatitis C and flavivirus
[56,57]. At the early stage of SARS-CoV-2 infection in iPSC-AOs, sig-
nificantly upregulated genes are associated with positive regula-
tion of cholesterol esterification, plasma lipoprotein particle
remodeling, and regulation of lipoprotein lipase activity, suggest-
ing that SARS-CoV-2 modulates the host lipid metabolism to meet
the demand of viral entry and formation of replication vesicles.
Genes related to response to lipid and response to lipopolysaccha-
ride were enriched during prolonged viral infection, further
emphasizing the essential roles of lipids in the SARS-CoV-2 life
cycle (Fig. 4B). Alternatively, we calculated all DEGs with propor-
tion statics with the ClueGO software. The PiePlot of enriched
GOs showed that plasma lipoprotein particle remodeling has a
dominant proportion (34.48%). Meanwhile, the positive regulation
of monocyte aggregation (17.24%) and regulation of neutrophil
activation (13.79%) resembled the typical lung epithelial cell
response in the human tissue under viral infection (Fig. 4C). Among
these major groups, we found that multiple GOs closely interacted
with each other and represented a vivid pathological response
in vitro (Fig. 4D). To identify the canonical pathways within the
infected iPSC-AOs, we applied the DEGs into Bioplant 2019 data-
base. The EnrichR analysis showed that the Statin pathway,
chylomicron-mediated lipid transport, and lipoprotein metabolism



Fig. 3. Next-generation sequencing analysis of SARS-CoV-2 infection in airway organoid. (A) Flowchart of RNA sequencing data analysis. The major analysis components
consist of data quality control and preprocessing, differential expression gene analysis, gene ontology and pathway analysis, and isoform detection and splice junction
analysis. (B) The left-hand-side and right-hand-side volcano plots display the results in a comparison analysis between the mock sample and SARS-CoV-2 infected sample at
24 h and 96 h, respectively. Volcano plot representing the DEGs satisfying the criteria of log 2 (fold-change) value > 2 or < -2 and p < 0.05. Red and green symbols indicate
significantly upregulated and downregulated genes, respectively. (C) Venn diagram shows that 279 genes were commonly identified at 24 h- and 96 h-exposure to viral
infection. Purple circle indicates the number of DEGs identified at 24 h exposure to viral infection compared to the mock sample; Orange circle indicates the number of DEGs
identified at 96 h exposure to viral infection compared to the mock sample. (D) The bubble plot showed the gene ontology of the 24 h and 96 h infection-affected genes. (E)
The heatmap of the semantic similarity matrix from top-ranking random GO terms in 24 h infection-affected group. (F) Heatmap presents the significance of biological
processes in the infected cells after 24 h SARS-CoV-2 infection, which are compared to that after 96 h SARS-CoV-2 infection. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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were significantly upregulated (P value = 4.10 � 10-5, 1.97 � 10-4,
and 3.68 � 10-4, respectively). To identify which pathway is dom-
inant, we then used EnrichR to calculate the Odds ratio. The scat-
tering plot showed that the Statin pathway has the strongest
association with exposure to SARS-CoV2 and the consequence of
viral infection (Fig. 4E & F). To examine whether these associated
genes were also highly expressed upon SARS-CoV-2 infection, we
analyzed the transcripts levels of these associated genes in the
results of RNAseq. Overall, the lipoprotein-associated genes,
including CETP, LPL, APOC3, APOA1, APOA4, and APOB, were
abundant and significantly upregulated. Meanwhile, the
interferon-alpha/beta signalings were also significantly enriched
(Fig. 4G). Taken together, our findings demonstrated that the
lipid-associated pathways were significantly enriched in response
to SARS-CoV-2 infection in iPSC-AOs.

SARS-CoV-2 promotes alternative splicing to generate isoforms of
APOA1 and DMBT1

Alternative splicing is a frequent regulation that can adjust the
detailed protein–protein interaction or complex assembly by
generating the transcripts of different mature mRNA splice iso-
forms [58]. COVID-19 has been known to induce exacerbated pul-
monary and systemic inflammation [59]. Although clinical
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manifestations are generally similar, some of the symptoms and
complications among COVID-19 patients were distinct and diverse,
which may be probably the consequences of alternative splicing
[60]. Recent evidence revealed that viruses may hijack the RNA
replication mechanisms to facilitate virus production or eliminate
the host immune system, demonstrating the role of viral
infection-induced alternative splicing [61]. To examine the effect
of SARS-CoV-2 infection on alternative splicing, we employed the
detailed isoform RNA detection pipeline (Fig. 4A) to elucidate the
genes with increased isoform levels in iPSC-AOs infected by
SARS-CoV-2 (Supplemental Table 2). We employed the detailed
isoform RNA detection pipeline (Fig. 4A) and summarized the
genes with increased isoform levels (Supplemental Table 2). To
analyze the biological roles of these genes with the most increased
isoform levels, these genes were subjected to gene ontology anal-
ysis. Among these genes with highest isoform levels, the most
enriched GO terms showed a high association with lipid metabo-
lism, including sterol import (GO:0035376), cholesterol import
(GO:0070508), regulation of very-low-density lipoprotein particle
remodeling (GO:0010901), and regulation of lipoprotein lipase
activity (GO:0051004) (Fig. 5A). As a threshold of 200 isoform
counts, we found that 13 genes were detected for>200 counts,
and 20 genes were<200 counts (Fig. 5B). According to the isoform
counts, we tried to identify candidate genes with abundant isoform



Fig. 4. Dysregulation of immune response and lipid biogenesis in airway organoids after SARS-CoV-2 infection. (A) The flowchart of gene ontology analysis. (B)
Temporal DEGs were classified according to temporal dynamic patterns of gene expression at mock, 24 h, and 96 h samples. According to the expression from the RNA
sequencing, we classified the pattern into five major patterns. In each pattern of gene expression, we examined the enrichment of the identified DEGs and list the three major
activated biological processes. (C) ClueGO pathway analysis shows the overrepresented functional categories under SARS-CoV-2 infection (** p < 0.001, * p < 0.01). (D) The
presentative GO terms were labeled in bold fonts. The bubble size reflects the frequency of the GO term in the underlying gene ontology annotation database. (E) The top 10
significant functions which were annotated by BioPlanet 2019 database. (F) The scattering plot of p-value vs. Odds Ratio of all DEGs after 24 h SARS-CoV-2 infection. (G) The
transcript level of all associated genes of lipoprotein metabolism and interferon alpha/beta signaling from the RNA sequencing.

P.-H. Tsai, J.-R. Sun, Y. Chien et al. Journal of Advanced Research 60 (2024) 127–140
counts and significant fold change. After overlapping the genes
with significant fold changes (>5 folds), five genes were obtained,
including DMBT1, RPS8, AC060780.1, and APOA1 (Fig. 5C). The
mRNA levels of these five genes were highly upregulated at 24 h
post-infection and then declined at 96 h post-infection (Fig. 5D).
Among these genes, APOA1 and DMBT1 exhibited the most signifi-
cant changes. APOA1, a constituent of high-density lipoprotein and
a regulator responsible for cholesterol esterification, has been asso-
ciated with the risk of SARS-CoV-2 infection [62]. DMBT1 is a virus-
scavenging protein that can modulate innate defense responses
[63] and has been shown to be enriched in COVID-19 samples
[64]. Sashimi plot showed the generation of two novel isoforms
of APOA1 and six isoforms of DMBT1 in the iPSC-AOs at 24 h
post-infection compared to uninfected iPSC-AOs (Fig. 5E and 5F).
Collectively, our data using the iPSC-AO platform demonstrated
that SARS-CoV-2 hijacked the RNA replication mechanisms and
promoted the alternative splicing, leading to the generation of
novel isoforms of APOA1 and DMBT1. Considering the antiviral roles
of APOA1 [65] and DMBT1 [66], the upregulation of APOA1 and
DMBT1 may be the consequences of host self-defense in response
to SARS-CoV-2 infection.

Modifications of lipid pathways restrict the internalization and
replication of SARS-CoV-2

Along with the observations in bioinformatics analysis, our data
suggested that SARS-CoV-2 modified the host lipid metabolism
(Fig. 4) accompanied by the increase of APOA1, a regulator that
contributes to cholesterol metabolism (Fig. 5). Lipids have been
shown to play essential roles in the life cycle of viruses. Viral infec-
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tion may interfere with the intracellular lipid metabolism, remodel
the lipid composition of cell membranes, and generate new virions
[17]]. To test the critical roles of lipid metabolism during SARS-
CoV-2 infection, we perturbed the lipid homeostasis using statin
drugs and examined if this perturbation modified SARS-CoV-2
infection in iPSC-AOs. Prior to testing the effect of statins on
iPSC-AOs infected with SARS-CoV-2, we evaluated whether the
pretreatment of statin drugs affects the infection of ACE2-
overexpressing HEK293T cells (HEK293-ACE2) by SARS-CoV-2
pseudovirus that expresses a luciferase reporter gene and SARS-
CoV-2 S protein. First, treatment of statin drugs (i.e. Fluvastatin
and Simvastatin) showed no cytotoxicity at any given dose in
HEK293-ACE2 cells (Supplemental Fig. 2). We next treated
HEK293-ACE2 cells with either Fluvastatin or Simvastatin for
24 h and subsequently evaluated the infection of SARS-CoV-2
pseudovirus by detecting the luciferase signals (Supplemental
Fig. 3A). The entry of SARS-CoV-2 pseudovirus was moderately
suppressed by the preincubation of either statin drug at 5 lM.
The maximal inhibition of the entry of SARS-CoV-2 pseudovirus
by both statins was achieved at 10 lM (Supplemental Fig. 3B),
which was subjected to the following experiments. For the infec-
tion studies using SARS-CoV-2, iPSC-AOs were treated with statins
for 24 h, followed by SARS-CoV-2 infection (MOI = 1) for another
24 h (Fig. 6A). The effect of Remdesivir, the well-established clini-
cal drug for treating COVID-19 [67,68], was also evaluated in
another parallel incubation of iPSC-AOs (Supplemental Fig. 4A).
Immunoblotting and immunofluorescence showed that preincuba-
tion of Remdesivir reduced SARS-CoV-2 N protein expression in
infected iPSC-AOs (Supplemental Fig. 4B & C), indicating the
repression of SARS-CoV-2 replication by Remdesivir. Similar to



Fig. 5. Alternative splicing expression and junction analysis after SARS-CoV-2 infection. (A) the gene ontology of all upregulated genes with significantly upregulated
isoform expression. (B) Venn’s diagram showed the isoform lower than 200 counts (20 genes, isoform counts h200) and higher than 200 counts (13 genes, isoform
counts > 200). These isoforms intersected with the significantly upregulated genes (mRNA FC > 5 fold). (C) The transcript expression of identified isoform post SARS-CoV-2
infection. The information in the box showed the top ten genes with abundant isoform transcripts and their coordinates. (D) Differential spicing junction analysis identified
new spicing isoforms. Differential expression spicing junction was found in five genes. DMBT1, RPS8, AC060780.1, and APOA1were found in a comparison of mock vs. 24 h. and
HSPA5 was found in a comparison of mock vs. 96 h. Asterisk indicates the condition that differential expression spicing junction was found compared to the uninfected mock
samples. (E) Sashimi plots of gene APOA1. This plot focuses on the human genome region chr11:116837001–116837950. An alternative splicing junction was discovered at
the 24 h infected sample compared to the uninfected mock samples. The transformed expression levels at the two replicates of the 24 h infected samples in the splicing
junctions are (666,2,040). (F) Sashimi plots of gene DMBT1. This plot focuses on the human genome region chr10:122585271–122615306. Three alternative splicing junctions
were discovered at the 24 h infected sample compared to the uninfected mock samples. The transformed expression levels at the two replicates of the 24 h infected samples
in the three splicing junctions are (425,281), (2,340,1,464), and (705,708), respectively.
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the effect of Remdesivir, immunoblotting showed that preincuba-
tion of iPSC-AOs to statin drugs (i.e. Fluvastatin and Simvastatin,
10 lM) also substantially decreased the expression of N protein
and TMPRSS2 in infected iPSC-AOs (Fig. 6B). Immunofluorescence
further validated the effect of statins on N protein expression.
The absence of N protein in infected iPSC-AOs preincubated with
statins indicated that modifying lipid homeostasis repressed
SARS-CoV-2 replication (Fig. 6C). To investigate whether statin pre-
treatment modified SARS-CoV-2 entry, we examined the effect of
statins on ACE2 trafficking in HEK293-ACE2 cells using immunoflu-
orescence. Upon the treatment of both statins in HEK293-ACE2
cells, we observed a dose-dependent internalization of ACE2 from
the cell membrane to the cytoplasm (Fig. 6D & 6E). SARS-CoV-2 as
one of the positive-sense single-stranded RNA viruses has been
known to exhibit a high-frequency mutation rate. In addition to
the Wuhan variant, other variants were also consecutively identi-
fied. Among them, the Omicron variant as the most recently iden-
tified SARAS-CoV-2 variant has been reported to be a more
aggressive and dominant strain globally [2]. To further examine
whether statin treatment also hinders the viral entry of SARS-
CoV-2, we subjected statin-pretreated HEK293-ACE2 cells to the
viral infection using four different SARS-CoV-2 pseudoviruses that
express a luciferase reporter protein and the S protein derived from
various SARS-CoV-2 variants, including wild-type, alpha, delta, and
omicron. The amino difference in the spike protein among Wuhan,
Alpha, Delta, and Omicron variants used for the SARS-CoV-2 pseu-
dovirus generation are shown in Fig. 6F. Compared with the wild-
type Wuhan variant, the amino acid differences were depicted
with triangle symbols (Fig. 6F). As detected by the luciferase assay,
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both statin drugs (Fluvastatin and Simvastatin, 10 lM) consistently
abrogated the entry of SARS-CoV-2 pseudoviruses with the S pro-
teins of different SARS-CoV-2 strains (Fig. 6G). Collectively, our
data demonstrated that interfering the lipid homeostasis with sta-
tin drugs restricts the entry and replication of SARS-CoV-2 in the
host cells.
Discussion

The rapid spread and persistence of the COVID-19 pandemic
have brought a great threat to the economy and public health sys-
tem in the world. Investigators and clinicians have made several
efforts to develop novel strategies or technologies for treating
COVID-19 [1]. Despite the anti-pandemic measures and achieve-
ments, including novel therapeutics, the rapid development of vac-
cines, and the high vaccination coverage, the pandemic still
remains poorly controlled. The difficulty in the pandemic control
against COVID-19 was partially attributed to the verification of
several SARS-COV-2 variants, including the Wuhan variant, Alpha
variant, Delta variant, and Omicron variant [2]. Although virus-
inhibiting drugs, such as Paxlovid, Molnupiravir, and Remdesivir,
have shown efficacy in viral clearance among COVID-19 patients
[69], more efforts are still required to combat the viral infection
by emerging variants of SARS-CoV-2. Notably, COVID-19 patients
with pre-existing metabolic conditions are associated with higher
hospitalization and mortality [70]. On the contrary, modulations
of aberrant lipid metabolism are linked to lower disease morbidity
and mortality in COVID-19 patients [14–16 17]. Collectively, these



Fig. 6. Statin alters ACE2 localization in SARS-CoV-2 infected airway organoids. (A) The scheme of Statin analogs treatment to the SARS-CoV-2 infected AO. (B) We used
immunoblotting analysis and (C) immunofluorescence staining to assay the inhibition effect on the N protein production in SARS-CoV-2-infected AO after 10 lM Fluvastatin
or Simvastatin treatment. We detected the ACE2, TMPRSS2, and N protein levels in the indicated viruses/Statin combinations. GAPDH protein was used as a loading control.
Immunofluorescence staining of N protein in the AO. The AO cells were stained for N protein (green) or EpCAM (red) and counterstained with DAPI (blue). Scale bar = 10 lm.
(D, E) We used immunofluorescence staining to trace the ACE2 internalization process after indicated concentration of Fluvastatin or Simvastatin treatment. The airway
organoid cells were stained for ACE2 (green) and counterstained with DAPI (blue). Scale bar = 10 lm. (F) Geographical drawing of amino acid changes in the spike protein of
Wuhan, Alpha, Delta, and Omicron SARS-CoV-2 variants. The differences are shown in reference to SARS-CoV-2 Wuhan-1 genome, labeled with triangle. NTD, N-terminal
domain; RBD, receptor binding domain; RBM, receptor binding motif; SD1, subdomain 1; SD2, subdomain 2; N, nucleocapsid. (G) Luciferase assay for quantification of SARS-
CoV-2 pseudovirus infection (one MOI) in the 10 lM Fluvastatin or Simvastatin treated HEK293-ACE2 cells. Until 48 h later, we harvested the cell lysate for detecting the
luciferase activity. The luciferase activity of each sample was normalized to the untreated control as 100%. Significance was determined by two-way ANOVA (*, p < 0.001). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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observations suggested that the regulation of lipid pathways
serves certain roles that are critical but unclear in the pathogenesis
of SARS-CoV-2 infection.

The high infectivity of SARS-CoV-2 was considered a factor that
largely hindered the conduction of the virology research on COVID-
19. In addition to the requirement of a biosafety level 3 (BSL-3) lab-
oratory facilities, experimental platforms mimicking SARS-CoV-2
infection in the human body are also essential. Syrian golden ham-
sters exhibit pathological changes similar to that in COVID-19
patients and are therefore widely used as the in vivo model to
examine the efficacy of vaccines and therapeutics [71–73]. How-
ever, Syrian golden hamsters exhibit no lethality in response to
SARS-CoV-2 infection. Instead, the major post-infection phenotype
of this model is mild weight loss which is spontaneously recovered
within two weeks [71]. The discrepancy between the phenotypes
of this model and the clinical manifestations of COVID-19 pointed
out the limitations of Syrian golden hamsters as a COVID-19 model
due to the species difference. In vitro models using cells derived
from the human lung may compensate for the gap between animal
models and COVID-19 patients and provide further understanding
of the pathological mechanisms of this critical infectious disease.
Immortalized human cell lines are powerful and easy to be handled
whereas it is unclear whether the normal respiratory physiology is
maintained in these cells. Primary human cells are competent to
provide better information that is biologically relevant and
patient-specific, rendering their advantages over immortalized
cells. Nevertheless, the availability of primary human cells is usu-
ally limited and hindered their utility for high throughput studies
[74]. The development of iPSC technologies and organoid-based
research have largely relieved these aforementioned concerns.
iPSCs are self-renewing and can expand unlimitedly. After defined
differentiation, iPSC-derived organoids are patient-specific and
readily to be cultured and used in translational research [10,75].
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In the present study, we generated iPSC-AOs that carry high avail-
ability and cell heterogeneity similar to the human native airway.
Using scRNAseq-based approaches, we found several distinct cell
clusters within the iPSC-AOs, including the basal cells, secretory
cells, and multiciliated cells. In addition to the similarity of unique
gene expression at the single cell level, iPSC-AOs also showed
microstructures resembling that in the human native airway
(Fig. 1). Along with identifying the expression of ACE2 (Fig. 2),
our data supported the 3D iPSC-AOs as an ideal platform that is
physiologically relevant and feasible for SARS-CoV-2 infection
studies.

Bioinformatics analysis demonstrated the involvement of dys-
regulated lipid pathways in SARS-CoV-2-infected iPSC-AOs (Figs. 3
and 4). In addition, SARS-CoV-2 hijacked the RNA replication
machinery in the host cells and promoted the alternative splicing
(Fig. 5). During the splicing processes, the host cells generated
novel isoforms of two genes, i.e. APOA1 and DMBT1, which may
exert functions associated with cholesterol esterification, virus
scavenging, or antiviral activity. Without regard to the possible
roles of these genes in self-defense in the host cells, our findings
of bioinformatics approaches clearly demonstrated the enrichment
of numerous lipid pathways in infected iPSC-AOs. To test the role
of lipid pathways in SARS-CoV-2 infection in iPSC-AOs, we modi-
fied the lipid homeostasis in uninfected host cells by incubating
with the cholesterol-lowering drug statins, including iPSC-AOs
and ACE2-overexpressing HEK293T cells, before the exposures to
SARS-CoV-2 or luciferase-expressing SARS-CoV-2 pseudoviruses.
Evidenced by the decrease in incorporated luciferase signals,
modifying the lipid homeostasis using statins decreased the viral
entry of SARS-CoV-2 pseudoviruses containing the S proteins from
different SARS-CoV-2 variants (Supplemental Fig. 3A and Supple-
mental Fig. 6G). Meanwhile, statins promoted the internalization
of ACE2 protein from the cell membrane to the cytoplasm in a
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dose-dependent manner (Fig. 6D and 6E). These data indicated
that modifications of lipid homeostasis using statins reduced
SARS-CoV-2 pseudovirus entry through the relocation of ACE2,
the entry receptor for SARS-CoV-2. The same treatment also largely
reduced the SARS-CoV-2 N protein in SARS-CoV-2-infected iPSC-
AOs (Fig. 6B and 6C), indicating that interference of lipid home-
ostasis also suppressed SARS-CoV-2 replication within the host
cells. Our findings supported the previous clinical observations of
the association of prognosis with preexisting metabolic abnormal-
ities [70] or the use of lipid-modifying drugs among COVID-19
patients [14–16 17].

Despite the beneficial effects of lipid modifications in suppress-
ing SARS-CoV-2 entry and replication, it remains questionable
whether lipid-modifying drugs can be used as anti-viral medica-
tions in COVID-19 patients. In the present study, we examined
the pretreatment effect of lipid modifications on SARS-CoV-2 entry
and replication. However, post-infection treatment of the same
drugs did not decrease the viral loads in SARS-CoV-2-infected
iPSC-AOs (data not shown). Our observations only showed the
efficacy of lipid modifications in pretreatment studies rather than
post-treatment studies. It remains ambiguous whether the efficacy
of statin drugs on SARS-CoV-2 infection was exerted through the
Statin-mediated cholesterol reduction or direct Statin-ACE2 inter-
action. Further studies will be required to elucidate the mecha-
nisms underlying Statin-mediated ACE2 trafficking. SARS-CoV2
enters the mammalian cells and uses the host machinery of repli-
cate themselves to cause infection. After the replication and the
damage of host cells, SARS-CoV-2 may induce secondary infection
and further exacerbate the damage. As shown in our findings, lipid
modifications using Statins at least led to prominent inhibition of
SARS-CoV-2 entry, which may subsequently prevent the viral repli-
cation within the cells, eventually rescuing the host cells from
virus-induced apoptotic death. Interestingly, the fatty acid synthe-
sis inhibitor orlistat was shown to block SARS-CoV-2 replication
[76]. Targeting the metabolism of lipids (e.g. cholesterol and sphin-
golipids) also exhibited therapeutic efficacy in the host cells
infected by flaviviruses [57] or hepatitis C virus [77]. The evidences
reported by previous studies also supported that cholesterol and
sphingolipids, the constituents of lipid rafts”, serve certain roles
crucial for viral infection in the host cells.
Conclusion

Collectively, our findings have demonstrated evidence showing
that modifications of lipid pathways using Statin drugs effectively
suppressed SARS-CoV-2 infection in iPSC-AOs. The beneficial effect
of Statin was, at least, partially through the relocation of ACE2 from
the cell membrane to the cytosol, which hindered the viruses to
enter and propagate within the host cells. SARS-CoV-2 as one of
the RNA viruses has been well known to carry a high probability
of mutations in the virions, leading to the frequent development
of drug resistance against anti-viral drugs. Targeting to certain host
factors such as the metabolisms of cholesterol or other lipids may
represent alternative approaches against SARS-CoV-2 infection.
The combination of interferon and sphingolipid synthesis inhibitor
was used to treat hepatitis C virus infection [77]. Reduction in
cholesterol levels increased interferon responses to suppress the
infection of Dengue and Zika viruses [57]. These observations high-
lighted that the intervention targeting lipid pathways can be com-
bined with conventional antiviral drugs (such as Remdesivir, etc)
and used as a combination therapy to combat the long-lasting
COVID-19 pandemic. However, more pre-clinical and clinical data
are still needed to verify this speculation.
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