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Abstract

The consequences of infection with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) can range from
asymptomatic to fatal disease. Variations in epithelial sus-
ceptibility to SARS-CoV-2 infection depend on the anatom-
ical location from the proximal to distal respiratory tract.
However, the cellular biology underlying these variations is
not completely understood. Thus, air-liquid interface cul-
tures of well-differentiated primary human tracheal and
bronchial epithelial cells were employed to study the impact
of epithelial cellular composition and differentiation on
SARS-CoV-2 infection by transcriptional (RNA sequencing)
and immunofluorescent analyses. Changes of cellular com-
position were investigated by varying time of differentiation
or by using specific compounds. We found that SARS-CoV-2
primarily infected not only ciliated cells but also goblet cells

and transient secretory cells. Viral replication was impacted
by differences in cellular composition, which depended on
culturing time and anatomical origin. A higher percentage of
ciliated cells correlated with a higher viral load. However,
DAPT treatment, which increased the number of ciliated
cells and reduced goblet cells, decreased viral load, indicat-
ing the contribution of goblet cells to infection. Cell entry
factors, especially cathepsin L and transmembrane protease
serine 2, were also affected by differentiation time. In con-
clusion, our study demonstrates that viral replication is
affected by changes in cellular composition, especially in
cells related to the mucociliary system. This could explain in
part the variable susceptibility to SARS-CoV-2 infection
between individuals and between anatomical locations in

the respiratory tract. © 2023 The Author(s).
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Introduction

Since December 2019, severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) has rapidly spread
worldwide. The burden of the associated disease COVID-
19 has an enormous medical, social, and economic impact
[1]. Furthermore, the continuing emergence of virus
variants, such as the delta and omicron variants, is
associated with additional waves of COVID-19 cases
[2, 3]. This illustrates the threat of these viruses to prolong
the current pandemic or lead to new large outbreaks in
the future. Besides different clinical outcomes due to
SARS-CoV-2 variants, even people infected with the
same virus variant present with varying clinical signs
and symptoms depending on age [4], sex [5], weight [6],
environment [7], other medical conditions [6, 8], im-
mune status [9], and possibly other yet-to-be-identified
factors.

SARS-CoV-2 was first isolated from the lower respi-
ratory tract of COVID-19 patients [10, 11]. The epithe-
lium serves as the first barrier to SARS-CoV-2 infection in
the respiratory tract, and therefore, the subsequent epi-
thelial response to infection (antiviral and inflammatory
responses) plays an important role in the outcome of
infection. The respiratory tract spans from the nasal
cavity to the terminal bronchioles, ending in the alveoli
where gas exchange occurs. The airways are lined by the
airway epithelium, which includes various cell types, of
which ciliated, secretory goblet, and club cells and basal
cells are present in the highest numbers [12, 13]. These
cell types have their own distinct functions. For instance,
goblet cells secrete mucus, which captures inhaled par-
ticles like respiratory viruses, while the continuous beat-
ing cilia from ciliated cells help to transport this mucus
with entrapped particles toward the pharynx, collectively
called mucociliary clearance (MCC). Although the airway
epithelium shares similar cell types throughout the res-
piratory tract, the proportion of each cell type is depend-
ent on the anatomical location [13]. In addition, in many
patients with lung diseases such as asthma or chronic
obstructive pulmonary disease, epithelial cellular compo-
sition is altered [12]. In primary airway epithelial cell
cultures, which are differentiated at the air-liquid inter-
face (ALI), cellular composition of the airway epithelium
depends on the individual donor [14], differentiation
time [15], and culture conditions [16]. So far, the impact
of epithelial cellular composition on SARS-CoV-2 infec-
tion biology has not been completely elucidated. Previous
studies have demonstrated a difference in host suscept-
ibility to SARS-CoV-2 infection depending on the loca-
tion of virus-host interaction in the respiratory tract [17].

Impact of Epithelial Cellular Composition/
Differentiation on SARS-CoV-2 Infection

However, it is unclear to what extent the differences in
viral replication link to variation in epithelial cellular
composition. SARS-CoV-2 targets ciliated and secretory
cells [18, 19], possibly via strands of mucus attached to
cilia tips [20]. Therefore, changes in the proportion of
these target cells might affect viral replication. SARS-
CoV-2 cellular tropism furthermore depends on host
proteins that are involved in virus entry, including
angiotensin-converting enzyme 2 (ACE2) and proteases
like transmembrane protease serine 2 (TMPRSS2) and
cathepsin L (CTSL), as well as alternative receptors (e.g.,
cluster of differentiation 147 [CD147], 78-kDa glucose-
regulated protein [GRP78], tyrosine-protein kinase re-
ceptor UFO [AXL]), which all have been demonstrated to
be expressed in variable levels on human airway epithelial
cells [21-24]. Recent research demonstrated that SARS-
CoV-2 cell entry factors are primarily expressed in bronchial
transient secretory cells [25], indicating these transiently
differentiating cells might contribute to a great extent to
initial infection.

While research on the susceptibility of respiratory
epithelial cells to SARS-CoV-2 infection often focuses
on a specific cell type, function, or protein of interest [26],
we aimed to investigate how various changes in cellular
differentiation and composition affect SARS-CoV-2 in-
fection biology. This knowledge can support our under-
standing of how these factors could contribute to local,
and - more importantly - airway disease-associated
differences in susceptibility. To this end, we used primary
human bronchial (PBEC) and tracheal epithelial cells
(PTEC) and differentiated them at the ALI for up to 5
weeks. We characterized virus replication, spread, local-
ization, immune responses, and expression of SARS-
CoV-2-entry factors, as well as compared cellular composition
between both types of cultures. Furthermore, we inves-
tigated how infection characteristics were influenced by
modulation of the cellular composition and by the
duration of culture.

Materials and Methods

Cell Culture

PBEC were isolated from tumor-free resected bronchial tissue
that was obtained from patients undergoing resection surgery for
lung cancer at the Leiden University Medical Center (Leiden, The
Netherlands). Patients from whom this PBEC were derived were
enrolled in the biobank via a no-objection system for coded
anonymous further use of such tissue (www.coreon.org). However,
since January 9, 2022, patients have been enrolled in the biobank
using active informed consent in accordance with local regulations
from the LUMC Biobank with approval from the Institutional
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Medical Ethical Committee (B20.042/Ab/ab and B20.042/Kb/kb).
PTEC were isolated from residual tracheal and main stem bron-
chial tissue from lung transplant donors postmortem at the
University Medical Center Essen (Essen, Germany). Use of such
donor tissue for research was approved by the Ethical Committee
of the medical faculty of the University of Duisburg-Essen (ID: 19-
8717-BO) [27].

To achieve mucociliary differentiation, PBEC and PTEC were
cultured at the ALI as previously described [28]. Briefly, epithelial
cell cultures from individual donors or mixed donors were seeded
onto 12-insert Transwell membranes (Corning Costar, Cam-
bridge, MA, USA), which were coated with PBS supplemented
with 5 pg/mL human fibronectin (Promocell, Heidelberg, Ger-
many), 30 ug/mL PureCol (Advanced BioMatrix, CA, USA), and
10 pg/mL bovine serum albumin (Fraction V; Thermo Fisher
Scientific, Carlsbad, CA, USA), in a 1:1 mixture of Bronchial
Epithelial Cell Medium-basal (ScienCell, SanBio) and Dulbecco’s
Modified Eagle’s Medium (STEMCELL Technologies, Koln, Ger-
many), further referred to as B/D medium. This B/D medium
contains 12.5 mM HEPES, bronchial epithelial cell growth supple-
ment, 100 U/mL penicillin, 100 pg/mL streptomycin (all from
ScienCell), 2 mm GlutaMAX (Thermo Fisher Scientific). B/D
medium was supplemented during submerged culture with
1 nm EC23 (light-stable retinoic acid receptor agonist; Tocris,
Abingdon, UK). For individual donors, the seeding intensity was
40,000 cells/12-insert and for mixed donors approximately
150,000 cells (30,000 cells/donor when mixing cells from 5 donors
and 40,000 cells/donor when using 4 donors). For the donor mixes,
the higher seeding density compared to individual cultures re-
sulted in near-confluency to avoid selective advantage of possible
faster proliferating cells of specific donors.

After confluency was reached, the apical medium was removed
and cells were cultured at the ALI in B/D medium with 50 nm EC23
for 3-5 weeks; during this period, medium was refreshed, and the
apical side was washed three times a week with warm PBS to
remove excess mucus. To shift cell differentiation toward an
increased number of goblet or ciliated cells, ALI-PBEC were
incubated in BD medium supplemented with 50 nmM EC23, and
either 1 ng/mL IL-13 (PeproTech) or 5 um DAPT (y-secretase
inhibitor, Tocris) from day 22 to day 35 culture time. To assess the
direct effect of DAPT, we treated cells with DAPT either starting
24 h before (and during) infection (a time period considered
insufficient to cause a shift in epithelial differentiation) or directly
after infection.

Vero E6 cells (master stock MM-3 from the Dept. of Medical
Microbiology collection, characterized by full-genome sequencing)
were maintained in Dulbecco’s Modified Eagle’s Medium with
4.5 g/L glucose with 1-glutamine (Lonza), supplemented with 8%
fetal calf serum (Capricorn Scientific) and 100 U/mL of penicillin/
streptomycin (Sigma-Aldrich). All cell cultures were maintained at
37°C. Infections for plaque assays in Vero E6 cells were performed
in Eagle’s Minimal Essential Medium with 25 mm HEPES (Lonza)
supplemented with 2% FCS, 2 mM L-glutamine (Sigma-Aldrich),
and 100 U/mL of penicillin/streptomycin (Sigma-Aldrich).

SARS-CoV-2 Virus

The clinical isolate SARS-CoV-2/Leiden-0002 was isolated
from a nasopharyngeal sample collected at the LUMC (GenBank
accession nr. MT510999). The virus was passaged twice in Vero E6
cells to obtain the virus stock used for infection. Virus titers were
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determined by plaque assay as described before [29]. All experi-
ments with infectious SARS-CoV-2 were performed at the Leiden
University Medical Center biosafety level 3 facilities.

SARS-CoV-2 Infection of ALI-PBEC

Prior to infection, the mucus was removed by washing the
apical surface of the ALI cultures with 200 puL PBS and aspirating it
after a 10-min incubation at 37°C. Basal medium was changed
every 2 days. Cells were infected with 200 uL of inoculum prepared
in PBS, containing 30,000 PFU of SARS-CoV-2 per insert for 2 h at
37°C on a rocking platform (estimated multiplicity of infection
[MOI] of 0.03). PBS was used as the solvent control and in mock-
infected cells as the inoculum. After removal of the inoculum, the
apical side was washed three times with PBS, and cells were
incubated at 37°C. Viral progeny was harvested from the apical
side at 24, 48, and 72 hpi as described in the next section.

Cells were infected after 3-5 weeks of differentiation as in-
dicated. For cells under DAPT or IL-13 treatment, the medium was
supplemented with 1 ng/mL IL-13 or 5 um DAPT after 3 weeks of
differentiation, and after 5-week culture time in total (2 weeks of
treatment), PBEC were infected. After infection, the basal medium
was replaced by fresh B/D medium also supplemented with IL-13
or DAPT.

RNA Isolation, Quantitative RT-PCR/Real-Time PCR, and

Plaque Assay Analysis

Apical washes were harvested following a 10-min incubation at
37°C with 200 uL PBS. RNA was isolated from half the volume of
apical washes (100 pL) after addition of 800 uL of TriPure Isolation
Reagent (Sigma-Aldrich). TriPure reagent was spiked with equine
arteritis virus to control for variation in RNA extraction efficiency
and possible inhibitors of real-time PCR (RT-qPCR). Intracellular
RNA was isolated by adding 500 pL of TriPure reagent directly to
cells on the insert. Samples were stored at —20°C until RNA was
isolated using the Direct-zol™-96 RNA plate isolation (Zymo),
5PRIME Phase Lock Gel extraction (Quantabio) or Maxwell® 16
simply RNA tissue kit (Promega, the Netherlands). The phospho-
glycerate kinase 1 (PGK-1) was used as a reference gene for
normalization when intracellular RNA was analyzed. Primers
and probes for equine arteritis virus and PGK-1 (Sigma-Aldrich)
and the normalization procedure were performed as described
before [29]. Viral RNA was quantified by internally controlled
multiplex RT-qPCR using the TagMan™ Fast Virus 1-Step Master
Mix (Thermo Fisher Scientific) as described previously [30] but
with modifications as listed in Table 1. A standard curve generated
by RT-qPCR on 10-fold serial dilutions of a T7 RNA polymerase-
generated in vitro transcript containing the target sequences was
used for absolute quantification of RNA copy numbers.

For analysis of the transcriptional response of epithelial cells to
infection, RNA was reverse-transcribed and cDNA was amplified
by real-time qPCR (Bio-Rad, Veenendaal, The Netherlands) using
specific primers. Relative normalized gene expression compared to
reference genes ribosomal protein L13a (RPL13A) and ATP
synthase, H*-transporting, mitochondrial F1 complex, beta poly-
peptide (ATP5B) was calculated according to the standard curve
method. Reference genes were selected out of 8 candidate reference
genes using the “Genorm” software (Genorm; Primer Design,
Southampton, UK). RT-qPCR was performed on a CFX384
Touch™ Real-Time PCR Detection System (Bio-Rad) using a
program consisting of 5 min at 50°C and 20 s at 95°C (or
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Table 1. Primer sequences

Gene Forward primer (5'-3') Reverse primer (5'-3')

E ACAGGTACGTTAATAGTTAATAGCGT ATATTGCAGCAGTACGCACACA

E probe TexRed-ACACTAGCCATCCTTACTGCGCTTCG-BHQ1

RdRp GTGARATGGTCATGTGTGGCGG CARATGTTAAASACACTATTAGCATA
RdRp probe FAM-CAGGTGGAACCTCATCAGGAGATGC-BHQ1

MUC5AC CCTTCGACGGACAGAGCTAC TCTCGGTGACAACACGAAAG
FOXJ1 GGAGGGGACGTAAATCCCTA TTGGTCCCAGTAGTTCCAGC
SCGBI1A1 ACATGAGGGAGGCAGGGGCTC ACTCAAAGCATGGCAGCGGCA
TP63 CCACCTGGACGTATTCCACTG TCGAATCAAATGACTAGGAGGGG
IFNLT GGACGCCTTGGAAGAGTCACT AGAAGCCTCAGGTCCCAATTC
IFNB1 ATGACCAACAAGTGTCTCCTCC GGAATCCAAGCAAGTTGTAGCTC
CXCL8 CTGGACCCCAAGGAAAAC TGGCAACCCTACAACAGAC

IL6 CAGAGCTGTGCAGATGAGTAC A GATGAGTTGTCATGTCCTGCA
ACE2 CGTCTGAATGACAACAGCCTAGA AATGCCAACCACTATCACTCCC
TMPRSS2 AATCGGTGTGTTCGCCTCTAC CGTAGTTCTCGTTCCAGTCGT
CD147 CAGAGTGAAGGCTGTGAAGTCG TGCGAGGAACTCACGAAGAAC
GRP78 GGAAAGAAGGTTACCCATGC AGAAGAGACACATCGAAGGT
ATP5B TCACCCAGGCTGGTTCAGA AGTGGCCAGGGTAGGCTGAT
RPL13A AAGGTGGTGGTCGTACGCTGTG CGGGAAGGGTTGGTGTTCATCC

3 min at 95°C when cDNA was used), followed by 45 cycles of 5 s at
95°C and 30 s at 60°C or 63°C (depending on primers). Primer
pairs are listed in Table 1. For quantification of the number of
infectious virus particles, the apical wash was serially diluted, and
infectious titers were determined by plaque assay on Vero E6 as
described previously [29].

Immunofluorescence Staining

For analysis by immunofluorescence, ALI cultures were rinsed
using PBS and cells were fixed by adding 3% (w/v) paraformalde-
hyde diluted in PBS into the basal and apical compartments
followed by incubation at room temperature for at least 35 min.
Next, inserts were washed two times with PBS and stored in PBS
with 10 mM glycine at 4°C until further use. Ice-cold methanol was
added for 10 min at 4°C, and PBS containing 1% (w/v) BSA, 0.3%
(w/v) Triton-X-100 was used to block nonspecific binding sites and
permeabilize cells for 30 min at 4°C. Membranes were excised from
the insert and cut into 4 pieces that were incubated overnight at 4°C
with specific antibodies at the following dilutions: rabbit anti-SARS-
CoV-2 N antibody (JUC3, 1:500 [31]), human anti-SARS-CoV-2
spike antibody (P008_076 [32]), mouse anti-MUC5AC antibody
(1:200; Thermo Fisher Scientific), mouse anti-acetylated a-tubulin
(1/100; Sigma-Aldrich), or goat anti-FOXJ1 antibody (1:200; R&D,
Minneapolis, MN, USA). After washing, membranes were incubated
with corresponding secondary antibodies: donkey anti-rabbit, don-
key anti-mouse, or donkey anti-goat Alexa Fluor antibodies (all
diluted 1:200, Thermo Fisher Scientific) and 4’,6-diamidino-2-phe-
nylindole (DAPI, 1:200, Sigma-Aldrich) in the dark for 30 min at
room temperature. Next, membranes were transferred to glass slides
and covered with ProLong Gold Antifade reagent (Thermo Fisher
Scientific) and a coverslip (VWR, Amsterdam, The Netherlands).
Slides were viewed using a Leica TCS SP8 confocal microscope
(Leica Microsystems, Wetzlar, Germany), the Andor Dragonfly 500
spinning disk confocal (Andor Technology, Belfast, UK), or the
ZEISS Axio Scan.Z1 Slide Scanner (ZEISS, Oberkochen, Germany)

Impact of Epithelial Cellular Composition/
Differentiation on SARS-CoV-2 Infection

at x100/x400/x630 original magnification according to experimen-
tal requirements. Positive-stained cells from three random areas of
each insert membrane of each independent experiment were quan-
tified by Image].

RNA Sequencing and Analysis

The samples harvested from 3-week and 5-week differenti-
ated ALI-PBEC and ALI-PTEC were used to perform RNA
sequencing (RNA-Seq) at GenomeScan (Leiden, The Nether-
lands). Total RN A was extracted using TriPure Isolation Reagent
and the Maxwell® 16 simply RNA tissue kit and passed the
quality control measured by the Fragment Analyzer. Then
mRNA was isolated based on poly-A selection, and RNA frag-
mentation was performed. After that, cDNA was synthesized for
adapter ligation and PCR amplification. A data set of 12 samples
was generated using an Illumina NovaSeq 6000 sequencer, and
the quality for the raw data was determined with third-party
(FastQC v0.11.9) and in-house (FastQA v3.1.25) quality control
tools. The paired-end reads were trimmed to remove possible
adapter sequences using cutadapt v2.10 and mapped to the
human GRCh37.75 (Homo_sapiens.GRCh37.75.dna.primary
assembly.fa). Based on the mapped locations in the alignment
file, the frequency of how often a read was mapped on a tran-
script was determined with HTSeq v0.11.0. RNA-Seq analysis
was performed using the R package DeSeq2 with the read counts
>10. Differential expression was conducted comparing virus
infection at each time point to time matched no virus con-
trol/mock. Gene signatures were made using the Gene Set
Variation Analysis package. The differentially expressed genes
(DEGs) were generated by comparing data in 5-week cultures
compared to 3-week cultures, and the significant differences
were considered when they had a Benjamini-Hochberg p value
<0.1 and a fold change >|2|. The gene sets of DEGs were further
analyzed by gene set enrichment analysis using the website www.
gsea-msigdb.org as previously reported [33, 34].
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Cellular Deconvolution

The relative proportion of each cell type (ciliated, secretory,
basal, and rare cells) was predicted using cellular deconvolution
analysis of bulk RNA-Seq data as previously described [35]. To this
end, genes were selected using AutoGene$ software on the Human
Lung Cell Atlas v1.0 dataset [36] based on minimized correlation
and maximized distance between clusters. After that, genes with
the most stable results across cohorts were selected and used to
deduce major cell type proportions. The RNA-Seq data were
subsequently normalized to counts per million, and highly variable
genes (N = 5,000) were selected. Next, on all samples, bulk
deconvolution was performed using the CIBERSORT support
vector regression method [37]. The relative proportion of cell
types was compared between 3-week cultures and 5-week cultures
from ALI-PBEC or ALI-PTEC using paired two-way ANOVA
with Tukey’s test.

Statistical Analysis

Statistical analysis was performed in GraphPad PRISM 9.0
(GraphPad Software Inc., La Jolla, CA). Differences were assessed
by a paired one-way with Tukey’s test, paired two-way ANOVA
with Tukey’s test, or paired two-tailed ¢ test. Data were shown as
mean values + SEM, and differences were considered significant at
p < 0.05.

Results

Susceptibility of Airway Epithelial Cultures to

SARS-CoV-2 Differs between Individual Donors

To investigate the effect of differentiation status and
cellular composition of the airway epithelium on SARS-
CoV-2 infection biology, we first aimed to establish a
reliable infection model. We investigated donor-
dependent variability in infection by comparing SARS-
CoV-2 replication kinetics in cultures of 4 individual
donors and a mix of those donors. Between the single-
donor cultures, we observed some variation in the viral
load (Fig. la). Cultures derived from mixes of primary
cells from these donors (donor mix) showed comparable
infection kinetics with regard to this variation, and
immunofluorescence staining confirmed similar numbers
of infected cells at 72 h post infection (hpi) for single
donors and donor mix (Fig. 1b). Thus, ALI-PBEC cul-
tures of mixed donor cells proved to be a representative
model to investigate characteristics of airway epithelial
cell cultures and to test many variables, while keeping
sample size relatively limited.

We performed infections at a relatively low MOI to
model the initial stage of infection by initially only
infecting a fraction of susceptible cells and observe the
virus spread across the epithelium over time. Four in-
dependent experiments were performed using ALI-PBEC
derived from the same donor mix. After infection with

566 ] Innate Immun 2023;15:562-580
DOI: 10.1159/000530374

SARS-CoV-2 (30,000 PFU per insert), we observed an
increase in the viral load (extracellular copies of viral
RNA) over time, to approximately 10! copies/mL at
72 hpi (Fig. 1c). Immunofluorescence staining of the
epithelial cultures for viral nucleocapsid protein also
showed a gradual increase in the number of infected
cells over time (Fig. 1d). The number of infected cells was
low and generally detected at the edge of the insert (online
suppl. Fig. S1a; for all online suppl. material, see https://
doi.org/10.1159/000530374)  as  also  previously
reported [38].

To validate the relevance of our cell culture model for
studying epithelial defense against SARS-CoV-2 infec-
tion, we measured antiviral responses (IFN-B1 and IFN-
A1) and inflammatory cytokines (IL-6 and IL-8 [CXCL8])
(online suppl. Fig. S1). We observed that SARS-CoV-2
infection did not affect mRNA levels of IFNBI and IFNLI
at 24 and 48 h but strongly increased their expression at
72 hpi (online suppl. Fig. S1b). At 72 hpi, mRNA levels of
both IL-6 and CXCL8 displayed a modest but significant
increase in SARS-CoV-2-infected cultures (online suppl.
Fig. Slc). We established reproducible and robust infec-
tion kinetics in this model, accompanied by a significant
but late epithelial antiviral and inflammatory response
that is characteristic for SARS-CoV-2 infection [39].

SARS-CoV-2 Primarily Infects Epithelial Cells Involved

in MCC

Previous studies have indicated that within the human
respiratory tract, predominantly ciliated cells, but also
goblet cells of the airway epithelium, can be infected with
SARS-CoV-2 [19], as well as alveolar epithelial cells [40,
41]. To assess if ciliated and goblet cells were also the
target cells in our cultures, we investigated the colocal-
ization of SARS-CoV-2 nucleocapsid protein with either
acetylated a-tubulin and FOX]J1 as markers for ciliated
cells or MUC5AC as a marker for goblet cells. Recently, a
new transient secretory cell subtype which is positive for
markers of ciliated and goblet cells was suggested to be
particularly susceptible to SARS-CoV-2 based on ACE2
and TMPRSS2 expression [25]. We observed the presence
of most of the viral nucleocapsid protein in acetylated a-
tubulin-positive ciliated cells in ALI-PBEC cultures, with
less presence in MUC5AC™ goblet cells (Fig. 1e), showing
that both cell types can indeed be infected by SARS-CoV-
2. Additionally, immunofluorescence staining showed
that few transient secretory cells — defined as FOXJI-
and MUC5AC-double-positive cells — were present and
infected by SARS-CoV-2 (Fig. 1f).

We next investigated if the number of SARS-CoV-2
target cells in the single-donor cultures depicted in
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Figure la correlated with the level of infection. Interest-
ingly, quantification by immunofluorescence staining
showed that cultures from donor 3, which had the higher
initial viral load (at 24 hpi) compared to cells from donor
1 with the lowest initial viral load, constituted a higher
proportion of FOXJ17 ciliated cells, as well as transient
secretory cells (Fig. 1g). This result suggests that the
differences in susceptibility of cultures from different
donors to viral infection might be associated with varia-
tion in the percentages of the different SARS-CoV-2
target cells.

Modulating Epithelial Cellular Composition Has

Moderate Effects on SARS-CoV-2 Infection

To further explore the association between epithelial
cellular composition and viral infection, we skewed cel-
lular differentiation of ALI-PBEC during the last 2 weeks
of differentiation to either an enrichment in ciliated cells
at the cost of goblet cells or toward an enrichment in
goblet cells at the expense of ciliated cells using DAPT or
interleukin 13 (IL-13), respectively [28, 42, 43]. We
infected these cultures with SARS-CoV-2 to analyze if
enrichment in one of these cell types impacted infection
kinetics. We could verify that DAPT treatment caused a
marked increase in the number of ciliated cells (FOX]J1*
and acetylated a-tubulin®), while the number of goblet
cells (MUC5AC") was decreased (Fig. 2a; online suppl.
Fig. S2a). Conversely, IL-13 treatment increased the
fraction of goblet cells and decreased the number of
ciliated cells (Fig. 2a; online suppl. Fig. S2a), also con-
firmed at the gene expression level (online suppl. Fig.
S2b). Additionally, a small percentage of FOXJ1- and
MUC5AC-double-positive transient secretory cells was

Fig. 1. Characterization of a SARS-CoV-2 infection model using
ALI cultures of primary bronchial epithelial cells. Mixes of PBEC
derived from 4-5 individual donors were cultured for 5 weeks at
ALI before they were infected with SARS-CoV-2 (30,000 PFU per
insert). a Viral load in cultures derived from single donors or a mix
of these donors (in red) was determined by quantifying the level of
extracellular viral RNA copies by RT-qPCR. The dashed line
represents the amount of (input) viral RNA that remained in
the last wash after washing the inserts at 2 hpi (mean of all donors).
b Infected cells were stained with rabbit polyclonal anti-SARS-
CoV-2 N protein antibody (JUC3) and with 4’,6-diamidino-2-
phenylindole (DAPI) and visualized by immunofluorescence mi-
croscopy at 72 hpi. Images shown at x400 original magnification
are representative merged z-stack images for results obtained with
cells from random areas of the inserts. ¢ Viral load at 24, 48, and
72 hpi in cultures was determined by quantifying the number of
extracellular viral RNA copies by RT-qPCR. Data are mean + SEM.
n = 4 independent experiments with the same donor mix. d For
immunofluorescence microscopy, cells were fixed at 72 hpi and
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detected in all cultures, which was not significantly
affected by IL-13 or DAPT treatment (online suppl.
Fig. S2a).

We infected these DAPT- or IL-13-treated cultures
with SARS-CoV-2 and in line with the data shown in
Figure 1, detected by immunofluorescence staining that
only a few cells were infected at 24 hpi in untreated and
treated cultures (Fig. 2b). At 48 and 72 hpi, all cultures
showed an increase in the viral load compared to 24 hpi
(Fig. 2b), demonstrating that viral infection and repli-
cation were feasible in all cultures despite the significant
change in cellular composition between these conditions.
In IL-13-treated cell cultures, intracellular viral RNA
levels were highest at 48 hpi, while being similar to
control again at 72 hpi (Fig. 2c). To our surprise, the
level of intracellular SARS-CoV-2 RNA was lower in
DAPT-treated cells at all time points compared to the
controls (Fig. 2c). Similar trends were found for the
release of infectious particles, as shown in Figure 2d.
When we checked for cell types infected with SARS-CoV-
2 in DAPT-treated cultures, due to the lack of goblet cells,
ciliated cells were the only identified cells. In IL-13-
treated cultures, we observed infection of ciliated and
goblet cells, similar to control cultures (Fig. 2e).

To exclude the possibility that the effects observed in
DAPT-treated cultures were a direct consequence of
inhibition of Notch signaling rather than epithelial re-
modeling, we treated cells with DAPT either starting 24 h
before (and during) infection (a time period considered
insufficient to cause a shift in epithelial differentiation) or
directly after infection. These short-term treatments with
DAPT did not result in significant changes in the intra-
cellular viral RNA copies or production of infectious

(double-) labeled with rabbit polyclonal anti-SARS-CoV-2 N pro-
tein antibody (JUC3) and with DAPI for nuclear staining. Images
shown at x400 original magnification are representative merged
z-stack images for results obtained with cells from 3 independent
experiments. e Immunofluorescence staining at 72 hpi, with anti-
bodies against acetylated a-tubulin (ciliated cell marker) or MU-
C5AC (goblet cell marker) in combination with anti-SARS-CoV-
2 N protein antibody (JUC3) and DAPI for nuclear staining.
Immunofluorescence images shown are representative merged
z-stack images for results of 3 independent experiments with
x630 original magnification. f Immunofluorescence staining
with antibodies against MUC5AC and FOX]J1 (ciliated cell marker)
with anti-SARS-CoV-2 N protein antibody and DAPI for nuclear
staining. Immunofluorescence images shown are representative
merged z-stack images for results of 3 independent experiments
with x400 original magnification. g Quantification of immuno-
staining of FOXJ1*, MUC5AC", and FOXJ1*"MUC5AC™ or other
cells in cultures of two single donors was performed with Image]
software.
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progeny, suggesting that inhibition of Notch signaling
itself has no direct effect on SARS-CoV-2 replication
(online suppl. Fig. S2c). These data suggest that rather
than one cell type alone, possibly the interplay between
goblet and ciliated cells is important for susceptibility of
ALI-PBEC to SARS-CoV-2 infection.

Origin and Culture Duration of Human Airway

Epithelial Cells Affect SARS-CoV-2 Infection

Next, we wanted to investigate how differentiation
time and anatomical origin of the epithelial cultures
affected SARS-CoV-2 infection biology. To this end,
we employed cells isolated from bronchial or tracheal
tissue and allowed ALI-PBEC and ALI-PTEC to differ-
entiate for 3, 4, or 5 weeks, after which they were infected
with 30,000 PFU of SARS-CoV-2. The viral load was
analyzed at 72 hpi. In both ALI-PBEC and ALI-PTEC, an
increase in intra- and extracellular viral RNA as well as
infectious virus particles was observed with longer differ-
entiation time, with the highest viral load observed in
cultures differentiated for 5 weeks after start of ALI
(Fig. 3a—c). A gradual 1-2 log increase in SARS-CoV-2
progeny production was observed when cultures had
been differentiated up to 5 weeks when compared to
3 weeks of differentiation (online suppl. Fig. S3a). Im-
munofluorescence staining of these cultures for the viral
nucleocapsid protein also demonstrated an increase in the
number of infected cells with increasing culture duration
(Fig. 3¢). A significantly higher viral load was observed in
ALI-PBEC compared to ALI-PTEC, with an average 10-
fold difference in extracellular SARS-CoV-2 RNA copies
(Fig. 3a, b) and infectious progeny (Fig. 3¢), in particular,
in 5-week differentiated cultures. In conclusion, our
results show that both the anatomical origin of the
epithelial cells and the culture duration had a profound

Fig. 2. Effect of IL-13 treatment and DAPT-mediated inhibition of
Notch signaling on epithelial susceptibility to SARS-CoV-2 in-
fection. ALI-PBEC (mix of 4-5 donors) were differentiated for
3 weeks before addition of DAPT (5 um) or IL-13 (1 ng/mL) and
differentiation for an additional 2 weeks. a After in total 5 weeks of
differentiation, ALI-PBEC were fixed, stained using primary anti-
bodies against MUC5AC and FOX]J1 (goblet cell marker, ciliated
cell marker) or acetylated a-tubulin together with FOXJ1 (ciliated
cell markers) in combination with DAPI for nuclear staining,
analyzed by immunofluorescence microscopy, and quantified by
Image]. Immunofluorescence images shown are representative
merged z-stack images for results of 3 independent experiments
with x400 original magnification. b SARS-CoV-2 infected cells
were stained with primary antibodies against SARS-CoV-2 N
protein (JUC3) in combination with DAPI for nuclear staining.
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effect on the susceptibility of airway epithelial cells to
SARS-CoV-2 infection.

Time of Culturing Affects the Proportion of Cell Types

Related to MCC

Since we found increased viral infection upon pro-
longed differentiation time and additionally, we observed
that SARS-CoV-2 infection targets mostly ciliated cells,
goblet cells, and transient secretory cells (which we also
confirmed for ALI-PTEC [online suppl. Fig. S3c]), we
hypothesized that the numbers of these target cells
changed over time of differentiation. We compared cel-
lular composition between 3-, 4-, and 5-week-differenti-
ated cultures and found that these cultures at all time
points expressed markers related to all dominant epithe-
lial cell types (ciliated, goblet, club, and basal cells) in ALI-
PBEC and PTEC (online suppl. Fig. S3b). However, there
were clear differences in the proportions of goblet and
ciliated cells over time of differentiation (Fig. 3d). Using
FOXJ1 and acetylated a-tubulin as markers for ciliated
cells, we observed that the percentage of FOXJ17 cells was
significantly higher in ALI-PBEC after 5-week culture
compared to 3-week cultures. Also, the percentage of
ciliated cells was significantly higher in ALI-PBEC than in
ALI-PTEC at all culture durations (Fig. 3e). The change in
the percentage of MUC5AC™ goblet cells was not sig-
nificant over time in ALI-PBEC and ALI-PTEC (Fig. 3e).
Additionally, the number of transient secretory cells was
higher in ALI-PBEC than in ALI-PTEC (Fig. 3e). Fur-
thermore, mRNA levels of FOXJI were significantly in-
creased in 4-week ALI-PBEC compared to 3-week cul-
tures; however, they did not further increase in 5-week
cultures (online suppl. Fig. S3d). In addition, FOX]I
mRNA was higher in 4/5-week ALI-PBEC cultures com-
pared to 4/5-week PTEC cultures (online suppl. Fig. S3d).

Immunofluorescence images shown are representative merged
z-stack images for results of 3 independent experiments with
%400 original magnification. ¢ Intracellular viral RNA copies
were measured by RT-qPCR. d Plaque assay was performed to
titrate viral progeny in the apical washes. n = 3 independent
experiments derived from 3 different donor mixes. Data are
mean = SEM. Analysis of differences was conducted using two-
way ANOVA with a Tukey’s/Bonferroni post hoc test. Significant
differences are indicated by *p < 0.05 compared with untreated
samples. @ Immunostaining of control, DAPT- or IL-13-treated
cultures at 72 hpi with antibodies against MUC5AC (goblet cell
marker), FOX]1 (ciliated cell marker), and SARS-CoV-2 N protein
in combination with DAPI for nuclear staining. Immunofluorescence
images shown are representative merged z-stack images for results of
3 independent experiments with x400 original magnification.
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MUC5AC mRNA levels were higher at week 5 in ALI-
PTEC cultures compared to week 3 and also higher than
in week 5 ALI-PBEC (online suppl. Fig. S3d). In contrast,
there was no significant difference in the expression of
SCGBI1A1 (club cell marker) and TP63 (basal cell marker)
(online suppl. Fig. S3d). These results suggest that despite
the early presence of transcripts which are specific for
certain cell types, differentiation of certain cell types
(which also requires expression at the protein level)
continues for several weeks in cultures at ALI. Altogether,
we found differences in the percentage of ciliated cells
between PTEC and PBEC and between cultures that
differed in their incubation time at ALI, which was in
line with differences in viral load.

Changes in Gene Expression Associated with

SARS-CoV-2 Target Cells

To further explore the gradual increase in suscept-
ibility to SARS-CoV-2 infection with longer culture
time, we compared the expression profiles of 3-week
and 5-week uninfected differentiated cultures by bulk
RNA-Seq and applied cellular deconvolution. We iden-
tified 169 DEGs, of which expression of 49 genes was
upregulated, while expression of 120 genes was down-
regulated in ALI-PBEC at 5 versus 3 weeks (Fig. 4a;
online suppl. Table S1). In ALI-PTEC, the expression of
32 genes increased, and 26 genes showed decreased
expression in 5-week cultures compared to 3-week
cultures (Fig. 4b; online suppl. Table S1). Gene set
enrichment analysis was conducted to identify the
top differentially upregulated and downregulated
gene sets in ALI-PBEC between week 5 and week 3
(Table 2). A striking difference in ALI-PBEC between
week 5 and week 3 was observed for the gene sets related
to markers of ciliated and basal cells. Cellular decon-
volution analysis further showed that the relative pro-
portion of ciliated cells was increased in 5-week ALI-
PBEC cultures, and the same trend was also found for
ALI-PTEC (Fig. 4c, d). Altogether, RNA-Seq analysis

Fig. 3. Effect of culture duration on SARS-CoV-2 infection in
PTEC and PBEC. ALI-PBEC/ALI-PTEC (mix of 5 donors) cul-
tured for 3-5 weeks were infected with SARS-CoV-2 (30,000 PFU
per insert). a Extracellular viral RNA copies in the apical wash or
intracellular copies were measured by RT-qPCR. b Viral infectious
progeny was quantified by plaque assay in Vero E6 cells. Mean
values + SEM from 3 independent experiments using 3 different
donor mixes are shown. Statistical analysis was conducted using
two-way ANOVA with a Tukey’s/Bonferroni post hoc test. Sig-
nificant differences are indicated by *p < 0.05. ¢ Cells were stained
for immunofluorescence microscopy with rabbit polyclonal anti-
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did not reveal additional changes in cell types between
the 3- and 5-week culture duration.

Cell Culture Duration Alters Expression of SARS-CoV-2

Entry Factors

The expression of host proteins that have been linked
to entry of SARS-CoV-2 varies between the different
airway epithelial cell types [23]. Therefore, we investi-
gated whether the observed increase in susceptibility to
SARS-CoV-2 with increased differentiation time and the
effect of the anatomical origin was related to the expres-
sion of the main receptor ACE2 or other factors involved
in entry. We compared the mRNA levels of different viral
entry factors between the single-donor cultures that
displayed the highest and lowest viral loads (Fig. 1a,
5a). Interestingly, the culture with the highest viral
load expressed higher mRNA levels of CTSL and
TMPRSS2 at baseline, while other factors did not differ.
Furthermore, we assessed the expression of cell entry
factors in cultures of varying differentiation time using
our RNA-Seq dataset (Fig. 5b). In both ALI-PBEC and
ALI-PTEC cultures, there was a significant increase in
expression of TMPRSS2 in 5-week cultures compared to
3-week cultures. In addition, expression of CTSL was
significantly increased, while expression of CDI147 was
decreased at 5 weeks compared to 3 weeks in ALI-PBEC.
However, expression of NRP1 was reduced at 5 weeks
compared to 3 weeks in ALI-PTEC, and expression of
ACE2, FURIN, and NRPI was lower in 3-week ALI-PBEC
compared to 3-week ALI-PTEC (Fig. 5b). We compared
the expression of these genes by RT-qPCR in 3- and 5-
week cultures and also included 4-week cultures (online
suppl. Fig. S4a). With longer culture duration, in both
ALI-PBEC and ALI-PTEC, gene expression of CTSL and
TMPRSS2 indeed increased over time, and a significant
increase was found in expression of TMPRSS2 in 4-week
ALI-PBEC compared to 3-week cultures. Gene expres-
sion of ACE2 and GRP78 did not change with culture
duration. A significant increase in expression of CDI147

SARS-CoV-2 N protein antibody (JUC3) and DAPI for nuclear
staining. Images shown are representative merged z-stack images
for results obtained with ALI-PBEC and ALI-PTEC from the same 3
independent experiments shown in (a, b) at X400 original magni-
fication. d Immunofluorescence staining of 3-, 4-, 5-week cultures
using antibodies against acetylated a-tubulin and FOXJ1 (ciliated
cell markers) or MUCS5AC (goblet cell marker) in combination with
DAPI for nuclear staining. Images shown are representative merged
z-stack images for results of 3 independent experiments with x100
original magnification. e Quantification of FOXJ*, MUC5AC" cells
and FOXJ1"MUC5AC" cells was done by Image] software.
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Fig. 4. Transcriptional responses comparing 3- and 5-week-
differentiated primary bronchial and tracheal cells using RNA-
Seq analysis. PBEC and PTEC were cultured at ALI for 3 weeks
or 5 weeks. RNA was isolated from these samples and used for
RNA-Seq analysis. a, b Volcano plots depicting changes in the
gene expression profiles of 5-week cultures compared to 3-
week cultures from ALI-PBEC or ALI-PTEC. The DEGs were
considered significant when they had a Benjamini-Hochberg

was observed in 4-week ALI-PBEC compared to 3-week
cultures (online suppl. Fig. S4a). Treatment with DAPT
or IL-13 did not affect expression of SARS-CoV-2 entry
factors (online suppl. Fig. S4b). These findings indicated

Impact of Epithelial Cellular Composition/
Differentiation on SARS-CoV-2 Infection

p value <0.1 and a fold change >2. Genes depicted in red are
significantly upregulated, while genes depicted in blue are
significantly downregulated in 5-week cultures compared to
3-week cultures in ALI-PBEC (a) or ALI-PTEC (b). ¢, d
Relative proportion of different cell types for each donor
mix in ALI-PBEC (c) cultures and ALI-PTEC (d) cultures as
determined by cellular deconvolution of the transcriptomic
datasets.

that changes in expression of CTSL and TMPRSS2 could
(in part) be responsible for the observed differences in
susceptibility to SARS-CoV-2 infection between 3-, 4-,
and 5-week differentiated cultures.
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Fig. 5. Effect of donor variation and culture duration on expression of
SARS-CoV-2 cell entry factors. a RT-qPCR analysis of gene expres-
sion of viral cell entry factors in two single-donor cultures at 5 weeks.
Data are mean values + SEM. n = 2 duplicated wells per donor.
b Heatmap of transcriptional changes (RNA-Seq data) of SARS-CoV-2

Cell Culture Duration Does Not Affect

SARS-CoV-2-Induced Antiviral Responses

Antiviral responses in the epithelium are critical for
protection against viral infections. Therefore, we inves-
tigated whether antiviral responses changed depending
on the ALI culture duration and whether this could
provide an additional explanation of the observed in-
creased susceptibility to infection with longer culture
times. In ALI-PTEC, SARS-CoV-2-induced mRNA lev-
els of both IFNBI and IFNLI increased significantly with
culture duration. When cultures were infected at weeks 3
or 4, there was little IFNBI or IFNL1 mRNA produced,
while expression of these genes was strongly upregulated
by SARS-CoV-2 infection in 5-week-old cultures (online
suppl. Fig. S5a, b). Gene expression analysis of IFNBI
and IFNLI showed a similar increasing trend in ALI-
PBEC upon infection (online suppl. Fig. S5¢, d). When
5-week PBEC were (long-term) treated with DAPT, we
observed lower SARS-CoV-2-induced antiviral re-
sponses than in untreated and IL-13-treated cultures
(online suppl. Fig. S5e, f). All these findings correlate
with the observed differences in the number of infected
cells and viral load resulting from culture duration and
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cell entry factors in 3-week and 5-week PBEC and PTEC. Differences
were assessed by a two-way ANOVA with Tukey’s test, and the
significant differences were considered at p < 0.05. * = 5-week ALI-PBEC
versus 3-week ALI-PBEC; & = 5-week ALI-PTEC versus 3-week
ALI-PTEC; # = 3-week ALI-PTEC versus 3-week ALI-PBEC.

DAPT and IL-13 treatment (Fig. 2). This suggests that
antiviral responses were not affected by differentiation
time or long-term DAPT/IL-13 treatment but rather
differed as a direct consequence of differences in the
level of infection.

Discussion

Here, we investigated the influence of cellular compo-
sition and differentiation of human primary airway epi-
thelial cell cultures on SARS-CoV-2 infection biology. Our
key finding is that changes in cell types related to MCC,
ie., ciliated and goblet cells, influence SARS-CoV-2 in-
fection of human primary airway epithelial cells. Specif-
ically, a higher percentage of ciliated cells appears to be the
main contributing factor to a higher level of infection. This
is likely a consequence of their higher susceptibility to
infection in comparison to the other cell types and possibly
their contribution to spreading of virus across the epithelial
surface of the culture. Nevertheless, our data also suggest
that the presence of mucus and/or goblet cells is important
since a reduction in goblet cells reduced the viral load, even
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in cultures with a higher percentage of ciliated cells.
Finally, we provide experimental evidence for infection
of transient secretory cells by SARS-CoV-2.

With regard to differentiation time, there is no golden
standard protocol for ALI-primary airway epithelial cell
cultures to obtain cultures that best resemble the human
epithelial cellular composition. The literature reports that
differentiation times anywhere between 2 and 6 weeks
after start of ALI culture are needed to have all key cell
types present in culture [18, 19, 44].

In line with a recent study investigating SARS-CoV-2
infection using primary airway epithelial cells [19], and
based on our own study comparing 3- to 5-week-old
cultures, we decided to use 5-week-differentiated ALI-
PBEC cultures. We found a reproducible increase in viral
titers over time post infection. In addition, cultures of well-
differentiated airway epithelial cells adequately model
in vivo host antiviral responses [45, 46], which we could
confirm also for SARS-CoV-2 infection by detecting in-
creased mRNA levels of IL-6 and CXCLS. In contrast,
downregulated expression of IL-6 and CXCL8 was reported
in the human bronchial epithelial cell line 16HBE [47].

We confirmed that both ciliated and goblet cells were
infected by SARS-CoV-2 in our ALI cultures, whereas no
infected club and basal cells were detected (data not
shown). This is consistent with results from recent studies
looking into the cellular tropism of SARS-CoV-2, show-
ing infection of multiple epithelial cell types, among them
ciliated cells, goblet cells, and club cells of the airway
epithelium and type 2 alveolar epithelial cells [18, 19, 48,
49]. Additionally, we also observed cells co-expressing
markers of ciliated cells (FOX]J1) and goblet cells (MU-
C5AC) in our cultures. This specific cell population,
which was recently reported by, e.g., Ruiz Garcia et al. [50]
and by Vieira Braga et al. [51], is suggested to represent a
transitional state between goblet and ciliated cells and was
recently labeled as transient secretory cells [25]. Based on
their relatively high co-expression of ACE2 and
TMPRSS2, Lukassen et al. [25] suggested that these
transient secretory cells may be particularly vulnerable
to SARS-CoV-2 infection. Although we showed for the
first time that SARS-CoV-2 was also able to infect these
cells, it remains unknown if the low percentage of these
cells in our culture model significantly contributed to the
overall level of infection. Considering the role in MCC of
ciliated, goblet, and potentially transient secretory cells,
we conclude that cells involved in MCC are predomi-
nantly infected by SARS-CoV-2.

To investigate the role of cellular composition in suscept-
ibility to viral infection, we skewed cell differentiation with
the Notch signaling inhibitor DAPT [43], which resulted in

Impact of Epithelial Cellular Composition/
Differentiation on SARS-CoV-2 Infection

cultures that constituted a high number of ciliated cells but
lacked goblet cells and transient secretory cells. Surprisingly,
the viral load in these cultures was reduced compared to
untreated cultures. A possible explanation would be that
ciliated cells become infected by the virus, and mucus
produced by goblet cells helps spread the infection after
release, which would be consistent with previous findings
that SARS-CoV-2 infects ciliated cells with attached mucus
[52]. Conversely, the modulation with IL-13 (slightly) in-
creased viral loads compared to control and DAPT-treated
cultures, which is in line with the suggestion from other
studies that patients with allergic asthma, a disease associated
with IL-13-induced changes in epithelial cell composition,
may be somewhat more susceptible to SARS-CoV-2 infec-
tion [53]. Others have observed that treatment with IL-13
reduced viral RNA copies in ALI-cultured airway epithelial
cells [54, 55]. There is no clear explanation for this discrep-
ancy, although the reduced levels of ACE2 after IL-13
treatments that were found in these studies might have
been responsible for the reduced infection levels. However,
in our studies, ACE2 expression was not affected by IL-13
treatment. Furthermore, we used a much lower MOI (0.03
vs. 0.5), and therefore, even if IL-13 reduces the number of
the main target cells (e.g., ciliated cells), this is not expected
to have much effect in our setup because the amount of
susceptible cells will likely not be limiting due to the low
MOIL Collectively, our observations indicate that DAPT-
and IL-13-mediated modulation of epithelial cell differen-
tiation does not provide a simple link between differences in
epithelial cell composition and susceptibility to SARS-CoV-2
infection. A combination of factors appears to play a role.
For example, mucus secretion by goblet cells [56], when
excessive, could hinder clearance of the virus in the epithe-
lium. We therefore used additional approaches to study the
contributing effect of cellular composition to SARS-CoV-2
infection. We could demonstrate that changes in cellular
composition either linked to anatomical origin, donor, or
culture time influenced SARS-CoV-2 infection. The shared
outcome was that for each variable, the number of target
cells correlated to the viral load, suggesting that the per-
centage of ciliated cells is a strong contributing factor to the
SARS-CoV-2 infection rate.

Considering that expression of viral entry factors varies
between different cell types, we furthermore investigated
their expression in cells from different donors, the effect of
culture duration, and the impact of treatment with DAPT
and IL-13. According to the literature, all main cell types
express TMPRSS2, and the highest expression is found in
transient secretory cells [25]. CTSL gene expression was
reported to be higher in ciliated cells compared to other
epithelial cell types [57]. When we compared two single
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donors, cell cultures isolated from one donor expressed
more CTSL and TMPRSS2, which was in line with the
observed higher viral replication and higher abundance of
ciliated cells in this donor. In our study, an increased
expression of CTSL as well as TMPRSS2 was also found
with prolonged culture duration. Thus, the difference in
CTSL expression could link to changes in the ciliated cell
number, which supports the role of ciliated cells in viral
replication. Furthermore, in line with this, CTSL levels were
recently found to be positively correlated with severity of
disease in COVID-19 patients, pointing to its role in
enhancement of infection [58]. Other studies evaluated
the role of CTSL and TMPRSS2 in SARS-CoV-2 infection
by using E64d (an inhibitor of cysteine proteases, including
CTSL) and camostat mesylate (an inhibitor of serine pro-
teases, including TMPRSS2) [22, 59]. It was shown that both
E64d and camostat mesylate inhibited infection by Wuhan,
Delta, and Omicron isolates, confirming the role of CTSL
and TMPRSS2 in viral entry.

We excluded possible effects of changes in antiviral
responses on the gradual increase in viral infection with
the prolonged culture duration since we did not observe
lower expression of type I and III IFNs over culture time
at ALI but rather found a correlation with the level of viral
replication. Our study demonstrates that the use of mixed
donor cultures is an efficient way to recapitulate natural
variability between donors while saving on resources
(cells, culture plastics, and media) that can be in high
demand/short supply during pandemics. The level of
donor-to-donor variation was also represented in inter-
experimental variation when using the same donor mix.
Inevitably, our study has some limitations. First, it needs
to be noted that the comparison between PBEC and
PTEC in this study should be interpreted with caution
because PBEC were derived from tumor-free resected
bronchial tissue from (ex-)smoking patients with lung
cancer and PTEC were from donor lungs without lung
disease. Second, the fact that we used an early pandemic
SARS-CoV-2 strain in our studies could be considered a
limitation, but this variant is still widely used as the model
in (fundamental) studies on virus replication and anti-
virals. Studying this virus is still important to increase our
preparedness for future outbreaks of highly pathogenic
zoonotic coronaviruses. Several other studies have already
compared the replication of different viruses, including
recent omicron variants in human airway epithelial cell
cultures [59-61]. It would be interesting to investigate if
variants like alpha or delta, which have been reported to
have a replicative advantage in human airway epithelial cell
cultures, are likewise impacted by the changes in differ-
entiated cultures that we observed in this study. Finally, we
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used cultures containing only epithelial cells. Adding
immune cells to the culture system could offer interesting
possibilities for future studies to investigate their impact on
host responses during infection.

Overall, in this study, we have established that epi-
thelial cell types related to MCC (i.e., ciliated, goblet, and
transient secretory cells) seem pivotal for SARS-CoV-2
infection and spread of the infection over the epithelial
tissue. This study underlines the importance of assessing
these cell types and the role of mucus when studying how
SARS-CoV-2 infection biology is affected in patients with
chronic lung disease, such as those with chronic type 2
inflammation in asthma or in chronic obstructive pul-
monary disease, where epithelial remodeling likely has
shifted these cell type ratios.

Statement of Ethics
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