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General Introduction and Outline of the thesis

Introduction

Viruses are biological entities that can infect host organisms from all domains of life, from
prokaryotic microorganisms, such as bacteria and archaea, to plants, animals, and humans.
Their replication occurs intracellularly and is dependent on the infrastructure and
metabolism of the host cell. Viruses have been evolving alongside (in other animal hosts) or
with humans since the dawn of humanity. As ancient as viruses are, they are subject to rapid
evolution, especially when we look at viruses with an RNA genome, which have high
mutation rates and great genetic diversity (1). These viruses continuously adapt to changing
environments through changes in their tropism, transmission, replication, pathogenicity, or
immune evasion. Escape from neutralizing antibodies or antiviral drug treatment is also
driven by their potential for rapid evolution, resulting in antibody or drug resistance of an
adapted virus population. To combat viruses we need vaccine and antiviral drug strategies,
and to develop such it is crucial to study and understand viruses in detail. Coronaviruses in
particular, besides other respiratory virus groups, are endemic in the human population as
common cold viruses, which are low pathogenic viruses that usually cause minor symptoms
in the upper respiratory tract of healthy individuals. However, coronaviruses, like many
other virus groups, also have a great zoonotic potential (2), which has led to three outbreaks
in humans since the beginning of the 21st century. In the past two decades, severe acute
respiratory syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome
coronavirus (MERS-CoV), and most recently SARS-CoV-2, the causative agent of COVID-19,
have crossed the species barrier. The zoonotic potential of coronaviruses, as well as the
continuously evolving variants of SARS-CoV-2, underscore the risk of new pandemics.
Enhancing our understanding of how a virus can cause a pandemic and studying antiviral
approaches against a broad-spectrum of viruses can help to prepare us for future viral
threats.

In this thesis, | will describe our efforts to add to this understanding by studying coronavirus
infection and host responses to infection using an advanced human cell culture model.
Moreover, | demonstrate how coronavirus replication in cell culture models can be inhibited
by targeting the host cell with small-molecule compounds. Given the SARS-CoV-2 outbreak
in late 2019, this pandemic virus was the main focus of my research project.

Coronaviruses

Coronaviruses (CoVs) belong to the subfamily Orthocoronavirinae (family Coronaviridae) of
the order of Nidovirales, and are enveloped, positive-sense single-stranded RNA viruses that
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infect mammalian and avian species (3, 4). Orthocoronavirinae are classified into four
genera: Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus (4).
Gamma- and deltacoronaviruses mainly infect birds (5). The alpha- and betacoronavirus
genera comprise, besides others, the seven coronaviruses that infect humans and are
known to date (Figure 1). The human alphacoronaviruses 229E and NL63 as well as the
human betacoronaviruses HKU1 and OC43 circulate in the human population as common
cold viruses, and in healthy individuals they only cause mild upper respiratory tract
symptoms (6). However, the other three coronaviruses that can infect humans can cause
severe clinical symptoms: SARS-CoV, MERS-CoV, and SARS-CoV-2; all three belong to the
Betacoronavirus genus. Due to their zoonotic emergence in the past two decades, they have
gained global public health attention. The first epidemic outbreak of a highly pathogenic
coronavirus in the 21 century started in 2002 and was caused by SARS-CoV (7), which
spread mostly in Southeast Asia, where it could be contained within a year. MERS-CoV,
which was first identified in 2012 in Saudi Arabia (8), is still causing small outbreaks in the
Middle East. Both viruses likely originated in bats, but transmission to humans is thought to
have occurred through intermediate hosts, like civet cats for SARS-CoV and dromedary
camels for MERS-CoV (9). Recent studies in the human population have shown that there is
also transmission of MERS-CoV from dromedary camels to humans in Africa (10).
Furthermore, numerous coronaviruses are now known to circulate in a range of bat species,
highlighting the risk of new zoonotic outbreaks (9, 11). Most recently, at the end of 2019,
SARS-CoV-2 caught the world off guard and caused a pandemic of unprecedented impact
on health care systems, societies, and economies worldwide (12). In contrast to SARS-CoV
and MERS-CoV, this new virus spread quickly across the world. SARS-CoV-2 was first
reported in Wuhan, China, and is suspected to be of zoonotic origin, as closely related
viruses were found in bats and pangolins (13, 14). SARS-CoV-2 is closely related to SARS-
CoV, as they share 79.6% nucleotide identity in their genomic sequences (15) and belong to
the same phylogenetic subgenus classification, Sarbecovirus.

Although the emergence of SARS-CoV and MERS-CoV had put coronaviruses on the map as
potentially lethal agents for humans, and coronavirus research had spiked since then, still
the world was not prepared for SARS-CoV-2, as there were no approved vaccines or antiviral
drugs available. While it seemed the world was brought to a halt in order to stop the spread
of the pandemic, health care personnel and scientists raced to understand the new virus
and the disease it can cause and tried to identify or develop vaccines and drugs.
Consequently, in 2020, coronavirus research output increased by a hundredfold (in the first
pandemic year, in PubMed the number of publications on coronaviruses increased from
about 800 in 2019 to 80,000 in 2020).
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Over the past 4 years, SARS-CoV-2 has evolved and different variant strains have been
circulating. Through variant classification, the World Health Organization (WHO) and the
European Center for Disease Control (ECDC) keep track of so-called variants under
monitoring (VUM), variants of interest (VOI) and variants of concern (VOC). In particular the
latter have predominantly circulated across the world and are known as the Alpha, Beta,
Gamma, Delta, and Omicron variants of SARS-CoV-2. Since March 2023, there have been no
new SARS-CoV-2 variants reported that meet the VOC criteria, although monitoring shows
that SARS-CoV-2 is undoubtedly still circulating in the human population. In May 2023 the
WHO declared that COVID-19 no longer constitutes a public health emergency of
international concern, but instead has become an established and ongoing health issue (16).
Descendants of the Omicron variant continue to prevail and evolve into new subvariants.
Most recently, the variant of interest (VOI) that is steadily spreading is JN.1, an Omicron
BA.2.86-like lineage, which is slowly replacing the XBB descendant lineages (17). Although
the WHO no longer considers the SARS-CoV-2 pandemic a public health emergency, the
number of cases in the winter of 2023-2024 illustrates that this virus is here to stay and for
now continues to require management and surveillance on a daily basis.
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Figure 1: Seven coronaviruses are known to date that infect humans: The low pathogenic coronaviruses that cause
the common cold are the alphacoronaviruses NL63 and 229E, and the betacoronaviruses HKU1 and OC43. The
possibly highly pathogenic coronaviruses are all betacoronaviruses, comprising SARS-CoV and SARS-CoV-2 and
MERS-CoV. The figure was partly generated using Servier Medical Art, provided by Servier, licensed under a
Creative Commons Attribution 3.0 Unported License.
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Coronavirus replication

Coronaviruses are spherical virions with a diameter of around 100 nm (18). They are
enveloped viruses with a lipid membrane containing three structural proteins: membrane
(M), envelope (E), and spike (S) protein (19). The virion core (nucleocapsid) consists of a 30-
kilobase long positive-sense single-stranded RNA molecule, containing a 5’ cap structure
and a 3’ poly (A) tail, which is encapsidated by the nucleocapsid (N) protein. The S protein
is present on the virion surface as a homotrimer and is the most prominent envelope
protein, as it is studied in detail for its role in infectivity and host immunity. It orchestrates
host cell attachment and virus entry, is the main target of neutralizing antibodies and
undergoes significant changes during SARS-CoV-2 variant evolution (20, 21). The S proteins
that protrude from the surface of coronaviruses are seen as a crown, or “corona” in Latin,
when using an electron microscope, which was the basis for the name of the coronavirus
family (22). The S protein consists of two subunits, S1, which is responsible for attachment,
and S2, which enables the fusion of the viral and host cell membrane (23). The S1 subunit
contains the receptor-binding domain (RBD), which is the point of contact for the host
receptor as well as the main target of neutralizing antibodies (24). Via the RBD, SARS-CoV
and SARS-CoV-2 bind predominantly to the angiotensin-converting enzyme 2 (ACE2)
receptor (25, 26), while MERS-CoV binds to dipeptidyl peptidase 4 (DPP4) receptor (27).
HCoV-NL63 also binds to ACE2 (28). In turn, the other common-cold coronaviruses again
utilize different host receptors, with HCoV-229E binding to human aminopeptidase (hAPN),
and 0C43 and HKU1 to 9-O-acetylsialic acids (29, 30). For variants of SARS-CoV-2, like the
delta variant, amino acid changes in the S1 subunit have been reported to enhance binding
to ACE2 and increase replication and transmissibility (31). Essential for SARS-CoV-2 entry
into the host cell is a cleavage site for the host cell protease furin at the S1/S2 boundary
(32). Following production and maturation of the S protein in the host cell, furin cleavage at
the S1/S2 site in the Golgi apparatus results in the two subunits being non-covalently
associated to perform the different functions of attachment and virus-membrane fusion
(Figure 2). Furin proteases are ubiquitously expressed in humans, resulting in enhanced
tissue tropism and pathogenesis for SARS-CoV-2 (33). Another cleavage event occurs at the
target host cell. Upon receptor binding through S1 and conformational changes, a S2’
cleavage site within the S2 subunit becomes accessible for cleavage at the membrane of an
infected cell (Figure 2). Cleavage of the S2’ site by cellular proteases is a pre-requisite for
entering host cells as it exposes the fusion peptide and initiates membrane fusion. The type
Il transmembrane serine protease (TMPRSS2) is the main host protease to prime the S
protein for cell entry by cleaving the S2’ site (34). Mediated by conformational changes of
the S protein, the exposed fusion loop is inserted into the host cell membrane and the viral
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and cellular plasma membrane fuse, through which the RNA-containing nucleocapsid
complex enters the host cell (23, 35). Besides SARS-CoV-2, also MERS-CoV and HCoV-0C43
have a S1/S2 furin cleavage site, however, other coronaviruses, including SARS-CoV, lack
such a site (36). These coronaviruses, however, harbor other sequences that can be cleaved
by the proteases at the target host cell (37-39). Studies have shown that additionally to
using TMPRSS2-mediated fusion at the cell membrane, some coronaviruses, including SARS-
CoV as well as SARS-CoV-2, can also employ the endosomal route for entry, which is
dependent on the host cell protease cathepsin L (CTSL), which performs cleavage at the S2’
site in the endosome (40, 41). In that case, upon ACE2 receptor binding, the virus is first
internalized through the endosome and fusion occurs between the virus membrane and the
endosomal membrane (23). Omicron variants were even reported to have a higher
dependence on the endosomal route for entry (42). Many other cofactors for viral entry
were also identified, like for example neuropilin-1 or c-type lectins (43, 44). Likewise, studies
have reported alternative receptors for SARS-CoV-2 attachment (45, 46).

Once coronaviruses have entered the host cell, they express the non-structural proteins
(nsps) necessary to form the enzymatic complex for viral replication and transcription
(Figure 2). From two large open reading frames (ORFla and ORF1b) covering the 5’ two-
thirds of the coronavirus genome, first, two polyproteins are translated: ppla (includes nsp
1-11) or pplab (includes nsp 1-16) (47). To generate the individual nsps, the polyproteins
are proteolytically processed by the two internal viral proteases, located in nsp3 (48) and
nsp5 (49). Nsp5, the main protease (Mpro) or chymotrypsin-like cysteine protease (3CLpro),
releases all nsps downstream of nsp4. The replication-transcription complex that is formed,
includes a helicase (nsp13), a RNA-dependent RNA polymerase (RdRp) (nsp12), processivity
factors (nsp7 and 8), a single-strand binding protein (nsp9), a proofreading exonuclease and
N7-methyltransferase (nsp14), and a 2’-O-methyltransferase (nsp16), and other cofactors
(e.g. nsp10) (47). Recently, the mechanism of viral RNA capping, which is important for
efficient translation and hiding the viral RNA from host detection, was elucidated in more
detail (50). Mediated by the nidovirus RdRp-associated nucleotidyltransferase (NiRAN)
domain of nsp12, nsp9 forms a covalent RNA-protein complex with the nascent RNA, a
mechanism termed RNAylation, which enables further capping of the RNA.

From the virus genome, full-length negative-sense RNA is produced as a template for new
positive-sense RNA, which is then used for translation, packaging into newly formed virus
particles or further genomic RNA replication. Replication of new viral RNA is thought to
happen inside double-membrane vesicles (DMVs), which arise by the transformation of
endoplasmic reticulum (ER) membranes, and were shown to be induced by expression of
nsp3, nsp4 and nsp6 (51-54). Although many details of coronaviral RNA synthesis inside
DMVs remain to be elucidated, recently, molecular pores in the DMV membranes were
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found, which could enable the trafficking of newly synthesized RNA to the cytosol for
translation and incorporation into viral particles (55). Structural and accessory proteins are
translated manifold from a nested set of subgenomic mRNAs. These subgenomic mRNAs
derive from the 3’-proximal third of the positive-sense genome through a mechanism where
minus-strand synthesis is discontinuous (47, 56, 57). Following the translation of structural
proteins in the cytosol, the envelope proteins S, M and E are processed into their mature
form in the ER and trafficked to the ER-Golgi intermediate compartment (ERGIC). The S
protein is for example heavily glycosylated, which has implications for antibody recognition
and infectivity, as the glycans on the S surface were shown to be necessary for efficient
binding of S to the host receptor ACE2 (58-60). The envelope proteins, together with N-
encapsidated genomic RNA, assemble into new virions at the ERGIC. The assembled virions
then traffic to the Golgi apparatus, where furin-mediated S protein cleavage occurs (as
described above for some coronaviruses like SARS-CoV-2). Finally, coronaviruses then exit
the cell through exocytosis through the secretory pathway or lysosomal egress (61).
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Figure 2: Schematic representation of the coronavirus replication cycle. Following receptor binding and virus entry
into the host cell, the positive-sense genomic RNA is translated and processed to produce the non-structural
proteins necessary for the replication-transcription complex (RTC). The figure shows the proposed model of RNA
replication inside DMVs and the export of newly-made viral RNA into the cytosol through DMV membrane pores.
Following the translation of subgenomic mRNAs in the cytosol, virus particles are assembled at the ERGIC. In the
case of SARS-CoV-2, the S protein is pre-cleaved by the host protease furin in the Golgi apparatus. Adapted from
(47) and (23) and reproduced with permission from Springer Nature. TMPRSS2: Transmembrane protease serine
subtype 2, ACE2: Angiotensin-converting enzyme 2, pp1: polypeptide 1, gRNA: genomic RNA, sgRNA: subgenomic
RNA.

Lung epithelium and coronavirus infection

The human respiratory tract is the point of entry for respiratory viruses like coronaviruses
and spans from the nasal cavity to the lung alveoli. It is lined by the airway epithelium, which
is composed of varying cell types depending on the anatomical location (62, 63). The airway
epithelium is not only a physical barrier against invading pathogens, but the cell types also
differ in their functions. In the tracheae and bronchi of the upper airway, the epithelium
mainly includes ciliated cells, secretory goblet cells, club cells, and basal cells. Also other cell
types, like ionocytes, tuft cells, and neuroendocrine cells, were described, which are less
abundant (64). In the most distal area of the lung are the alveoli, where the exchange of
oxygen and carbon dioxide happens. The alveolar epithelium is composed of alveolar
epithelial type | cells (AEC1), which perform gas exchange, and their progenitors, the type Il
cells (AEC2) (65). AEC2 cells are important for generating pulmonary surfactant, a crucial
mixture of lipids and proteins that is responsible for reducing surface tension in the alveoli
and therefore preventing collapse at exhalation. Mucociliary clearance, which is the
combined action of mucus secretion by goblet cells and the beating cilia of ciliated cells,
actively transports particles, including pathogens/viruses, out of the upper airway (63). As
afirst line of defense, epithelial cells also initiate the innate immune response by production
of cytokines and chemokines and subsequent recruitment of immune cells to the site of
infection (64, 66).

In healthy individuals, the cellular composition of the epithelium differs throughout the
airway, which causes a gradient of susceptibility to different respiratory viruses depending
on their cell tropism (62). ACE2, the receptor that is utilized by SARS-CoV and SARS-CoV-2,
as well as the protease TMPRSS2 are mostly expressed on ciliated cells and AEC2 (67-69),
rendering them the primary target of initial infection. Also, MERS-CoV was found to infect
AECs (70). Besides the infection of AECs in the lower respiratory tract by the highly
pathogenic coronaviruses, SARS-CoV-2 and MERS-CoV were also reported to target non-
ciliated cells in the upper respiratory regions (69, 71, 72). Studies have shown that in the
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nasal epithelium SARS-CoV-2 displays a tropism for ciliated cells, while MERS-CoV
preferentially targets non-ciliated cells, like goblet cells (73). HCoV-OC43 likewise infects
primarily ciliated cells, while HCoV-229E targets non-ciliated cells, and both these common
cold viruses primarily infect the upper respiratory tract (74). SARS-CoV-2 variants were first
observed to evolve continuously with respect to their capacity to infect the respiratory
epithelium, mainly through mutations in the Spike protein that led to enhanced binding to
the ACE2 receptor and entry into the host cell (75, 76). Later, although the Omicron strains
also displayed higher efficacy in binding to the ACE2 receptor (77), they were reported to
be more dependent on the host cell protease cathepsin L and were less efficient in using
TMPRSS2 (42). Earlier strains were more efficient at replicating in lung epithelium and
infecting the lower airway, while subsequent Omicron variants have adapted to replicating
in the upper airway, consequently yielding less severe respiratory symptoms, at least in
healthy individuals (78, 79). Their adaptation to the upper airway, especially the nasal
epithelium, was reported to be a possible reason for the observed increased transmission,
alongside stronger affinity for the ACE2 receptor and increased immune evasion through
changes in the antigenic structure of the spike (80, 81). Accordingly, studies that
investigated the basic reproduction numbers for SARS-CoV-2 variants, showed that the
Omicron variant is 3.8 times more transmissible than the delta variant (82) and infection
rates in the population increased faster during the Omicron wave than with any other
variants (83).

In patients with chronic lung diseases like asthma or chronic obstructive pulmonary disease
(COPD), the epithelium changes structurally and functionally. The composition of airway
epithelium cells in such chronic diseases can differ, and epithelial barrier function and
immune responses were shown to be impaired (63). In the lungs of asthma patients, for
example, more mucus-producing cells were observed than in healthy airways (84), and in
asthma and COPD patients, there is an increased susceptibility to respiratory infections, as
shown for rhinovirus, SARS-CoV-2, or MERS-CoV (85-87). Therefore, the presence of
infection-promoting host factors, like receptors or proteases, on specific cells, as well as the
proportion of those cells in specific anatomical locations, can determine susceptibility to
and spread of infection. Understanding, which cells are infected, which host responses are
elicited, and which factors influence infection kinetics, are important to develop treatment
for patients with respiratory infections like COVID-19.
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SARS-CoV-2 pathogenesis and immune responses

While common cold coronaviruses like HCoV-229E only cause mild symptoms in the upper
respiratory tract of healthy individuals, infection with the potentially highly pathogenic
SARS-CoV, SARS-CoV-2 and MERS-CoV can lead to severe symptoms also in the lower
respiratory tract (88). Coronavirus disease 2019 (COVID-19), the disease associated with
SARS-CoV-2 infection, can present as a variety of clinical symptoms, from asymptomatic
infection to very severe disease, and the exact determinants for these differences are not
known. In healthy young individuals, especially children, SARS-CoV-2 infection often is
asymptomatic or causes only mild common cold symptoms (89, 90). However, in older
individuals, people with underlying medical conditions, but frequently also in adolescents
or young adults, COVID-19 can be life-threatening (91, 92). A study that analyzed all
confirmed cases from the start of the pandemic in February 2020 in China, reported an
overall case fatality rate of 2.3% (93), others reported that 3-20% of infected patients
required hospital care (88, 94, 95). Over the course of the pandemic, following the
implementation of vaccination and antiviral strategies, and the advent and predominance
of the Omicron variants, the case fatality rate has decreased drastically, to below 0.3% in
August 2022 (96). Although SARS-CoV-2 initially infects the respiratory epithelium, infection
can lead to multi-systemic disease. Often an infection is accompanied by fever, cough,
muscle aches, fatigue, and/or shortness of breath. In severe cases patients can suffer from
acute respiratory distress syndrome (ARDS), which can greatly impact lung function and
lead to tissue fibrosis, multi-organ failure, and death (88). Previously, such severe disease
outcomes were also seen with SARS-CoV or MERS-CoV infection (97, 98). Over time it
became clear that SARS-CoV-2 infection can also have long-term consequences and can
cause quite unique post-infection symptoms. The loss of smell or taste, caused by olfactory
dysfunction during the acute stage of the infection, can affect patients for a long time, and
more seriously, “Post-COVID-19 condition” or “Long COVID"” has developed in a few percent
of infected people (99, 100). Long COVID is described as symptoms affecting the lung, heart,
gastrointestinal tract, blood vessels, and nervous system, among others, which are a
consequence of the infection, but remain present long after the acute infection has
resolved. Possible underlying mechanisms include immune dysregulation, microbiota
disruption, autoimmunity, blood clotting dysfunctionalities, endothelial cell abnormalities,
and dysfunctional neurological signalling (100). This illustrates the wide impact that SARS-
CoV-2 infection can have on the entire human body, with in some cases severe impact on
the daily function and quality of life of patients.

During initial infection, the immune system plays a crucial role in combating respiratory
viruses. As mentioned earlier, the epithelial cells are the first to initiate an innate immune
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response to an invading pathogen (63). Intracellular sensing of viral RNA (dsRNA or RNA
with a 5’-triphosphate group) by retinoic acid-inducible gene I-like receptors (RLRs) like
MDAS or RIG-1 (101, 102) leads to interaction with MAVS, which induces phosphorylation
of IRF3, ultimately resulting in transcriptional upregulation of the expression of type | and
type Il interferons (103, 104). Toll-like receptors on the cell or in endosomes, detect
pathogen-associated molecular patterns (PAMPs) and likewise activate signalling kinase
cascades that activate transcription of proinflammatory cytokines (105), type | interferons,
and IFN-stimulated genes (ISGs) (104). Inflammasomes, like NLRP3, and cytosolic sensors
other than RLRs were also described to trigger type | IFN and proinflammatory cytokine
production upon sensing of SARS-CoV-2 (104, 106, 107). The binding of secreted IFNs to IFN
receptors further stimulates the expression of interferon-stimulated genes (ISGs) whose
products exert a range of antiviral effects (108). SARS-CoV-2 and other coronaviruses
counter the innate immune response of host cells by several viral immune evasion
mechanisms. They do so by expressing a number of proteins that (also) have immune
evasion activities (104, 109, 110), and presumably also by preventing detection by hiding
viral RNAs that can trigger intracellular sensing inside DMVs (53), and by modifying their
RNAs to mimic the 5’ cap structure of host mRNAs (103, 111). The interferon response was
reported to be delayed following infection with highly pathogenic coronaviruses, which
evade the innate immune response (112). When IFN response is initially blocked and
delayed, unhindered virus replication can later lead to a strong and persistent IFN and
proinflammatory cytokine response, which can cause hyperinflammation and long-term
(immune) pathologies, as shown previously for SARS-CoV and SARS-CoV-2 (113, 114). Early
on, studies have shown an association between high levels of IL-6, IL-1, IFNy, TNFa, NF-Kb,
and other chemokines, and high morbidity in patients infected with SARS-CoV-2 (104, 115-
117). Systemic damage to tissue and severe consequences of a dysregulated immune
response and hyperinflammation are well documented for COVID-19 patients (118), albeit
not fully understood, also due to genetic and immunological differences between infected
individuals. Age, immune status, and underlying medical conditions of patients are risk
factors and determinants for disease outcome.

Human primary airway epithelial cell culture to study coronaviruses

To study coronavirus replication, host responses and pathogenesis, and to develop antiviral
therapies, in vitro cell culture models are required. Most commonly, conventional
monolayer cell cultures of immortalized or tumor cell lines are used, like Vero E6 (African
green monkey cells) or lung epithelial cell lines like Calu-3 or A549 (119). Their use has

11
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advantages, like low costs and minimal effort, as most laboratories have these cultures
already in use. They are sufficient for initial drug screening purposes (120), where high-
throughput screening is essential to reduce time and costs during drug discovery. However,
for further drug evaluation, these simplified monocellular systems are often not sufficiently
representing the infected host organism, which can affect infection characteristics and drug
identification (121). Propagation of SARS-CoV-2 in Vero E6 cells for example, results in rapid
virus adaptation and loss of the S protein’s furin cleavage site (122), which can be prevented
by using a lung epithelial cell line (123). There has been progress in the development of
advanced in vitro models like organoids, organ-on-chip models, and air-liquid interface (ALI)
airway epithelial cell culture (124), that better represent the tissue in question as it exists in
vivo. Human primary airway epithelial cells that are cultured at ALI (HAE-ALI) have become
a well-characterized model in the research of respiratory infections, for example for disease
modelling or studying virus receptors, cell tropism, or immune responses (125). To develop
ALl cultures, primary cells are isolated from donor lung tissue and grown on a membrane,
where they are exposed to air on their apical side and cell culture medium on their basal
side (126) (Figure 3). In vivo, the cellular composition can differ depending on the
anatomical location in the respiratory tract or the age or disease of a given patient. To
recapitulate different anatomical locations in the respiratory tract, cells from different
locations can be cultured, like the nasal cavity, trachea, bronchi, or alveoli. Isolation of nasal
epithelial cells is the least invasive procedure, performed by nasal brushing. The advantage
of using primary cells instead of conventional immortalized or tumor cell lines is that the
former differentiate into the different cell types and organization as present in the
pseudostratified lung epithelium in vivo. Thus, differentiated HAE-ALI cultures contain basal
cells, secretory cells, club cells, and ciliated cells (Figure 3). The secretory goblet cells also
produce mucus, which is moved through the action of beating cilia (127, 128). It was shown
that HAE-ALI cultures represent the in vivo epithelium transcriptome (129). In HAE-ALI
cultures, the cellular composition of the modelled epithelium can differ depending on the
individual donor involved (130), differentiation time (131, 132), as well as culture conditions
(133). Furthermore, inflammatory disease states in the lung, which also affect the epithelial
cells (134, 135), can be modelled and immune cells can be co-cultured with these cells (136).
The epithelial cells of HAE-ALI cultures elicit immune responses that recapitulate those
observed in vivo, as was shown in cultures of nasal, bronchial, or alveolar cells (137-139).
During the SARS-CoV-2 pandemic, HAE-ALI cultures were extensively used to study infection
(31,71, 132, 140), host responses (139, 141), or the impact of antiviral drug treatment (142,
143). All human coronaviruses are able to infect HAE-ALI cultures, which renders them a
good model for comparative studies between highly or low pathogenic coronaviruses. In
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the search for antiviral drugs, a positive result in HAE-ALI cultures increases the likelihood
that the in vitro efficacy of a drug will translate into animal models and the clinic.

Lower respiratory tract Airway epithelial cells

Ciliated cell
Trachea

Goblet cell
Bronchi

Bronchioles
Club cell

. Basal cell

Air

Semipermeable
membrane

Medium

submerged Air-liquid Interface (ALI)

Figure 3: The lower respiratory tract contains trachea, bronchi, bronchioles, and alveoli, the latter being the region
where gas exchange occurs. The epithelium of trachea and bronchi contains various cell types, primarily ciliated,
goblet, club, and basal cells. Human lung tissue from these regions can be obtained to isolate primary epithelial
cells, and culture them on transwell membranes at the air-liquid interface to obtain well-differentiated cultures.
The figure was partly generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons
Attribution 3.0 Unported License.

Antiviral drug discovery

Antiviral drugs and vaccines are the two key approaches to prevent or fight infectious
diseases. During the SARS-CoV-2 pandemic, the development of vaccines succeeded at
unprecedented speed, but still took over a year and demanded large budgets and effort.
During this time, we would have benefited from having broad-spectrum antivirals at hand,
to use in the clinic shortly post exposure or prophylactically in (local) outbreak settings.
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However, although SARS-CoV and MERS-CoV emerged many years prior to the SARS-CoV-2
pandemic, no registered antivirals had been developed for clinical use against highly
pathogenic coronaviruses.

There are two general approaches to antiviral drug development: one can either target the
virus directly (direct-acting antivirals, DAA) or target host factors or pathways that the virus
requires to replicate (host-directed antivirals, HDA) (144) (Figure 4). Direct-acting antivirals
in principle are more specific, having activity against a more narrow range of viruses, but
have a lower chance of toxicity. Due to virus evolution, there is more potential for the
development of resistance against direct-acting antiviral compounds (145). Essentially,
many steps of the viral replication cycle can be targeted, like virus entry, virus-cell fusion,
RNA synthesis or other viral enzyme functions, or virus assembly (144). Host-directed
antivirals, on the other hand, may have activity against a broad spectrum of viruses, while
lowering the likelihood of resistance development, but present a higher risk of unwanted
side effects (145). Therefore, a drug that has maximum selectivity towards the target, either
a viral or host target, and minimal side effects on the host would be an optimal candidate.

The number of available antiviral drug treatments has slowly increased since the first
antiviral drug was approved in 1963 (146). A review from 2002 listed more than 30 approved
antiviral drugs (144), and a review from 2016 reported 90 approved drugs (145). However,
these 90 drugs target a total of only nine human viruses, mainly the retrovirus human
immunodeficiency virus (HIV), and DNA viruses like herpes simplex or human
papillomavirus, and the RNA viruses influenza virus, respiratory syncytial virus and hepatitis
Cvirus (HCV) (145). Since 2016, multiple other drugs that inhibit virus replication have been
developed, targeting influenza virus (147), HIV (148), HCV (149), and most recently SARS-
CoV-2 (150), all of them being DAAs. Successful drug categories, in general, are nucleoside
analogues, protease inhibitors, entry inhibitors, fusion inhibitors, IMP dehydrogenase
inhibitors, and neuraminidase inhibitors, to name a few (144, 145). Currently, the majority
of approved antiviral drugs are DAAs, with the exception of entry inhibitors, like antagonists
of the HIV receptor or co-receptor (151, 152), or the IMP dehydrogenase inhibitor ribavirin
(153), although additional modes of action have been postulated for ribavirin (154).
However, many HDAs that are targeting kinases or other signalling pathways are in
preclinical development (155, 156). Furthermore, RNA-based or peptide-based
therapeutics are new promising fields within the antiviral drug development landscape
(157-159). Other treatment options do not inhibit virus replication, but modulate or
stimulate the host’s immune responses, such as pegylated interferon treatment, targeting
inflammatory responses, and administering convalescent plasma or monoclonal antibodies
(145, 160).
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There are different approaches to the identification or development of new therapeutics.
Antiviral drug discovery can be target-based, e.g. based on the known structure of a viral
protein. Another way of finding candidate drugs is repurposing of already registered drugs
(161, 162) (Figure 4). To identify hits from a number of newly developed compounds or a
list of repurposing candidates, high-throughput screening is done. This can be done in vitro
through phenotypic screening, where cell lines are used to evaluate drugs, for example, for
their protective effect from cell death upon infection.

Recent advances in bioinformatics and artificial intelligence (Al) have broadened the
options to screen for antivirals in silico (163), by either identifying new drugs or screening
for potential repurposing candidates. Al can also assist in analyzing new drug targets,
optimizing the drug development process, and predicting the properties of new candidate
drugs, therefore de-risking drug development through identifying problems early and
reducing the risk of failure. Repurposing of drugs offers the advantages of accelerating drug
development, especially in an outbreak situation. Already existing knowledge of
pharmacokinetics, pharmacodynamics, drug formulation, and safety profiles can decrease
the time from preclinical assessment to clinical use. With regard to antiviral drugs, only
ribavirin, which was reported to have different mechanisms of action (164), or the DNA
polymerase inhibitor tenofovir have been previously approved by the FDA to treat more
diseases than originally intended (145, 160). The RNA polymerase inhibitors remdesivir and
the nucleoside analogue molnupiravir, which were already known as a broad-spectrum
antivirals, were repurposed in the search for drugs to treat SARS-CoV-2 infection (143, 165).
Other antiviral therapies that were successfully repurposed are immunomodulators, like
corticosteroids, cytokine antagonists, or interferon therapies, which are not used to treat
acute infections as they do not inhibit virus replication, but modulate the immune response.
Drug discovery can be divided into several stages: the phase of early drug discovery, which
encompasses target identification and initial compound development; pre-clinical
development; clinical development, which includes human trials; and regulatory approval
and post-market evaluation (159) (Figure 4). Pre-clinical development encompasses several
steps from initial target or drug candidate identification to clinical trials in human, and
essentially entails investigation of pharmacodynamics, e.g. mode of action, efficacy and
safety, and pharmacokinetics/ADME (adsorption, distribution, metabolism, excretion) and
formulation of a drug (166). These properties can be evaluated partially in vitro, and in vivo
in cell culture and animal infection models. During early drug discovery, high-throughput
assays are performed in conventional monocellular cell lines, by treating infected cells with
potential antiviral compounds, and with a simple readout that either shows protection from
infection or inhibition of virus replication (167). Thus, a large number of chemical
compounds can be screened, minimizing costs, manpower, and time. During pre-clinical
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testing, the efficacy of a drug candidate can be confirmed in more advanced models, like
ALl cultures, and moved into the next phases of drug development.

Drugs against SARS-CoV-2

Before the start of the SARS-CoV-2 pandemic, only two antiviral compounds against SARS-
CoV or MERS-CoV had been tested in clinical trials or reported in case studies, which were
the HIV protease inhibitors lopinavir and ritonavir (168) and the nucleoside analogue
ribavirin (169-171). Studies reported reduced mortality for MERS-CoV-infected patients
treated with lopinavir/ritonavir and interferon-B, and inconclusive results were reported for
ribavirin. Furthermore, in vitro studies have identified multiple drugs possibly inhibiting
these two zoonotic coronaviruses (172, 173). In the search for effective antivirals against
SARS-CoV-2, researchers quickly screened drugs that were previously studied for their
ability to block SARS-CoV and MERS-CoV, or other viruses (174). These drug repurposing
efforts identified many potential inhibitors of SARS-CoV-2 replication. In vitro, those drugs
might have yielded good test results, as reported for example for the RNA synthesis
inhibitor favipiravir, the protease inhibitor lopinavir, or the anti-parasitic drug chloroquine
(175-177). However, studies showing good efficacy in vitro did not translate into successful
clinical trials (178, 179). This discrepancy of drug efficacy between in vitro and in vivo studies
can result from the use of cell lines that lack relevance. Although chloroquine initially
displayed promising results in Vero E6 cells (180), it was later shown that it does not protect
human lung cells from SARS-CoV-2 infection (181). Remdesivir, the first drug that was
approved for emergency use authorization (EUA), later received full authorization, albeit
there is inconsistent evidence up until today about its efficacy and safety (182-184).
However, studies did not always take into account the reduced efficacy of remdesivir when
treatment is given to hospitalized patients with progressed disease, at a point where
inhibition of virus replication does not lead to improvement (185). Remdesivir acts as a
nucleoside analogue and inhibits the viral RNA-dependent RNA polymerase by terminating
viral RNA synthesis (186). While remdesivir is administered intravenously, a derivative of
remdesivir, VV116, is an oral drug that was recently approved for marketing in China (187).
Other drugs were EUA approved but never fully approved, like molnupiravir, which, as a
nucleoside analogue, inhibits viral replication by reducing the fidelity of viral RNA synthesis
(188). Clinical studies evaluating molnupiravir as modestly efficacious led this drug to be
approved for EUA by the FDA, however it was never approved further. While it is approved
by the FDA, in Europe the EUA was later withdrawn (189, 190). To date only one orally given
DAA has been approved as a treatment against SARS-CoV-2, with high quality of evidence
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and strong recommendations from health agencies, which is ritonavir-boosted nirmatrelvir
(marketed as Paxlovid by Pfizer), a compound that inhibits the main viral protease nsp5
(150, 184). Another promising inhibitor, which also targets the main protease and was
approved for emergency use in Japan, is ensitrelvir (marketed as Xocova) (191). Both of
these drugs were developed using target-based drug design. Notably, Pfizer scientists
already had a compound in hand, that was developed against the main protease of SARS-
CoV, thus substantially shortening the time of initial drug discovery (192). The fact that the
main viral protease is indispensable for virus replication and is highly conserved across
coronaviruses, makes it a good target for antiviral drug development and yielded one of the
first successful SARS-CoV-2 antiviral treatment (49, 184). Potential inhibitors of the nsp3
papainlike protease have also been described (193, 194). Other studies have identified
additional drug targets within the SARS-CoV-2 replication cycle, such as the nsp13 helicase
(195), which is important for viral RNA synthesis, the nsp14 and nsp16 methyltransferases
(196) or the nsp15 endonuclease (197), which is necessary for evasion of the host immune
response (162). The nspl12 RdRp, like the main protease, also shows a high degree of
conservation across coronaviruses (198, 199) and has potential as drug target for broad-
spectrum active compounds, such as remdesivir. Furthermore, the nidovirus RdRp-
associated nucleotidyltransferase (NiRAN) domain and nsp9, both essential for the capping
of the viral RNA (200), are potential targets, and also the binding with associated nsp8 can
be targeted (201). Further approaches are inhibition of entry, through blocking the spike
protein (202) or the ACE2 receptor (203), or assembly, through targeting of the N proteins
(160). Furthermore, interferon has been explored as a treatment option in multiple clinical
trials, however with variable outcomes (204) and not resulting in approved treatment
options. Many studies that employed the gene-editing tool CRISPR/Cas9 or small interfering
RNA (siRNA) have identified host factors that are important for virus replication and
therefore possible targets for drug development (205, 206). However, up until now, there
are no successfully developed host-directed drugs that inhibit SARS-CoV-2 replication.
There are approved HDAs that target other viruses, like hepatitis C virus (HCV) or human
immunodeficiency virus (HIV), which are the infectious agents that most antiviral drugs
were developed for prior to the SARS-CoV-2 pandemic (155). The efforts to develop HDAs
against SARS-CoV-2 are ongoing with many small-molecule drugs in clinical trials and the
therapeutic landscape evolving rapidly. This is not only important to treat SARS-CoV-2
infections but, considering the potential broad-spectrum activity of these compounds, also
to prepare us for the next coronavirus outbreak. During the pandemic, it was quickly
realized that COVID-19 can present itself with severe symptoms even after SARS-CoV-2
replication in patients has waned. Damage can be inflicted by a deregulated and
exacerbated inflammatory response, triggered by SARS-CoV-2, leading to acute respiratory
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distress syndrome (ARDS), pulmonary fibrosis, and multiple organ failure (207). Drug
treatments reducing these disease symptoms, rather than inhibiting viral replication, have
become important for therapeutic use. Host-directed drugs that are approved for the
treatment of COVID-19 are immunomodulatory, like tocilizumab (IL-6 receptor antagonist)
or baricitinib (JAK kinase inhibitor), which both suppress the inflammatory response (184).
Also corticosteroids, like dexamethasone, were used early on for their anti-inflammatory
effect (208) and are recommended for the treatment of systemic inflammation (209).
Multiple trials have investigated the application of combination therapy, by simultaneously
treating COVID-19 patients with an antiviral drug and immunomodulatory drugs (210).
Optimal strategies for combating SARS-CoV-2 and its associated disease COVID-19 would
involve drugs that inhibit virus replication and also exhibit a beneficial therapeutic effect, to
prevent exacerbation of disease. Furthermore, for the treatment of COVID-19 patients, it is
crucial to take into account the stage of disease (early in infection or advanced inflammatory
disease) and the health status of the patient.
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reproduced with permission from Springer Nature.
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Outline of the thesis

The overall aims of this research project were to study coronavirus infection biology in lung
epithelial cells and to contribute to the discovery of antiviral compounds. Therefore,
primary human airway epithelial cells cultured at the air-liquid interface were used as an
advanced model to recapitulate coronavirus infection of the human lung epithelium and
host responses to SARS-CoV-2 and other coronaviruses. Host-directed antiviral approaches
were evaluated by testing several groups of small-molecule compounds for their efficacy
and broad-spectrum activity.

Understanding coronaviruses

In Chapter 2, HAE-ALI cultures were employed to set up and characterize an infection model
with SARS-CoV-2. This cell culture model represents the respiratory epithelium very well
and can reflect structural and functional changes as seen in individual donors or disease
states. Therefore, it was used to study the impact of the presence of specific epithelial cells
on SARS-CoV-2 infection. Differences in cellular composition based on anatomical origin,
differentiation time or drug treatment and their effects on virus replication and viral cell-
entry factors were investigated. In Chapter 3, the approach was broadened to compare
infection with the potentially highly pathogenic SARS-CoV-2, SARS-CoV, and MERS-CoV and
low pathogenic HCoV-229E and HCoV-OC43 viruses. RNA sequencing was used to identify
differences in the host response to these viruses. The knowledge gained was used to
identify possible antiviral compounds.

Targeting coronaviruses

Chapters 4 and 5 describe our efforts to repurpose and identify small-molecule drugs to
combat SARS-CoV-2 and other coronaviruses. HAE-ALI cultures were utilized to detect
antiviral activity in this advanced model. In Chapter 4, the compound R-Propranolol was
studied for its anti-angiogenic and antiviral properties. By employing human lung
endothelial cells, it was shown that propranolol blocks the upregulation of expression of
angiogenic factors, which are induced by infection and potentially contribute to lung
pathogenesis. R-propranolol also efficiently inhibited the replication of other highly
pathogenic coronaviruses. In Chapter 5, several inhibitors of ER-resident a-glucosidase | and
Il were screened for antiviral activity against SARS-CoV-2. These comprised iminosugar
compounds, which are studied as antivirals for decades, and cyclophellitols, a newer class
of inhibitors. We identified 1,6-epi-cyclophellitol cyclosulphate as superior, as it most
potently blocked ER a-glucosidase Il activity and reduced virus infectivity. The broad-
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spectrum activity of the antivirals identified in Chapters 4 and 5 makes them interesting
candidates to explore further for the treatment of coronavirus infections.

In Chapter 6, the research projects described in this thesis are discussed with regard to
current literature. Additionally, new advances in SARS-CoV-2 drug development and the
importance of the use of advanced cell culture models are discussed.
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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 susceptibility
to SARS-CoV-2 infection depend on the anatomical location from the proximal to distal
respiratory tract. However, the cellular biology underlying these variations is not completely
understood. Thus, air-liquid interface (ALIl) cultures 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 composition were
investigated by varying time of differentiation or by using specific compounds. We found
that SARS-CoV-2 primarily infected 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 number of ciliated cells and
reduced goblet cells, decreased viral load, indicating 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 conclusion, 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.

Introduction

Since December 2019, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
rapidly spread worldwide. The burden of the associated coronavirus disease 2019 (COVID-
19) has an enormous medical, social and economic impact (211). Furthermore, the
continuing emergence of virus variants, such as the delta and omicron variants, are
associated with additional waves of COVID-19 cases (212, 213). 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
(214), sex (215), weight (216), environment (217), other medical conditions (216, 218),
immune status (219), and possibly other yet to be identified factors.

SARS-CoV-2 was first isolated from the lower respiratory tract of COVID-19 patients (15,
220). The epithelium serves as the first barrier to SARS-CoV-2 infection in the respiratory
tract and therefore the subsequent epithelial response to infection (antiviral and
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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 (221, 222). These cell types have their own distinct
functions. For instance, goblet cells secrete mucus, which captures inhaled particles like
respiratory viruses, while the continuous beating cilia from ciliated cells help to transport
this mucus with entrapped particles towards the pharynx, collectively called mucociliary
clearance (MCC). Although the airway epithelium shares similar cell types throughout the
respiratory tract, the proportion of each cell type is dependent on the anatomical location
(223). In addition, in many patients with lung diseases such as asthma or chronic obstructive
pulmonary disease (COPD), epithelial cellular composition is altered (222). In primary airway
epithelial cell cultures, which are differentiated at the air-liquid interface (ALI), cellular
composition of the airway epithelium depends on the individual donor (224), differentiation
time (131), and culture conditions (133). So far, the impact of epithelial cellular composition
on SARS-CoV-2 infection biology has not been completely elucidated. Previous studies have
demonstrated a difference in host susceptibility to SARS-CoV-2 infection depending on the
location of virus-host interaction in the respiratory tract (225). 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 (71, 226), possibly via strands
of mucus attached to cilia tips (227). 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 receptor UFO [AXL]), which all
have been demonstrated to be expressed in variable levels on human airway epithelial cells
(45, 228-230). Recent research demonstrated that SARS-CoV-2 cell-entry factors are
primarily expressed in bronchial transient secretory cells (231), 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 (232), we aimed to
investigate how various changes in cellular differentiation and composition affect SARS-
CoV-2 infection biology. This knowledge can support our understanding 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 air-liquid interface (ALI) for up
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to 5 weeks. We characterized virus replication, spread, localization, immune responses, and
expression of SARS-CoV-2-entry factors, as well as compared cellular composition between
both types of cultures. Furthermore, we investigated how infection characteristics were
influenced by modulation of the cellular composition and by the duration of culture.

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 viral load (Figure 1a). 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 hours post infection (hpi) for single donors and donor
mix (Figure 1b). Thus ALI-PBEC cultures 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 multiplicity of infection (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 independent experiments were
performed using ALI-PBEC derived from the same donor mix. After infection with SARS-CoV-
2 (estimated 30,000 PFU per insert), we observed an increase in viral load (extracellular
copies of viral RNA) over time, to approximately 10! copies/ml at 72 hpi (Figure 1c).
Immunofluorescence staining of the epithelial cultures for viral nucleocapsid protein also
showed a gradual increase in the number of infected cells over time (Figure 1d). The number
of infected cells was low and generally detected at the edge of the insert (Figure S1a) as
also previously reported (233).

To validate the relevance of our cell culture model for studying epithelial defence against
SARS-CoV-2 infection, we measured antiviral responses (IFN-B1 and IFN-A1) and
inflammatory cytokines (IL-6 and IL-8 [CXCL8]) (Figure S1). We observed that SARS-CoV-2
infection did not affect mRNA levels of IFNB1 and IFNL1 at 24 and 48 h, but strongly
increased their expression at 72 hpi (Figure S1b). At 72 hpi, mRNA levels of both /L6 and
CXCL8 displayed a modest but significant increase in SARS-CoV-2-infected cultures (Figure
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Slc). We established reproducible and robust infection kinetics in this model, accompanied
by a significant but late epithelial antiviral and inflammatory response that is characteristic
for SARS-CoV-2 infection (234).

SARS-CoV-2 primarily infects epithelial cells involved in mucociliary clearance

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 (226), as well as alveolar epithelial cells (138, 235). To assess if ciliated and goblet cells
were also the target cells in our cultures, we investigated the colocalization of SARS-CoV-2
nucleocapsid protein with either acetylated a-tubulin and FOXJ1 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 (236). We
observed 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 (Figure 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 FOXJ1
and MUCS5AC double-positive cells - were present and infected by SARS-CoV-2 (Figure 1f).
We next investigated if the number of SARS-CoV-2 target cells in the single donor cultures
depicted in Figure 1a, correlated with the level of infection. Interestingly, 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 FOXJ1* ciliated cells, as well as transient secretory cells
(Figure 1g). This result suggests that the differences in susceptibility of cultures from
different donors to viral infection might be associated with variation in the percentages of
the different SARS-CoV-2 target cells.
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Figure 1: Characterization of a SARS-CoV-2 infection model using air-liquid interface cultures of primary
bronchial epithelial cells. Mixes of PBEC derived from 4-5 individual donors were cultured for 5 weeks at ALl before
they were infected with SARS-CoV-2 (30,000 PFU per insert). (a) The 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) The infected cells were stained with rabbit polyclonal anti-
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SARS-CoV-2 N protein antibody (JUC3) and with 4’,6-diamidino-2-phenylindole (DAPI), and visualized by
immunofluorescence microscopy at 72 hpi. Images shown at 400 x original magnification are representative
merged z-stack images for results obtained with cells from random areas of the inserts. (c) The 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 (double) labelled with rabbit polyclonal anti-SARS-CoV-2 N protein
antibody (JUC3) and with DAPI for nuclear staining. Images shown at 400 x original magnification are
representative merged z-stack images for results obtained with cells from 3 independent experiments. (e)
Immunofluorescence staining at 72 hpi, with antibodies against acetylated a-tubulin (ciliated cell marker) or
MUCS5AC (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 630 x original magnification. (f) Immunofluorescence staining with antibodies
against MUC5AC and FOXJ1 (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 400 x original magnification. (g) Quantification of immunostaining of FOXJ1*,
MUC5AC* and FOXJ1*MUCS5AC* or other cells in cultures of two single donors was performed with Image J software.

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 cellular 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 towards
an enrichment in goblet cells at the expense of ciliated cells using DAPT or interleukin 13
(IL-13), respectively (237-239). We infected these cultures with SARS-CoV-2 to analyse 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 (FOXJ1* and acetylated
a-tubulin*), while the number of goblet cells (MUC5AC*) was decreased (Figure 2a and S2a).
Conversely, IL-13 treatment increased the fraction of goblet cells and decreased the number
of ciliated cells (Figure 2A and S2A), also confirmed at gene expression level (Figure S2b).
Additionally, a small percentage of FOXJ1 and MUC5AC double-positive transient secretory
cells was detected in all cultures, which was not significantly affected by IL-13 or DAPT
treatment (Figure 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 (Figure 2b). At 48 and 72 hpi, all cultures
showed an increase in viral load compared to 24 hpi (Figure 2b), demonstrating that viral
infection and replication was 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 (Figure 2c). To
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our surprise the level of intracellular SARS-CoV-2 RNA was lower in DAPT-treated cells at all
time points compared to the controls (Figure 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. (Figure 2e).

To exclude the possibility that the effects observed in DAPT-treated cultures were a direct
consequence of inhibition of Notch signalling rather than epithelial remodelling, 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 intracellular
viral RNA copies or production of infectious progeny, suggesting that inhibition of Notch
signalling itself has no direct effect on SARS-CoV-2 replication (Figure 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.
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UM) or IL-13 (1 ng/ml) and differentiation for an additional 2 weeks. (a) After in total 5 weeks of differentiation,
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ALI-PBEC were fixed, stained using primary antibodies against MUC5AC and FOXJ1 (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 Imagel). Immunofluorescence images
shown are representative merged z-stack images for results of 3 independent experiments with 400 x 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. Immunofluorescence images shown are representative
merged z-stack images for results of 3 independent experiments with 400 x original magnification. (c) 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/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), FOXJ1 (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 400 x original magnification.

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
differentiate for 3, 4 or 5 weeks, after which they were infected with 30,000 PFU of SARS-
CoV-2. Viral load was analysed 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
differentiation time, with the highest viral load observed in cultures differentiated for 5
weeks after start of ALl (Figure 3a-3c). 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 (Figure $S3a). Immunofluorescence staining of these
cultures for the viral nucleocapsid protein also demonstrated an increase in the number of
infected cells with increasing culture duration (Figure 3c). 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 (Figure 3a-3b) and infectious progeny (Figure 3c), 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 effect on
the susceptibility of airway epithelial cells to SARS-CoV-2 infection.
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Time of culturing affects the proportion of cell types related to mucociliary
clearance

Since we found increased viral infection upon prolonged 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 (Figure S3c) ), we
hypothesized that the numbers of these target cells changed over time of differentiation.
We compared cellular composition between 3, 4 and 5 week-differentiated cultures and
found that these cultures at all time points expressed markers related to all dominant
epithelial cell types (ciliated, goblet, club and basal cells) in ALI-PBEC and PTEC (Figure S3b).
However, there were clear differences in the proportions of goblet and ciliated cells over
time of differentiation (Figure 3d). Using FOXJ1 and acetylated a-tubulin as markers for
ciliated cells, we observed that the percentage of FOXJ1* 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 (Figure
3e). The change in the percentage of MUC5AC* goblet cells was not significant over time in
ALI-PBEC and ALI-PTEC (Figure 3e). Additionally, the number of transient secretory cells was
higher in ALI-PBEC than in ALI-PTEC (Figure 3e). Furthermore, mRNA levels of FOXJ1 were
significantly increased in 4 week ALI-PBEC compared to 3 week cultures, however they did
not further increase in 5 week cultures (Figure S3d). In addition, FOXJI mRNA was higher in
4/5-week ALI-PBEC cultures compared to 4/5-week PTEC cultures (Figure S3d). MUC5AC
mMRNA levels were higher at week 5 in ALI-PTEC cultures compared to week 3, and also
higher than in week 5 ALI-PBEC (Figure S3d). In contrast, there was no significant difference
in the expression of SCGB1A1 (club cell marker) and TP63 (basal cell marker) (Figure 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 ALl. 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.
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Figure 3: Effect of culture duration on SARS-CoV-2 infection in PTEC and PBEC. ALI-PBEC/ALI-PTEC (mix of 5
donors) cultured 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/Bonferroni post-
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hoc test. Significant differences are indicated by *P<0.05. (c) Cells were stained for immunofluorescence
microscopy with rabbit polyclonal anti-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 400 x original magnification. (d) Immunofluorescence staining of 3, 4,
5 week cultures using antibodies against acetylated a-tubulin and FOXJ1 (ciliated cell markers) or MUC5AC (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 100x original magnification. (e) Quantification of FOXJ*,
MUC5AC* cells and FOXJ1*MUCSAC* cells was done by Image J software.

Changes in gene expression associated with SARS-CoV-2 target cells

To further explore the gradual increase in susceptibility 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 identified
169 differentially expressed genes, of which expression of 49 genes was upregulated while
expression of 120 genes was downregulated in ALI-PBEC at 5 vs 3 weeks (Figure 4a and
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 (Figure 4b and 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
1). 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 deconvolution analysis further
showed that the relative proportion of ciliated cells was increased in 5-week ALI-PBEC
cultures and the same trend was also found for ALI-PTEC (Figure 4c and 4d). Altogether,
RNA-Seq analysis did not reveal additional changes in cell types between the 3 and 5 week
culture duration.
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Figure 4: Transcriptional responses comparing 3 and 5 weeks-differentiated primary bronchial and tracheal cells
using RNA-Seq analysis. PBEC and PTEC were cultured at ALl 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 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). (c-d) The 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.

Table 1: Top 10 gene sets of the differentially expressed genes analyzed using gene set enrichment analysis (GSEA).
P value was calculated from the hypergeometric distribution for (k-1, K, N - K, n) where k is the number of genes
in the intersection of the query set with a set from MSigDB; K is the number of genes in the set from MSigDB; N is
the total number of gene universe (all known human gene symbols); n is the number of genes in the query set.
FDR g-value means the false discovery rate analog of hypergeometric p-value after correction for multiple
hypothesis testing according to Benjamini and Hochberg. The gene sets related to cellular composition of lung are
highlighted in bold.
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Direction Gene Set Name | # Genes Description # Genes| k/K |p-value| FDR g-
in Gene in value
Set (K) Overlap
(k)
Upregulated MURARO_PANCRE- {1276 12 0.0094|9.25E-9 |1.79E-4
AS_DUCTAL_CELL
Upregulated (GOBP_DEFENSE_  |1739 Reactions, triggered in 12 0.0069(2.7E-7 |2.3E-3
RESPONSE response to the presence of a
foreign body or the occurrence
of an injury, which result in
restriction of damage to the
organism attacked or
prevention/recovery from the
infection caused by the attack.
[GOC:go_curators]
Upregulated [WP_PROXIMAL_ 58 Proximal tubule transport 4 0.0690(5.25E-7 |2.3E-3
TUBULE_ TRANS-
PORT
Upregulated |WP_NRF2_PATH-  |145 NRF2 pathway 5 0.0345(5.77E-7 |2.3E-3
WAY
Upregulated [ DESCARTES_FE- 276 descartes 6 0.0217|5.94E-7 |2.3E-3
TAL_INTESTINE_IN- DE_gene_by_organ.csvy, fold.
TESTINAL_EPITHE- change>5, qval<0.05,
LIAL_CELLS pval<0.05
Upregulated [REACTOME_G_AL- |314 G alpha (i) signalling events 6 0.0191(1.26E-6 |3.46E-3
PHA_|_SIGNAL-
LING_ EVENTS
Upregulated [GOMF_SOLUTE_ 72 Enables the transfer of a solute |4 0.0556(1.26E-6 |3.46E-3
SODIUM_SYM- or solutes from one side of a
PORTER_ ACTIVITY membrane to the other
according to the reaction:
solute(out) + Na+(out) =
solute(in) + Na+(in). [GOC:ai]
Upregulated [WP_NUCLEAR_RE- |321 Nuclear receptors meta- 6 0.0187|1.43E-6 |3.46E-3
CEPTORS_METAPA- pathway
THWAY
Upregulated| TRAVAGLINI_ 1094 9 0.0082(2.59E-6 |5.57E-3
LUNG_ CILIAT-
ED_CELL
Upregulated [TRAVAGLINI_LUNG_|201 5 0.0249(2.88E-6 |5.58E-3
MACROPHAGE_
CELL
Downregu- |GOCC_SUPRAMO- |1329 A cellular component that 18 0.0135(9.81E-9 |8.53E-5
lated LECULAR_COMPLEX consists of an indeterminate
number of proteins or
macromolecular complexes,
organized into a regular,
higher-order structure such as
a polymer, sheet, network or a
fiber. [GOC:dos]
Downregu- |TRAVAGLINI_ 891 15 0.0168(1.12E-8 (8.53E-5
lated LUNG_PROLIFERAT-
ING_BASAL_CELL
Downregu- |HAY_BONE_ MAR- |767 14 0.0183|1.32E-8 |8.53E-5
lated ROW_ STROMAL
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Downregu- |TRAVAGLINI_ 188 8 0.0426|3.6E-8 |1.61E-4
lated LUNG_BASAL_CELL
Downregu- |GOCC_SUPRAMO- |996 A polymeric supramolecular |15 0.0151(4.84E-8 |1.61E-4
lated LECULAR_POLYMER structure. [GOC:dos]
Downregu- |ZHONG_PFC_C2_ |76 6 0.0789|5.04E-8 |1.61E-4
lated UNKNOWN_NPC
Downregu- |HALLMARK_KRAS_ |200 Genes down-regulated by 8 0.0400(5.81E-8 |1.61E-4
lated SIGNALING_DN KRAS activation.
Downregu- |NABA_ MATRISOME|1026 Ensemble of genes encoding |15 0.0146|7.1E-8 |1.72E-4
lated extracellular matrix and

extracellular matrix-associated

proteins
Downregu- [MANNO_MID- 229 Cell types are named using 8 0.0349(1.64E-7 |3.45E-4
lated BRAIN_NEURO- anatomical and functional

TYPES_ HNPROG mnemonics prefixed by ‘m’

or’h’ to indicate mouse and
human respectively: OMTN,
oculomotor and trochlear
nucleus; Sert, serotonergic;
NbM, medial neuroblast;
NbDA, neuroblast
dopaminergic; DAO-2,
dopaminergic neurons; RN, red
nucleus; Gabal-2, GABAergic
neurons; mNbL1-2, lateral
neuroblasts; NoML1-5,
mediolateral neuroblasts;
NProg, neuronal progenitor;
Prog, progenitor medial
floorplate (FPM), lateral
floorplate (FPL), midline (M),
basal plate (BP); Rgl1-3, radial
glia-like cells; Mgl, microglia;
Endo, endothelial cells; Peric,
pericytes; Epend, ependymal;
OPC, oligodendrocyte
precursor cells.

Downregu- |[FAN_EMBRYONIC_ [155 7 0.0452|1.78E-7 |3.45E-4
lated CTX_MICROGLIA_1

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 (229). Therefore, we investigated 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 expression 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
load (Figure 1a, Figure 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.
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Furthermore, we assessed the expression of cell-entry factors in cultures of varying
differentiation time using our RNA-Seq dataset (Figure 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 CD147 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 NRP1 was lower in 3-week ALI-PBEC compared to 3-
week ALI-PTEC (Figure 5b). We compared the expression of these genes by RT-qPCR in 3-
and 5-week cultures, and also included 4-week cultures (Figure 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 expression of ACE2 and GRP78 did not
change with culture duration. A significant increase in expression of CD147 was observed in
4-week ALI-PBEC compared to 3-week cultures (Figure S4a). Treatment with DAPT or IL-13
did not affect expression of SARS-CoV-2 entry factors (Figure S4b). These findings indicated
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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Figure 5: Effect of donor variation and culture duration on expression of SARS-CoV-2 cell-entry factors. (a) RT-

gPCR analysis of gene expression 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-entry factors in 3-week and 5-week PBEC and PTEC. Differences were assessed by a two-way ANOVA

53



54

Impact of changes in human airway epithelial cellular composition and differentiation on SARS-CoV-2 infection

with Tukey’s test and the significant difference were considered at P < 0.05. *= 5-week ALI-PBEC vs 3-week ALI-
PBEC; &=5-week ALI-PTEC vs 3-week ALI-PTEC; #=3-week ALI-PTEC vs 3-week ALI-PBEC.

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 investigated whether antiviral responses changed depending on the ALl
culture duration, and whether this could provide an additional explanation of the observed
increased susceptibility to infection with longer culture times. In ALI-PTEC, SARS-CoV-2-
induced mRNA levels of both IFNB1 and IFNL1 increased significantly with culture duration.
When cultures were infected at week 3 or 4 there was little IFNB1 or IFNL1 mRNA produced,
while expression of these genes was strongly upregulated by SARS-CoV-2 infection in 5 week
old cultures (Figure S5a and S5b). Gene expression analysis of IFNB1 and IFNL1 showed a
similar increasing trend in ALI-PBEC upon infection (Figure S5c and S5d). When 5-week PBEC
were (long-term) treated with DAPT, we observed lower SARS-CoV-2-induced antiviral
responses than in untreated and IL-13-treated cultures (Figure S5e and 5f). All these
findings correlate with the observed differences in the number of infected cells and viral
load resulting from culture duration and DAPT and IL-13 treatment (Figure 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 composition and differentiation of human
primary airway epithelial cell cultures on SARS-CoV-2 infection biology. Our key finding is
that changes in cell types related to mucociliary clearance, i.e. ciliated and goblet cells,
influence SARS-CoV-2 infection of human primary airway epithelial cells. Specifically, 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
viral load, even 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
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cellular composition. Literature reports that differentiation times anywhere between 2 and
6 weeks after start of air-liquid interface culture are needed to have all key cell-types
present in culture (71, 226, 240).

In line with a recent study investigating SARS-CoV-2 infection using primary airway epithelial
cells(226), and based on our own study comparing 3-5 week old cultures, we decided to use
5 weeks 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 (137, 241), which we could confirm also
for SARS-CoV-2 infection by detecting increased mRNA levels of /L-6 and CXCL8. In contrast,
downregulated expression of /L-6 and CXCL8 was reported in the human bronchial epithelial
cell line 16HBE (242).

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
showing 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 (68, 71, 226, 243).
Additionally, we also observed cells co-expressing markers of ciliated cells (FOXJ1) and
goblet cells (MUC5AC) in our cultures. This specific cell population, which was recently
reported by e.g. Garcia et al. (244) and by Vieira Braga et al (245), is suggested to represent
a transitional state between goblet and ciliated cells, and was recently labelled as transient
secretory cells (231). Based on their relatively high co-expression of ACE2 and TMPRSS2,
Lukassen et al. (231) suggested that these transient secretory cells may be particularly
vulnerable to SARS-CoV-2 infection. Whereas 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 mucociliary clearance of ciliated, goblet and potentially transient secretory cells,
we conclude that cells involved in mucociliary clearance are predominantly infected by
SARS-CoV-2.

To investigate the role of cellular composition in susceptibility to viral infection, we skewed
cell differentiation with the Notch signalling inhibitor DAPT (238), which resulted in 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 (246). Conversely, the modulation with IL-13, (slightly) increased viral loads
compared to control and DAPT-treated cultures, which is in line with the suggestion from
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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
infection (247). Others have observed that treatment with IL-13 reduced viral RNA copies
in ALl-cultured airway epithelial cells (248, 249). There is no clear explanation for this
discrepancy, although the reduced levels of ACE2 after IL-13 treatment 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 versus 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 MOI. Collectively,
our observations indicate that DAPT- and IL-13-mediated modulation of epithelial cell
differentiation 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 (250), when excessive, could
hinder clearance of the virus in the epithelium. 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
percentage 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 literature,
all main cell types express TMPRSS2, and highest expression is found in transient secretory
cells (231). CTSL gene expression was reported to be higher in ciliated cells compared to
other epithelial cell types (251). When we compared two single 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 (252). 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
proteases, including TMPRSS2) (228, 253). It was shown that both E64d and camostat
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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 | and 11l 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 model in (fundamental) studies
on virus replication and antivirals. 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 (75, 140, 253). 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 differentiated cultures that we observed in this study. Finally, we 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 epithelial cell types related to mucociliary
clearance (i.e. ciliated, goblet cells 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 COPD, where epithelial remodelling likely has
shifted these cell-type ratios.
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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 which 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 1-9-2022, patients have been enrolled in the biobank
using active informed consent in accordance with local regulations from the LUMC biobank
with approval by the institutional medical ethical committee (B20.042/Ab/ab and
B20.042/Kb/kb). PTEC were isolated from residual tracheal and main stem bronchial tissue
from lung transplant donors post-mortem 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 Duisburg-Essen (ID: 19-8717-B0O). (254).

To achieve mucociliary differentiation, PBEC and PTEC were cultured at the ALl as previously
described (237). Briefly, epithelial cell cultures from individual donors or mixed donors were
seeded onto 12-insert Transwell membranes (Corning Costar, Cambridge, MA, USA), which
were coated with PBS supplemented with 5 pg/ml human fibronectin (Promocell,
Heidelberg, Germany), 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 (BEpiCM-b; ScienCell, Sanbio) and
Dulbecco’s modified Eagle’s medium (DMEM) (Stemcell Technologies, Kéln, Germany),
further referred to as B/D medium. This B/D medium contains 12.5 mM HEPES, bronchial
epithelial cell growth supplement, 100 U/ml penicillin, 100 ug/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 resulted 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 ALl 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 towards an increased number of goblet or ciliated cells, ALI- PBEC
were incubated in BD medium supplemented with 50 nM EC23, and either 1 ng/ml IL-13
(Peprotech) or 5 uM DAPT (y-secretase inhibitor, TOCRIS) from day 22 to day 35 culture
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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 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 L-glutamine (DMEM; Lonza), supplemented with 8% foetal
calf serum (FBS; 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 (EMEM,;
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 determined by
plaque assay as described before (255). All experiments 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 ul PBS and aspirating it after a 10-min incubation at 37°C. Basal medium was
changed every two 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 MOI of 0.03). PBS was used as solvent control and in mock-infected cells as
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 to 5 weeks of differentiation as indicated. 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 (RT-qPCR) and plaque assay
analysis
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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 (EAV) to control for variation in RNA extraction efficiency and possible inhibitors of RT-
gPCR. Intracellular RNA was isolated by adding 500 ul 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 Phosphoglycerate kinase 1 (PGK-1)
was used as a reference gene for normalization when intracellular RNA was analysed.
Primers and probes for EAV and PGK-1 (Sigma-Aldrich) and the normalization procedure
were performed as described before(255). Viral RNA was quantified by internally controlled
multiplex RT-gPCR using the TagMan™ Fast Virus 1-Step Master Mix (Thermo Fisher
Scientific) as described previously (256), but with modifications as listed in Table 2. 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
guantification of RNA copy numbers.

For analysis of the transcriptional response of epithelial cells to infection, RNA was reverse-
transcribed and c¢cDNA was amplified by real-time gPCR (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 polypeptide (ATP5B) were 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 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 2.

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 (255).

Table 2: Primer sequences

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

E ACAGGTACGTTAATAGTTAATAGCGT | ATATTGCAGCAGTACGCACACA

E probe TexRed-ACACTAGCCATCCTTACTGCGCTTCG-BHQ1

RdRp GTGARATGGTCATGTGTGGCGG CARATGTTAAASACACTATTAGCATA
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RdRp probe FAM-CAGGTGGAACCTCATCAGGAGATGC-BHQ1

MUC5AC CCTTCGACGGACAGAGCTAC TCTCGGTGACAACACGAAAG
FOXJ1 GGAGGGGACGTAAATCCCTA TTGGTCCCAGTAGTTCCAGC
SCGB1A1 ACATGAGGGAGGCAGGGGCTC ACTCAAAGCATGGCAGCGGCA
TP63 CCACCTGGACGTATTCCACTG TCGAATCAAATGACTAGGAGGGG
IFNL1 GGACGCCTTGGAAGAGTCACT AGAAGCCTCAGGTCCCAATTC
IFNB1 ATGACCAACAAGTGTCTCCTCC GGAATCCAAGCAAGTTGTAGCTC
CXCL8 CTGGACCCCAAGGAAAAC TGGCAACCCTACAACAGAC

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

Immunofluorescence staining

For analysis by immunofluorescence, ALl cultures were rinsed using PBS and cells were fixed
by adding 3% (w/v) paraformaldehyde 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 (PBT) was used to block non-specific 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 (167)), human anti-SARS-CoV-2
Spike antibody (P008_076 (257)), 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, donkey anti-mouse or
donkey anti-goat Alexa-fluor antibodies (all diluted 1:200, Thermo Fisher Scientific) and
4’,6-diamidino-2-phenylindole (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 anti-fading 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.Z1l Slide Scanner (ZEISS, Oberkochen,
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Germany) at 100 x /400 x / 630 x original magnification according to experimental
requirements. Positive-stained cells from three random areas of each insert membrane of
each independent experiment were quantified by ImageJ.

RNA sequencing and analysis

The samples harvested from 3-week and 5-week differentiated ALI-PBEC and ALI-PTEC were
used to perform RNA sequencing (RNA-Seq) at GenomeScan (Leiden, the Netherlands).
Total RNA was extracted using TriPure Isolation Reagent and Maxwell® 16 simply RNA tissue
kit and passed the quality control (QC) measured by the Fragment Analyzer. Then mRNA
was isolated based on poly-A selection and RNA fragmentation was performed. After that,
cDNA was synthesized for adapter ligation and PCR amplification. A data set of 12 samples
was generated using an lllumina NovaSeq6000 sequencer and the quality for the raw data
was determined with third-party (FastQC v0.11.9) and in-house (FastQA v3.1.25) QC 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 transcript was determined with HTSeq v0.11.0. RNA-Seq
analysis was performed using the R package DeSeq2 with the read counts>10 read counts.
Differential expression was conducted comparing virus infection at each time point to time
matched no virus control/mock. Gene signatures were made using the Gene Set Variation
Analysis (GSVA) 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 differentially expressed genes were further analysed by gene
set enrichment analysis (GSEA) using the website www.gsea-msigdb.org as previously
reported (258, 259).

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 (260). To this end, genes were selected using AutoGeneS software on the Human
Lung Cell Atlas v1.0 dataset (261) 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 was
subsequently normalized to counts per million (CPM), and highly variable (HV) genes
(N=5,000) were selected. Next, on all samples bulk deconvolution was performed using the


https://assembly.fa/
https://www.gsea-msigdb.org/
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CIBERSORT support vector regression (SVR) method (262). 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 t test. Data are shown as mean values + SEM
and differences were considered significant at P < 0.05.

Statement of Ethics
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Figure S1: Infection and immune responses of a primary airway epithelial cell culture model. ALI-PBEC (mix of
5 donors) cultured for 5 weeks at ALl were infected with SARS-CoV-2 (30,000 PFU per insert) (a) Representative
image of immunostaining with anti-SARS-CoV-2 spike protein antibody (green), anti-N protein antibody (JUC3;
red) and DAPI (blue) for nuclear staining was captured by ZEISS slide scanner (b) Analysis of gene expression of
IFNB1, IFNL1 and (c) /L6 and CXCL8 (IL-8) normalized to two reference genes (RPL13A/ATP5B) in mixes of 5
donors by RT-gPCR. The graphs represent the mRNA levels at 72 hpi. Data are mean values + SEM. n=3
independent experiments derived from the same donor mix cultured for at least 4 weeks. Statistical analysis was
conducted using two-way ANOVA with a Tukey/Bonferroni post-hoc test. Significant differences are indicated by
*P<0.05.
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Figure S2: Effect of long-term DAPT/IL-13 exposure on epithelial cell composition and effect of acute DAPT/IL-
13 exposure on susceptibility to SARS-CoV-2 infection. ALI-PBEC (mix of 4-5 donors) were differentiated for 3
weeks, before addition of DAPT (5 uM) or IL-13 (1 ng/ml), followed by differentiation for an additional 2 weeks. (a)
After 5 weeks of differentiation, ALI-PBEC were fixed, stained and analyzed by immunofluorescence using primary
antibodies against MUC5AC and FOXJ1 (goblet cell marker, ciliated cell marker) in combination with DAPI for
nuclear staining. The quantification of FOXJ1-positive cells and MUC5AC-positive cells was done by Imagel
software. Data are mean + SEM. (b) mRNA levels of FOXJI and MUC5AC were measured by RT-qPCR. Data are
mean + SEM. Analysis of differences was conducted using paired t test. (c) Short-term treatment with DAPT was
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performed in cells after 5 weeks of differentiation. Cells were either pre-treated with DAPT for 24 h (pre-treatment)
or post-treated directly after infection (post-treatment). Intracellular SARS-CoV-2 RNA copies were measured by
RT-qPCR and plague assay was performed with apical washes to quantify infectious virus titers. n=3 independent
experiments. Data are mean + SEM. Fold change in intracellular RNA copies was compared to untreated controls.
Statistical analysis was performed using a paired t test. Significant differences are indicated by *P<0.05.
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Figure S3: Effect of culture duration on infection and epithelial cell-specific genes in PTEC and PBEC. (a)
Extracellular viral RNA copies in the apical wash were measured by RT-gPCR and viral infectious progeny was
determined by plaque assay in Vero E6 cells. Mean values + SEM is presented from 3 independent experiments
using 3 different donor mixes. (b) Immunofluorescence staining of PTEC and PBEC with antibodies against CC-10
(Club cell marker), MUCSAC (goblet cell marker), acetylated a-tubulin (ciliated cell marker) in combination with
DAPI for nuclear staining. (c) Immunofluorescence staining of PTEC with antibodies against acetylated a-tubulin
and SARS-CoV-2 N protein in combination with DAPI. Immunofluorescence images shown are representative
merged z-stack images for results of 3 independent experiments with 630 x original magnification. (d) ALI-
PTEC/PBEC (mix of 5 donors) were differentiated at ALl for 3, 4 or 5 weeks, and analyzed by RT-gPCR to measure
gene expression of FOXJ1 (ciliated cell marker), MUC5AC (goblet cell marker), SCGB1A1 (club cell marker) and TP63
(basal cell marker). n=3 independent experiments at 3-5 weeks derived from three donor mixes the same as used
in Fig.3. Data are mean * SEM. Analysis of differences was conducted using two-way ANOVA with a
Tukey/Bonferroni post-hoc test. Significant differences are indicated by *P<0.05.
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Figure S4: Effect of culture duration and DAPT/IL13 treatment on expression of SARS-CoV-2 cell-entry factors.
(a) Analysis of gene expression of viral cell-entry factors by RT-gPCR in 3, 4 and 5 week uninfected cultures of PTEC
and PBEC and (b) in DAPT or IL-13 treated 5 week-differentiated cultures. Data are mean values + SEM. n=3
independent experiments derived from three donor mixes. Statistical analysis was conducted using two-way
ANOVA with a Tukey post-hoc test or one-way ANOVA with Dunnett test. Significant differences are indicated by
P<0.05. *= 5-week ALI-PBEC vs 3-week ALI-PBEC.
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Figure S5: Antiviral responses after SARS-CoV-2 infection. ALI-PTEC and PBEC cultured for 3-5 weeks (A-D), and 5-
week ALI-PBEC (E, F) cultured at ALl in presence or absence of DAPT or IL-13 (during the last 2 weeks), were infected
by SARS-CoV-2 (30,000 PFU per insert). Cells were lysed at 72 hpi to quantify mRNA levels of IFNB1 (a/c/e) and
IFNL1 (b/d/f) by RT-gPCR. n=3 independent experiments using 3 different donor mixes. Data are mean = SEM. Fold
change in E and F was compared to untreated controls. Analysis of differences was conducted using two-way
ANOVA with a Tukey/Bonferroni post-hoc test. Significant differences are indicated by *P<0.05.
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Table S1: The differentially expressed genes in ALI-PBEC and ALI-PTEC between 3-week and 5-week cultures

Gene symbol logFC logCPM F P value FDR
ALI-PBEC

GBP1 1,002649 5,59286 28,42654 0,000205 0,011999
C6 1,008593 4,598683 34,17632 9,24E-05 0,011252
FAM13C 1,01462 1,686769 15,42701 0,002161 0,028787
NMNAT2 1,040247 2,463503 27,22633 0,000245 0,012624
VEPH1 1,040893 1,215865 12,34508 0,004528 0,04146
KIF26B 1,047462 2,465433 23,28812 0,000464 0,01499
SUSD5 1,048884 0,593884 13,23716 0,003618 0,037666
ALS2CR12 1,052709 3,056197 27,67302 0,000229 0,012344
TEKT3 1,073256 0,717851 21,28602 0,000662 0,017229
ADH7 1,076298 6,748417 33,31955 0,000103 0,011252
SLC1A1 1,077068 5,080468 21,27037 0,000663 0,017229
GCNT4 1,079011 1,61263 23,97091 0,000414 0,014456
GNA14 1,082498 2,955824 12,76014 0,004075 0,039248
SERPING1 1,083826 3,388572 23,87261 0,000421 0,014456
CXCL3 1,087681 3,835865 9,254044 0,010664 0,06513
LINCO0689 1,101837 1,213377 7,917803 0,016176 0,081168
RP11-35612.4 1,122523 0,167388 18,21206 0,001194 0,022104
CCL20 1,124136 4,278383 10,84357 0,006751 0,051083
CCDC173 1,129108 4,661543 32,15727 0,000121 0,011477
SFRP2 1,130373 1,308617 10,19488 0,008098 0,056111
ARG2 1,131078 2,939088 13,98017 0,003021 0,034592
GLYATL2 1,139479 0,778915 13,64786 0,003273 0,036107
ZNF853 1,145346 0,872255 7,059498 0,021529 0,095652
ACTBL2 1,146252 1,202529 14,67346 0,002567 0,031485
OXGR1 1,154019 0,362324 8,221797 0,01467 0,077218
TM6SF1 1,157709 0,157218 15,9499 0,001924 0,026801
ZSCAN12P1 1,177114 0,305378 10,76975 0,00689 0,051681
AFAP1L2 1,184962 2,2387 12,23583 0,004657 0,042023
UCHL1 1,187467 1,02622 11,45645 0,005715 0,046538
UCA1 1,203382 2,242207 8,053701 0,015481 0,079529
DMBT1 1,214279 5,708363 29,85375 0,000166 0,011477
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CES1 1,220755 5,121919 37,27795 6,28E-05 0,010533
SLC5A1 1,231942 3,193087 47,33052 2,09E-05 0,007842
RP11-642P15.1 1,25914 0,94976 23,23305 0,000469 0,015018
EEF1A2 1,292066 1,559594 6,937111 0,022454 0,098292
RP1-27K12.2 1,303139 2,755264 16,99273 0,001536 0,024375
IL22RA1 1,313443 0,205781 11,12312 0,006253 0,048826
HLA-DQA1 1,318172 3,113733 9,05018 0,01134 0,067178
CYP24A1 1,330907 3,752493 8,916734 0,011811 0,068671
RGS22 1,388349 3,30457 31,34144 0,000135 0,011477
SLC6A20 1,427783 2,039617 23,02251 0,000486 0,015242
MAP1B 1,430696 3,968576 17,9179 0,001267 0,022561
CTSv 1,492403 3,621686 16,42133 0,001736 0,025711
NCR3LG1 1,550185 1,734731 35,59817 7,72E-05 0,011007
CXCL5 1,557573 3,176724 9,935025 0,008726 0,058225
CHI3L1 1,576727 1,837262 20,73273 0,000732 0,017984
GPNMB 1,699773 6,046425 14,86666 0,002455 0,030665
AL121901.1 1,810156 1,657353 10,00457 0,008553 0,05784

SLC5A8 1,836587 1,7187 17,35876 0,001422 0,023594
SPTBN4 -2,09053 2,377134 25,71497 0,000311 0,013732
AC022596.6 -2,0531 2,060019 15,32716 0,00221 0,029127
EXOC3L1 -1,82355 1,023619 14,22714 0,002849 0,033538
PLCD4 -1,76792 1,754185 22,92399 0,000494 0,015302
IQGAP3 -1,7452 0,909495 11,2558 0,006032 0,047916
LGALS7 -1,70892 4,387691 19,0473 0,00101 0,020535
LGALS7B -1,69201 3,76449 26,46105 0,000276 0,013273
CYP26C1 -1,64831 1,05923 15,95419 0,001922 0,026801
CYP4F23P -1,6461 2,028523 12,52156 0,004328 0,040383
ASPM -1,63808 1,457722 11,77712 0,005249 0,044623
PLA2G4F -1,63644 2,389311 11,3363 0,005903 0,047229
PDE11A -1,60907 3,468886 10,12901 0,008252 0,056692
MAOB -1,57209 1,719884 19,53167 0,000919 0,020088
KRT13 -1,5713 8,159369 17,33201 0,00143 0,023671
WNT10A -1,55668 5,014215 88,11726 9,64E-07 0,00322

KLK7 -1,52867 4,871598 17,55299 0,001366 0,023371
MYOT -1,49218 1,383578 12,49269 0,00436 0,040602
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ALOX15B -1,42438 4,068088 30,08054 0,000161 0,011477
CKAP2L -1,42374 0,387569 7,749934 0,017085 0,083565
KCNE4 -1,40436 1,775868 12,70016 0,004137 0,039553
KLK8 -1,38961 1,394874 27,35364 0,000241 0,012533
EFS -1,32513 1,430937 16,95673 0,001548 0,024423
COL7A1 -1,29595 7,750315 40,8237 4,15E-05 0,009439
MEGF6 -1,28014 4,888583 28,19833 0,000212 0,012091
CYP26B1 -1,27924 7,61654 9,465685 0,010011 0,063124
PLCH2 -1,27526 6,836023 48,42031 1,87E-05 0,007842
RP5-1085F17.3 -1,26647 0,327113 18,20274 0,001196 0,022104
TNNI2 -1,26069 4,253661 11,14312 0,006219 0,048644
RP11-235E17.6 -1,26026 2,578247 19,50609 0,000924 0,020119
FGFR3 -1,25858 7,297273 110,6972 2,94E-07 0,001553
EGFL6 -1,24513 3,665653 12,44813 0,00441 0,040906
HMHA1 -1,24382 3,55872 7,978989 0,015858 0,080375
MMP28 -1,24275 5,290207 45,78856 2,44E-05 0,008486
GPT -1,23928 0,373352 12,28928 0,004593 0,041765
CLEC2D -1,23812 1,918601 19,119 0,000996 0,020423
RHBDL1 -1,23676 2,113606 19,16153 0,000988 0,020339
ECM1 -1,22886 4,151404 12,24362 0,004648 0,042017
MEX3B -1,22089 1,358241 8,708329 0,012593 0,071092
RP11-268J15.5 -1,20935 2,56421 22,61057 0,000522 0,01548

CYP2T2P -1,20801 6,446988 21,97836 0,000584 0,016352
FAM229A -1,20618 2,868697 20,50802 0,000764 0,018271
CSRNP3 -1,20084 1,439979 11,40015 0,005802 0,046872
PCP2 -1,20062 0,595494 7,173733 0,020707 0,093452
PLK1 -1,19771 1,865708 17,22768 0,001462 0,023788
CAPNS2 -1,19411 1,982033 11,36996 0,00585 0,046994
ADIRF -1,19009 3,253925 34,07615 9,36E-05 0,011252
PTTG1 -1,18856 3,121655 32,07054 0,000122 0,011477
BDKRB1 -1,17456 0,394196 17,47789 0,001387 0,023391
GHR -1,17168 0,534359 9,381281 0,010266 0,063814
ANKRD9 -1,16422 4,305996 25,46552 0,000324 0,01378

FOXN4 -1,16263 3,312565 11,79335 0,005226 0,044623
HSD11B2 -1,15791 4,53207 14,92014 0,002425 0,030371
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IGFBP6 -1,15351 7,240489 108,5039 3,27E-07 0,001553
KRT14 -1,14903 4,978784 10,55921 0,007306 0,05301

RP11-44N21.1 -1,14886 0,745321 11,82374 0,005185 0,044414
VMO1 -1,14822 7,730684 34,33033 9,06E-05 0,011252
NAPSA -1,14532 0,73691 9,183362 0,010893 0,065801
KCP -1,14261 2,294007 29,44502 0,000176 0,011598
WFDC3 -1,14259 2,556692 10,05651 0,008426 0,057345
CENPE -1,14219 1,280905 7,721378 0,017246 0,084056
CFD -1,13951 3,218426 14,73457 0,002531 0,031258
TMEM160 -1,13884 3,549933 30,43181 0,000153 0,011477
SNCG -1,13843 2,811491 21,10013 0,000684 0,017421
AIFM3 -1,13564 2,050572 11,13285 0,006237 0,048753
RBBP8NL -1,1341 3,470603 18,30167 0,001172 0,021877
CTul -1,12955 2,727798 17,31734 0,001435 0,023671
ABCC9 -1,12894 4,376523 24,04358 0,000409 0,014456
KLK6 -1,12721 3,030986 9,409648 0,01018 0,063582
RP11-108K14.4 -1,12421 3,403741 47,91893 1,97E-05 0,007842
FES -1,12125 2,078394 17,20445 0,001469 0,023788
HSPB1 -1,11756 8,551601 77,27061 1,89E-06 0,004484
PRSS3 -1,11568 1,316268 9,743191 0,009226 0,060129
CHRM3 -1,11185 2,125622 11,38383 0,005828 0,046894
POU5F1 -1,11076 3,685524 8,312625 0,014253 0,076077
CDCA3 -1,10493 0,745953 9,322954 0,010446 0,064373
LIME1 -1,10456 2,077558 16,8718 0,001576 0,024625
UNC5CL -1,10099 1,164797 9,878959 0,008869 0,058684
RP11-538D16.2 -1,10034 1,293376 10,81006 0,006814 0,051351
AC009061.1 -1,0961 2,198033 15,63168 0,002064 0,027967
NDUFA13 -1,08936 1,374798 11,11447 0,006268 0,048826
UCN2 -1,08535 1,380242 17,16759 0,00148 0,023892
GPS2 -1,08416 1,109488 8,343 0,014117 0,075712
ANKRD2 -1,08102 0,646797 7,804956 0,016781 0,082601
CYP2E1 -1,07754 2,401679 19,55921 0,000915 0,020032
HES6 -1,07393 4,396359 24,81671 0,00036 0,014136
RP5-1074L1.4 -1,07384 1,133285 8,676116 0,012719 0,071522
HCN3 -1,07207 2,945652 33,76532 9,75E-05 0,011252
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NYAP1 -1,06774 -0,30713 8,367067 0,01401 0,075365
ADAMTSLA -1,06769 4,669001 8,592351 0,013055 0,072607
C190rf40 -1,06529 0,537614 9,758387 0,009185 0,059996
LTBP4 -1,06463 6,480215 36,66196 6,76E-05 0,010608
KIFC1 -1,06155 0,992713 7,844801 0,016564 0,082067
ADAMTSLS -1,05223 3,977505 18,22178 0,001191 0,022104
FAM173A -1,04914 3,761411 38,47602 5,44E-05 0,01008

C12orf54 -1,0457 0,473343 8,517447 0,013363 0,07355

AP001053.11 -1,045 1,784287 18,49842 0,001127 0,021576
WNT2B -1,04208 1,98975 16,13253 0,001848 0,02628

KDR -1,03952 3,400876 12,14524 0,004767 0,042533
1QCJ-SCHIP1 -1,03685 0,963322 14,41452 0,002726 0,03274

NFATC4 -1,03594 5,418897 22,16864 0,000564 0,016106
PRKCDBP -1,03538 4,92231 34,12324 9,31E-05 0,011252
PRICKLE4 -1,03464 6,185696 30,46854 0,000152 0,011477
SPINK5 -1,0342 4,561195 11,50763 0,005638 0,046276
DLK2 -1,03399 3,666093 33,64215 9,91E-05 0,011252
PLEKHH3 -1,03309 6,09077 109,4289 3,12E-07 0,001553
PPP1R35 -1,03304 3,717862 16,69999 0,001635 0,024991
FLG-AS1 -1,02837 3,84126 15,16394 0,002294 0,029745
BRICD5 -1,02297 2,700028 13,73493 0,003204 0,035576
TNFRSF25 -1,02002 4,588371 44,42559 2,81E-05 0,008905
TRIM7 -1,01838 3,731958 39,00875 5,11E-05 0,009989
PTMS -1,01763 6,404615 33,33356 0,000103 0,011252
RP11-783K16.13 |-1,01354 1,096157 13,9964 0,00301 0,034487
CTD-3214H19.6 -1,01297 0,204872 7,51536 0,018461 0,087378
PCDHB15 -1,01281 1,23667 16,91976 0,00156 0,024465
RP11-258C19.7 -1,01247 1,280704 11,74446 0,005294 0,044769
PHYHIP -1,01103 4,106824 36,22729 7,14E-05 0,010778
AC005262.2 -1,00651 1,244988 8,153251 0,014995 0,078099
ZNF648 -1,00603 3,002909 13,40844 0,003469 0,036849
DBP -1,00518 4,433981 24,40215 0,000385 0,014257
GDPD3 -1,00033 2,191338 19,86287 0,000863 0,019631
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Gene symbol logFC logCPM F P value FDR
ALI-PTEC

DMBT1 1,003702 5,708363 20,07165 0,000829 0,076555
ANKFN1 1,03626 3,177326 26,0421 0,000295 0,067598
RP11-247120.4 1,03854 0,903807 17,57343 0,00136 0,084818
CCDC173 1,040203 4,661543 24,83022 0,000359 0,067598
NCR3LG1 1,075958 1,734731 14,66594 0,002571 0,091098
VNN3 1,102569 2,739779 20,95719 0,000703 0,075288
PTPRT 1,121797 3,408321 44,66975 2,74E-05 0,0534
AC005281.1 1,152108 1,904765 15,93077 0,001932 0,089116
FAM167A 1,160504 1,696483 18,33648 0,001164 0,081002
DSCAML1 1,161098 1,538778 18,19868 0,001197 0,082086
PLA1A 1,165826 1,232803 17,35953 0,001422 0,085482
RND2 1,188845 2,016029 16,12771 0,00185 0,088906
SUSD5 1,195827 0,593884 16,28759 0,001787 0,088694
DAAM?2 1,200075 1,531415 15,37768 0,002185 0,090206
COL28A1 1,231637 3,080218 27,89596 0,000222 0,062312
USH1C 1,28638 1,140772 19,77719 0,000877 0,076555
TMEM176B 1,310352 2,70275 25,33272 0,000331 0,067598
CES1 1,319449 5,121919 39,111 5,05E-05 0,0534
VEPH1 1,330778 1,215865 14,55405 0,002639 0,091701
RGS22 1,340184 3,30457 26,62032 0,00027 0,06463
CXCL6 1,348396 4,33736 29,33268 0,000179 0,062312
CCL20 1,381199 4,278383 16,82882 0,00159 0,087603
RP11-642P15.1 1,387534 0,94976 18,68823 0,001085 0,080108
TMEM176A 1,425233 2,424882 39,54631 4,80E-05 0,0534
TCHH 1,429566 2,34236 21,01183 0,000696 0,075219
MACROD?2 1,458391 1,356867 23,45164 0,000452 0,067598
BDNF 1,499378 0,727706 14,38546 0,002745 0,092443
GRM7 1,534808 2,010926 35,11407 8,20E-05 0,0534
CYP2A13 1,6437 4,77677 14,5103 0,002666 0,092091
CHI3L1 1,645907 1,837262 24,19878 0,000398 0,067598
CXCL5 2,16049 3,176724 19,96095 0,000847 0,076555
SLC5A8 2,198774 1,7187 23,7566 0,000429 0,067598
IQGAP3 -2,59342 0,909495 22,71009 0,000513 0,068158
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ASPM -1,89113 1,457722 15,38539 0,002181 0,090206
KLK7 -1,83656 4,871598 25,61704 0,000316 0,067598
CENPE -1,78737 1,280905 17,97174 0,001253 0,082286
FBX024 -1,41878 0,139514 16,18092 0,001829 0,088694
ARHGAP11B -1,39201 1,100907 25,09047 0,000344 0,067598
PLCD4 -1,36981 1,754185 14,04437 0,002975 0,096749
MAOB -1,32147 1,719884 16,32054 0,001774 0,088694
ECM1 -1,31965 4,151404 15,93715 0,001929 0,089116
LGALS7B -1,2755 3,76449 16,05833 0,001878 0,089116
UCN2 -1,26972 1,380242 24,58247 0,000374 0,067598
LMNB1 -1,23352 2,202663 15,1922 0,002279 0,090908
KRT14 -1,23213 4,978784 15,69549 0,002035 0,090206
GPR37L1 -1,19404 2,34757 29,30917 0,00018 0,062312
MAP2 -1,18982 2,346671 23,38027 0,000457 0,067598
TENM2 -1,1629 2,100679 21,7164 0,000612 0,070391
RP4-758)18.10 -1,14543 0,954296 14,1606 0,002894 0,094976
NXPH4 -1,12633 2,059991 20,22591 0,000805 0,076555
RHBDL1 -1,11214 2,113606 15,52982 0,002112 0,090206
SEMAGA -1,1117 2,970364 21,65018 0,000619 0,070391
ALDOC -1,10159 4,805836 15,56031 0,002097 0,090206
ALOX15B -1,09932 4,068088 20,08179 0,000828 0,076555
CA9 -1,04728 3,850175 37,16396 6,36E-05 0,0534

FIBIN -1,03703 1,317875 15,218 0,002266 0,090908
CLDN8 -1,01129 4,270443 18,61824 0,0011 0,080108
WNT10A -1,01129 5,014215 39,60865 4,77E-05 0,0534
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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a member of a class of
highly pathogenic coronaviruses. The large family of coronaviruses; however; also includes
members that cause only mild symptoms, like human coronavirus-229€ (HCoV-229E) or
0OC43 (HCoV-0C43). Unravelling how molecular (and cellular) pathophysiology differs
between highly and low pathogenic coronaviruses is important for the development of
therapeutic strategies. Here, we analyzed the transcriptome of primary human bronchial
epithelial cells (PBEC), differentiated at the air-liquid interface (ALl) after infection with
SARS-CoV-2, SARS-CoV, Middle East Respiratory Syndrome (MERS)-CoV and HCoV-229E
using bulk RNA sequencing. ALI-PBEC were efficiently infected by all viruses, and SARS-CoV,
MERS-CoV and HCoV-229E infection resulted in a largely similar transcriptional response.
The response to SARS-CoV-2 infection differed markedly as it uniquely lacked the increase
in expression of immediate early genes, including FOS, FOSB and NR4A1 that was observed
with all other coronaviruses. This finding was further confirmed in publicly available
experimental and clinical datasets. Interfering with NR4A1 signaling in Calu-3 lung epithelial
cells resulted in a 100-fold reduction in extracellular RNA copies of SARS-CoV-2 and MERS-
CoV, suggesting an involvement in virus replication. Furthermore, a lack in induction of
interferon-related gene expression characterized the main difference between the highly
pathogenic coronaviruses and low pathogenic viruses HCoV-229E and HCoV-OC43. Our
results demonstrate a previously unknown suppression of a host response gene set by SARS-
CoV-2 and confirms a difference in interferon-related gene expression between highly
pathogenic and low pathogenic coronaviruses.

Keywords: primary airway epithelial cells; coronavirus; SARS-CoV-2; RNA sequencing;
immediate early genes

Introduction

The outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) that started
late 2019 constituted an enormous threat to human health worldwide. Together with other
highly pathogenic coronaviruses such as SARS-CoV and Middle East respiratory syndrome
coronavirus (MERS-CoV), SARS-CoV-2 belongs to the genus betacoronavirus (B-CoV), of the
coronaviridae family. These coronaviruses share many similarities but also exhibit evident
differences. For human coronaviruses, the primary site of infection is the respiratory tract.
However, there are marked differences in their host entry requirements, pathogenicity and
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transmissibility (263). For example, the use of different host receptors for viral entry helps
to explain differences in tissue tropism. SARS-CoV-2 furthermore demonstrates higher
transmissibility, a wider range of clinical symptoms and lower mortality rates compared to
SARS-CoV and MERS-CoV (263, 264). Not all human coronaviruses cause severe clinical
symptoms. In fact, many of them only cause mild symptoms in healthy individuals. Human
coronavirus 229E (HCoV-229E) (265), a member of the alphacoronavirus (a-CoV) genus, or
human coronavirus 0C43 (HCoV-0C43) (266), a member of the betacoronavirus genus, are
two of the causative agents of the common cold. While HCoV-229E and HCoV-0OC43 cause
only mild symptoms in the upper respiratory tract of healthy people, SARS-CoV, SARS-CoV-
2 and MERS-CoV may also infect the lower respiratory tract, resulting in a much wider range
of respiratory illnesses and other non-pulmonary clinical manifestations that can be life
threatening. It is important for the development of therapeutic strategies against infection
with SARS-CoV-2, but also other (future) pathogenic coronaviruses, to understand the
differences in their unique pathological characteristics.

RNA sequencing studies have shed light on many aspects of SARS-CoV-2 pathobiology. For
example, bulk and single cell-RNA sequencing revealed the spatial distribution of cell entry
factor expression and cell tropism (infection biology) within the respiratory epithelium (236,
267-269). Transcriptional analysis also showed differences between mild and severe COVID-
19 cases and the diversity in immune responses (243, 270). Furthermore, infection of
ciliated cells, the main cell type targeted by SARS-CoV-2, was demonstrated to lead to a
significant downregulation of cilium assembly and motility pathways (267).

Despite our increasing knowledge on SARS-CoV-2 infection biology there are still important
gaps in our understanding of what distinguishes SARS-CoV-2 from other coronaviruses in
terms of pathogenesis and transmission. Comparing host responses during the initial phase
of the infection of the respiratory epithelium between SARS-CoV-2 and other (highly
pathogenic and low pathogenic) coronaviruses may provide important clues on how SARS-
CoV-2 establishes its distinct effects.

Recent research has compared infectivity of various coronavirus strains in human nasal
epithelial cultures (73), but this study did not provide insight into host transcriptional
responses and was limited to the nasal region. Others have compared transcriptional
responses to coronavirus infection by combining several independent datasets (271), or
with only a limited number of different coronaviruses (272). Here we sought to determine
the differences in the transcriptional response of well-differentiated primary bronchial
epithelial cell cultures to infection with highly pathogenic SARS-CoV, SARS-CoV-2, MERS-
CoV and low pathogenic HCoV-229E and in specific experiments also HCoV-0OC43. Paired
comparative analysis revealed differences between the host responses to these viruses and
uncovered modulations of signaling pathways that were unique to SARS-CoV-2 infection.
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Results

Successful infections of primary airway epithelial cells with SARS-CoV, SARS-CoV-
2, MERS-CoV or HCoV-229E

To compare the transcriptional response of airway epithelial cells to various coronaviruses,
we infected 6 week-differentiated ALI-PBEC (273) from 4 donors with an equal amount
(~30,000 PFU) of either highly pathogenic SARS-CoV, SARS-CoV-2 or MERS-CoV, or low
pathogenic HCoV-H229E. The relatively low amount of PFU was chosen to be representative
for an initial infection (and subsequent spread over the tissue). Cultures were harvested at
6, 12, 24, 48 and 72 hpi followed by RNA isolation. RNA collected at 24, 48 and 72 hpi was
subsequently used to perform bulk RNA-seq analysis (workflow is depicted in Figure 1a).
Viral replication was assessed by analysis of the RNA-seq datasets at 24, 48 and 72 hpi and
additionally for each harvested time point (6, 12, 24, 48 and 72 hpi) by RT-qPCR analysis.
The normalized viral genome counts (measured by RNA-Seq) of all coronaviruses showed a
significant increase over the 72 h incubation period, with MERS-CoV having the highest
observed increase (Figure 1b). These results were confirmed by quantification of
intracellular viral RNA copies by RT-qPCR (Figure 1c). Furthermore, expression of genes
encoding structural and non-structural proteins were increasing during infection time
(Figure 1d) confirming active replication. A strong increase in subgenomic RNA encoding
the most abundant viral protein N was observed for infections with all coronaviruses (Figure
1d).
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Figure 1: Experimental design and replication kinetics of several coronaviruses in ALI-PBEC. (a) Schematic

diagram of experimental design and infection protocol. ALI-PBEC that were differentiated for 6 weeks were

infected in parallel with four different coronaviruses. At several time-points after infection RNA was harvested
from these cultures and RNA from the 24, 48 and 72h time points was analyzed by bulk RNA-seq. (b) Replication

of coronaviruses in ALI-PBEC over the 72h period was assessed by mapping the viral sequences in the bulk RNA-

seq dataset. Significant differences between virus and mock for all time-points was assessed using a two-way

ANOVA followed by an unprotected Fisher’s least significance difference test and (c) intracellular viral RNA copies
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at each time-point were measured by RT-qPCR. (d) Viral reads were mapped against the respective genome
sequence and changes in the abundance of sequences mapping to the various viral open reading frames during
infection are summarized. Statistics were conducted using a paired edgeR differential expression analysis
comparing all viruses to mock. Data are shown as mean + SEM of cultures derived from n = 4 different donors and
differences were considered significant at P < 0.05. Figure 1a was created with BioRender.com.

Gene expression of entry-related factors is changed during coronavirus infection
of airway epithelial cells

A principal component analysis (PCA) of the complete RNA-seq dataset demonstrated that
samples clustered based on donor ID (Figure 2a). This finding is not unexpected and could
be explained by differences in cell composition of the cultured airway epithelium between
donors. Cellular deconvolution of these samples showed that each donor had a distinct
profile of ciliated, mucosecretory and basal cells (Figure 2b), which was not altered by the
different coronavirus infections (Supplementary Figure 1). Next, we focused on the
expression of known coronavirus entry-related factors and determined whether changes
occurred during infection (Figure 2c). Overall, we mostly observed a decrease in expression
of these genes during infection, except for SARS-CoV-2. Angiotensin converting enzyme 2
(ACE2) and transmembrane serine protease 2 (TMPRSS2), the genes encoding for the main
viral entry receptor and protease that cleaves the SARS-CoV-2 S-protein for subsequent cell
entry, respectively, were not significantly altered in most of our samples. Significant
changes were only found for TMPRSS2 at later time-points in SARS-CoV (48 hpi) and MERS-
CoV (72 hpi) infection, compared to mock-infected controls. Cathepsin L (CTSL) expression
declined significantly over time in MERS-CoV and HCoV-229E-infected cultures, while Furin
expression increased. Neuropilin-1 (NRP1), which was described as a co-receptor for SARS-
CoV-2 cell entry (274) showed an increase in expression at 24 h and 48 h after SARS-CoV-2
infection, but then declined at 72 hpi (Figure 2c). Together these data indicate that infection
results in shifts in expression of various factors involved in coronavirus entry, which may
mediate further spread upon initial infection in the epithelial cultures.
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Figure 2: Donor-dependent clustering of samples, cellular composition and expression of viral entry-related
genes in well-differentiated ALI-PBEC. PBEC that were differentiated for 6 weeks at ALI were infected in parallel
with four different coronaviruses. (a) PCA of transcriptional profiles of all cell culture samples over time of
infection. (b) Relative proportion of different cell types for each donor determined by cellular deconvolution of the
transcriptomic dataset. (c) Changes in expression of common viral entry-related genes over time of infection (n =
4). Statistics were conducted using a paired edgeR differential expression analysis comparing all viruses to mock
where a *P-value < 0.05 was considered significant.

Increased immediate early gene expression by airway epithelial cells infected
with SARS-CoV, MERS-CoV and HCoV-229E

Before addressing the SARS-CoV-2 transcriptional profiles, we first compared the expression
profiles of ALI-PBEC in response to SARS-CoV, MERS-CoV and HCoV-229E at 24, 48 and 72
hpi. ALI-PBEC infected with SARS-CoV showed significant different expression of 80 genes
at 24 hpi, compared to the control, of which 69 were increased in expression and 11
decreased in expression. In MERS-CoV-infected cells, we identified 934 differentially
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expressed genes, of which 580 were increased and 354 decreased in expression at 24 hpi.
Cells infected with HCoV-229E displayed an increased expression of 433 genes and reduced
expression of 162 genes at 24 hpi (FDR<0.05, FC>1.5). The significantly changed genes at 24
hpi are depicted in volcano plots in Figure 3a-c and Table S3 (results of the other time-points
(48 h and 72 h) are included in Supplementary Figure 2) and the total expression profiles
over time in Figure 3d. A specific set of genes (see methods section) was significantly
increased at all time-points after start of infection with SARS-CoV, MERS-CoV and HCoV-
229E. Many of these belong to a group of well-known genes, called immediate early genes
(IEGs), which play an important role in the cell’s rapid response to its external environment
(275). The remarkable overlap in these genes between ALI-PBEC infected with SARS-CoV,
MERS-CoV or HCoV-229E (Figure 3e and Supplementary Figure 2) was dominated by FOS,
NR4A1 and FOSB gene expression and their increased expression was extracted from the
RNA-seq dataset (Figure 3e) and supported by RT-qPCR analysis of these genes (Figure 3f).
To confirm our findings, we investigated FOS, NR4A1 and FOSB gene expression also in two
publicly available datasets of primary airway epithelial cells and Calu-3 cells infected with
MERS-CoV and SARS-CoV, respectively (Figure 3g-h). These datasets supported our results
showing upregulation of FOS, NR4A1 and FOSB gene expression following MERS-CoV and
SARS-CoV infection (Figure 3g-h). Together these results indicate an activation of the
expression of specific IEGS by these coronaviruses and their sustained high level of
expression for at least 72 hpi.
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Figure 3: Gene expression profiles of well-differentiated primary bronchial epithelial cell cultures infected with

three different coronaviruses. (a) Volcano plots depicting gene expression profiles of bronchial epithelial cell
cultures infected with (a) SARS-CoV (b) MERS-CoV or (c) HCoV-229E at 24 hpi in comparison to the uninfected
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controls. Red dots indicate significantly upregulated genes and blue dots indicate significantly downregulated
genes. (d) Heatmap of significantly changed genes during infection with SARS-CoV, MERS-CoV or HCoV-229E and
mock as uninfected control (log2fold change> |1.5| and FDR<0.05). (e) Changes in gene expression of FOS, NR4A1
and FOSB during infection with three different coronaviruses using data from the RNA-seq analysis. (f) The same
genes as in Figure 3E were analyzed for all harvested time-points using traditional gPCR. Data are expressed as
normalized values for ATP5B and OAZ1. (g) A publicly available microarray dataset (GSE81909) was used to analyze
the impact of MERS-CoV infection on these three IEGs in primary airway epithelial cells. (h) A publicly available
dataset (GSE17400) was assessed to analyze the effect of SARS-CoV infection on these IEGs in Calu-3 cells during
48 h with an MOI of 0.1. Data from a-f were from n = 4 different donors. Significant differences between virus
infection and mock for all time-points was assessed using a two-way ANOVA followed by an unprotected Fisher’s
least significance difference test, *P < 0.05 was considered significant, data from e-h are depicted as mean + SEM.

Airway epithelial cells infected with SARS-CoV-2 display a distinct transcriptional
response that lacks induction of immediate early genes

Next, we addressed the specific transcriptional responses of ALI-PBEC cultures following
SARS-CoV-2 infection. Strikingly, gene expression analysis identified that despite a viral load
that was comparable to the other viruses, no genes were significantly changed at 24 and 48
hpi (data not shown). At 72 hpi, there were no significantly increased genes while a decrease
in 3 genes was observed (FOS, NR4A1 and FOSB) (Figure 4a, Table S4). These results show
that SARS-CoV-2-infected ALI-PBEC lack the increased IEG expression that was observed for
the other coronaviruses, while even a decrease in the gene expression of FOS, NR4A1 and
FOSB in SARS-CoV-2-infected ALI-PBEC was observed (Figure 4b). Using RT-qPCR, we
confirmed that over the time course of 6-72 hpi there was no increase in expression of these
genes (Figure 4c). Only FOS mRNA expression was increased at 48 hpi compared to mock
infection. However, compared to the other three coronaviruses, the upregulation of FOS
expression by SARS-CoV-2 was minimal, and not supported by the results of the RNA-seq
data. Furthermore, we conducted an analysis of signature genes increased by SARS-CoV,
MERS-CoV and HCoV-229E at all time points (included genes are listed in the methods
section). It was evident from this analysis that SARS-CoV-2 did not increase these genes to
the same extent as the other coronaviruses did and even appeared to actively suppress
them compared to the control group (Figure 4d). This signature gene set was furthermore
validated to be changed in MERS-CoV and SARS-CoV infections reported in publicly available
datasets (Figure 4e-f).
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Figure 4: Gene expression profiles of well-differentiated primary bronchial epithelial cells during SARS-CoV-2

infection. (a) Volcano plot depicting gene expression profiles of bronchial epithelial cell cultures infected with
SARS-CoV-2 at 72 hpi (n = 4). (b) The expression of FOS, NR4A1 and FOSB over a 72h infection period with SARS-
CoV-2 using data from the RNA-seq analysis (n = 4). (c) The same genes as in figure b were analyzed for all time-
points using traditional qPCR. (d) Comparison of a MERS-CoV, SARS-CoV, HCoV-229E signature gene set between
all coronavirus infected cultures at 24, 48 and 72 hpi (n = 4). (e) A publicly available microarray dataset (GSE81909)
was assessed to analyze the impact of MERS-CoV infection on the MERS-CoV, SARS-CoV, HCoV-229E signature gene
set. (f) A publicly available dataset (GSE17400) was assessed to analyze the effect of SARS-CoV infection on the
MERS-CoV, SARS-CoV, HCoV-229E signature gene set. Significant differences between virus infection and mock for

all time-points was assessed using a two-way ANOVA followed by an unprotected Fisher’s least significance
difference test, *P < 0.05 was considered significant, data from b-f are depicted as mean + SEM.
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Validation of the effects of SARS-CoV-2 on immediate early gene expression by
lung epithelial cells

To better understand and confirm our findings, we further investigated publicly available
datasets. First, we analyzed the total IEG gene set in three publicly available RNA-seq
datasets, derived from bronchial or alveolar epithelial cells infected with SARS-CoV-2 for
various time-points, of which none showed a significant change in gene expression (Figure
S4) compared to the uninfected control. Next, we analyzed these datasets to specifically
assess the expression of the most prominently changed genes in our dataset, including FOS,
FOSB and NR4A1. In the first dataset: GSE153970, collected from primary human airway
epithelial cells cultured at ALI, (infected with SARS-CoV-2 at an MOI of 0.25 and analyzed at
48 hpi) a significant decrease in FOS gene expression was found in SARS-CoV-2-infected
cultures, accompanied by a lack in upregulation of FOSB and NR4A1 (Figure 5a), mirroring
our results. Similar results for FOS (Figure 5b) expression were found at 48 hpi in primary
lung alveolar type-2 epithelial cells in a 3D organoid culture infected with SARS-CoV-2
(GSE155518; Figure 5b). Finally, we validated our findings using a dataset that originated
from a study on SARS-CoV-2 infection of ALI-PBEC, that included samples harvested at 6-96
hpi (GSE175779; Figure 5c). This dataset displayed no significant increase in FOS, NR4A1 and
FOSB gene expression (only a decrease at 48 hpi for FOSB) over the 96 h course of infection
(Figure 5c), like all other SARS-CoV-2 datasets.

To understand if the observed differences in the changes of these specific genes between
SARS-CoV-2 and the other coronavirus-infected cultures were a consequence of a difference
in viral load or kinetics, we also analyzed cultures that were infected with a higher dose, 10°
PFU, of SARS-CoV-2 (estimated MOI of 1). We followed gene expression levels in this culture
for a longer period, up to 7 days post infection. We assessed viral replication and changes
over time using plaque assay and RT-qPCR. Analysis of infectious virus produced over seven
days showed a peak in the accumulation of infectious progeny at 4-5 days post infection
with more than 10° PFU/ml, and a corresponding strong increase in intracellular viral RNA
up to 3 days p.i. (Figure 5d). We furthermore detected a significant increase in NR4A1
expression from 3-5 days post infection (Figure 5e) and a slight increase in FOSB expression
at day 4 after SARS-CoV-2 infection while no effects on FOS expression was observed (Figure
5e), suggesting a delayed response to SARS-CoV-2. Nevertheless, despite these changes, the
increased expression of these genes observed at later time points with a higher MOI was
still substantially lower than upon infection with SARS-CoV, MERS-CoV or HCoV-229E in the
original experiments where a lower MOI was used. To obtain further insight, we also
assessed IEG expression in publicly available datasets of infected cultures and individuals
analyzed with single-cell RNA sequencing. In well-differentiated human PBEC cultures
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infected with SARS-CoV-2 and analyzed at 7 days post-infection, single-cell RNA sequencing
results showed that resting basal and multiciliated cells had a significantly lower enrichment
score for the IEG gene set in infected cells compared to non-infected cells (Figure 5f). Finally,
we assessed IEG expression in a clinical dataset that was generated by nucleo-seq analysis
of cells derived from deceased uninfected or SARS-CoV-2-infected individuals. Confirming
our findings, no increase in IEG gene expression was observed. In alveolar type-2 epithelial
cells, differentiating and mature lymphatic endothelial cells, and monocytes showed a
significantly lower enrichment score in infected compared to non-infected individuals, while
secretory epithelial cells showed a strong trend (Figure 5g). Together these results
demonstrate that, unlike all other coronaviruses tested, SARS-CoV-2 does not induce and

might even actively suppress IEG expression in epithelial cells and potentially other cell-

types.
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Figure 5: Analysis of IEG expression upon SARS-CoV-2 infection of epithelial cells in public datasets and in long-
term infection. (a) A publicly available dataset (GSE153970) with RNA-seq analysis on primary epithelial cell
cultures mock-infected or infected with SARS-CoV-2 at a MOI=0.25 at 48 hpi was analyzed for FOS, NR4A1 and
FOSB expression. (b) A publicly available dataset (GSE155518) derived from primary human lung alveolar epithelial
organoid cultures infected with SARS-CoV-2 was analyzed for FOS, NR4A1 and FOSB expression. (c) A publicly
available dataset (GSE175779) from primary human bronchial epithelial cells infected with SARS-CoV-2 over a 96
h infection period was analyzed for FOS, NR4A1 and FOSB expression. (d) RT-qPCR measurement of extracellular
(left graph) and intracellular viral RNA (middle graph), and plaque assay measurement of infectious virus particles
(right graph) in the apical wash of SARS-CoV-2 infected ALI-PBEC over 7 days; n = 3 independent donors. (e) The
expression of IEGs was measured by qPCR in ALI-PBEC infected with SARS-CoV-2 for 7 days. Data are shown as
mean = SEM; n = 3 independent donors. Significant differences between virus infection and mock for all time-
points was assessed using a two-way ANOVA followed by an unprotected Fisher’s least significance difference test,
*P < 0.05 was considered significant, data are depicted as mean + SEM. (f) GSVA analysis of the IEG gene set on a
publicly available single-cell RNA-Seq dataset (269) from well-differentiated human bronchial epithelial cell
cultures infected with SARS-CoV-2 and analyzed 7 days post infection. Significant differences between infected
and uninfected cultures was tested using a two-way ANOVA with Bonferroni correction*P < 0.05 was considered
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significant (g) GSVA analysis of the IEG gene set on a publicly available Nucleo-Seq dataset (276) from cells derived
from tissue from deceased COVID-19 patients and deceased uninfected individuals. Significant differences
between infected and uninfected individuals per cell-type was tested using an unpaired T-test with Bonferroni
correction. *P <0.05 was considered significant.

NR4A1 antagonist suppresses coronavirus replication

Since FOS, FOSB and NR4A1 gene expression was consistently lacking in epithelial
transcriptional responses to SARS-CoV-2, we next investigated their contribution to viral
infection by modulation of their activity, or modulation of related signaling pathways, using
small molecules. FOS and FOSB are associated with the JNK/AP1 pathway, therefore based
on literature, we selected the compounds Sp600125 (JNK inhibitor) and T-5224 (AP-1
transcription factor inhibitor) to modulate this pathway. We furthermore selected DIM-C-
pPhOH (NR4A1 antagonist) and Cytosporone B (NR4A1 agonist) for modulation of the
NR4A1 pathway. We compared the effects of these compounds in SARS-CoV-2 and MERS-
CoV infected Calu-3 cells, since the increase in expression of the associated IEG genes was
most pronounced after MERS-CoV infection while it was absent after SARS-CoV-2 infection.
Sp600125, T-5224 and Cytosporone B had no effect on viral replication in viral load
reduction assays with Calu-3 lung epithelial cells (Figure 6). Interestingly, DIM-C-pPhOH,
which inhibits the activity of nuclear receptor 4A1 (NR4A1), resulted in a two-log reduction
of extracellular viral RNA copies for SARS-CoV-2 as well as MERS-CoV infected cells (Figure
6). When we treated uninfected cells in parallel, we observed no cytotoxicity with 10 uM of
DIM-C-pPhOH (Supplementary figure 3). The inhibitory effect of the modulation of NR4A1
activity on virus replication suggests its possible involvement in infection biology.
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Figure 6: Effect of compounds that modulate pathways related to IEGs on SARS-CoV-2 and MERS-CoV infection.
(a) Effect of compounds that modulate pathways related to JNK/AP-1 pathway and NR4A1 on SARS-CoV-2 and (b)

97



98

SARS-CoV-2-infected HAE cell cultures uniquely lack interferon and immediate early gene responses

MERS-CoV infection in Calu-3 cells. DIM-C-pPhOH (NR4A1 antagonist), Sp600125 (JNK inhibitor), T-5224 (AP-1
transcription factor inhibitor) and Cytosporone B (CsB; NR4A1 agonist). Calu-3 cells were preincubated for 1 h with
these compounds and subsequently infected with SARS-CoV-2 or MERS-CoV (MOI of 1) in 150 pl infection medium
for 1 h. After 24 h of incubation with compounds supernatants were harvested. Extracellular copies were measured
by RT-gPCR. Data are shown as mean + SEM. n = 4 independent experiments for SARS-CoV-2 and n = 3 independent
experiments for MERS-CoV, except for Sp600125 n = 2 independent experiments were performed for both viruses.
Statistical significance was tested between a compound and the untreated control using a two-tailed paired t-test.
The P--value is indicated in the graph and is considered significant <0.05.

Difference in transcriptional responses between primary bronchial epithelial
cultures infected with highly pathogenic and low pathogenic coronaviruses

To improve our understanding on why some coronaviruses are highly pathogenic while
others are low pathogenic, we next compared transcriptional responses of epithelial
cultures infected with highly pathogenic coronavirus strains (i.e., SARS-CoV; SARS-CoV-2
and MERS-CoV) with those infected with low pathogenic HCoV-229E and HCoV-0C43. We
originally only included HCoV-229E in the comparison, since HCoV-OC43 does not infect
bronchial epithelial cells at 37°C. However, to increase the power of our observations with
low pathogenic coronaviruses, we next performed independent additional experiments at
33°C using the same donors but infected them with HCoV-0C43 (see Methods section). At
24 hpi we detected 5 significantly changed genes with 4 genes decreased in expression and
one gene increased. The four decreased genes included (AL022323.4 (KIAA1671)), a protein
with -to our knowledge- no known function in the context of highly pathogenic
coronaviruses and CARNSI1, EPX and MIR210HG. The one gene that was increased in
expression was CLDN8. At 48 and 72 hpi, we identified 397 and 744 genes significantly
different, respectively (Figure 7a-d, Table S5). We observed that both HCoV-229E and
HCoV-0C43 induced a stronger interferon response than coronaviruses that are highly
pathogenic (Figure 7e). Notably, the experiments in which infection with HCoV-0OC43 was
performed at 33°C also included SARS-CoV-2 as a control, to account for the possibility that
the temperature affects the host immune response. When we investigated the expression
of each interferon individually, IFN-B1 was undetectable and no significant differences were
observed in IFN-a1; however; IFN-A1 was found to be expressed higher in HCoV-229E and
HCoV-0C43 at 72 h than coronaviruses that are highly pathogenic (Figure 7f-g). This evasion
of IFN responses has been described for highly pathogenic coronaviruses (109, 277) and
may explain why the host is more readily able to fight off an infection with HCoV-229E or
HCoV-0C43. To support that this difference in gene expression profiles related to interferon
has functional consequences for infection, we infected ALI-PBEC with SARS-CoV-2 and
treated these cultures with IFN-A1 right at the start of infection. We found that this indeed
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lowered the level of SARS-CoV-2 in the cultures as the IFN-A1 treatment led to >1 log

reduction in viral load in all four tested donors compared to the untreated infected cultures
(Figure 7h). Together these data demonstrate that the suppression of IFNs by SARS-CoV-2

favors its replication, which is also likely for the other high-pathogenic viruses.
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Figure 7: Analysis of interferon (-response) genes upon coronavirus infection and effects of IFN-A1
supplementation on viral load. (a) Volcano plots depicting shared gene expression profiles of bronchial epithelial
cell cultures infected with SARS-CoV, SARS-CoV-2 or MERS-CoV for (a) 24, (b) 48 hpi or (c) 72 hpi in comparison to
HCoV-229E and HCoV-0OC43; n = 4. Red dots indicate significantly upregulated genes and blue dots indicate
significantly downregulated genes. (d) Heatmap of the overlap of significantly changed genes during 24, 48 and 72
hpiinfection with SARS-CoV-2, SARS-CoV, MERS-CoV or HCoV-229E or HCoV-0C43 and mock as uninfected control.
(e) Gene set variation analysis (GSVA) was performed on interferon response genes after 24, 48 and 72 hpi (n = 4)
in highly pathogenic (orange) and low pathogenic (blue) coronavirus-infected cultures. As HCoV-OC43 infection
was conducted at 33°C, SARS-CoV-2 infection at 33°C was included as control (pink). (f) IFN-A1 and (g) IFN-a1 gene
expression after 24, 48 and 72 hpi (n = 4) in highly pathogenic (orange) and low pathogenic (blue) coronavirus-
infected cultures. The error bar indicates the standard deviation. Significant difference in increased gene
expression over time of infection (P < 0.05) are shown by the * symbol. Two-way ANOVA followed by an
unprotected Fisher’s least significance difference test was conducted to test for significance. (h) ALI-PBEC cultures
were pre-treated with 5 ng mL? interferon-lambda (IFN-A1) for 60 min and subsequently infected with SARS-CoV-
2 for 3 days with IFN-A1 present in the basal medium. Extracellular viral RNA copies are depicted in log scale. Data
in Fig. 7h are tested with a paired t-test and are depicted as mean + SEM. n = 4 independent donors.

Discussion

Here we report marked differences in the transcriptional response of primary human
bronchial epithelial cells to infection with SARS-CoV-2 when compared to infection with
other highly pathogenic and low pathogenic coronaviruses. Infection with SARS-CoV, MERS-
CoV and low pathogenic HCoV-229E evoked a partially overlapping transcriptional
response, characterized by a significant and sustained increase in expression of IEGs such
as FOS, NR4A1 and FOSB. In contrast, the response to SARS-CoV-2 infection was
characterized by the absence of such an increase and the only DEGs in the SARS-CoV-2
dataset that were significantly downregulated at 72 hpi were FOS, NR4A1 and FOSB.
Infection with SARS-CoV-2 at a higher MOl and prolonged incubation, i.e. for 7 days, did also
not lead to an increase in the expression of the genes that were upregulated during SARS-
CoV, MERS-CoV or HCoV-229E infection. We furthermore confirmed the increased
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expression of these IEGs by MERS-CoV and SARS-CoV and the lack thereof by SARS-CoV-2
infection in publicly available data sets, including a clinical dataset. Treatment of infected
cells with an NR4A1 antagonist decreased viral load, suggesting that the differential IEG
gene expression may contribute to the kinetics of infection and potentially the
pathogenicity of coronaviruses. Furthermore, we observed that activation of genes involved
in interferon signaling was readily induced upon infection with the low pathogenic HCoV-
229E and HCoV-0C43, whereas no such induction was observed with the three highly
pathogenic coronaviruses, including SARS-CoV-2.

Where others have focused on the pathways that are activated by SARS-CoV-2 infection
(278), the comparison between SARS-CoV-2 and other coronaviruses performed here
highlight that SARS-CoV-2 may suppress or not induce expression in pathways that are
activated by other coronaviruses. Many of the genes that were upregulated in cells infected
with SARS-CoV, MERS-CoV and HCoV-229E, but not SARS-CoV-2, were |EGs. It still remains
a question whether SARS-CoV-2 actively suppresses expression of these genes or lacks the
ability to induce their expression. IEGs are a group of genes with various functional activities
that are coordinately and rapidly upregulated in response to a diverse set of stress or
proliferation-inducing stimuli. Their expression does not require de novo synthesis of
proteins encoded by other genes, explaining their rapid induction. Besides being an IEG
itself, recently it was established that NR4A1 also regulates expression of IEGs (279), in
particular, NR4A1 suppresses expression of IEGs including FOS and FOSB. This demonstrates
the complexity of the signaling regarding these IEGs. In our study, we treated Calu-3 cells
with the NR4A1l inhibitor DIM-C-pPhOH, thereby mimicking the putative SARS-CoV-2-
mediated suppression of NR4A1 activation and found reduced replication of both SARS-
CoV-2 and MERS-CoV. Nevertheless, it should be noted that despite the differences in IEG
expression levels, the extent of infection was similar in all coronavirus-infected cultures.
Therefore, it is more likely that the suppression of IEGs is affecting the
inflammatory/immune response following epithelial infection rather than the viral levels.
Furthermore, several of these IEGs such as FOS and FOSB are related to the JNK/AP-1
pathway, which has an essential role in cell death of infected cells via apoptosis and
necrosis, and is important for the cellular response to pro-inflammatory stimuli, and thus
could limit progression of infection (280). It is additionally involved in innate and adaptive
immunity through for example, its relation to NF-kB (281). The lack of the pro-apoptotic
function and regulatory role of the inflammation response of INK/AP-1 related pathways
could lead to prolongation of SARS-CoV-2 infection and/or delayed symptom development,
especially early in infection. It may also contribute to the dysregulation of cytokine and
chemokine responses. How SARS-CoV-2 exactly inhibits expression of IEGs will be of interest
for further studies as the complexity of regulation of these IEGs requires in-depth analysis.
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Activation of the JNK/AP-1 signaling pathway also occurs in response to other respiratory
viruses like influenza or RSV (282, 283), and small-molecule inhibitors of this pathway were
even shown to act as antivirals against influenza infection (284). Also treatment with the
NR4A1 agonist cytosporone B controlled Influenza A replication via regulation of anti-viral
responses in mice (285). Studying the role of IEGs in virus replication and infection biology
is therefore interesting beyond coronaviruses.

Further research is needed to evaluate donor differences in the observed changes in gene
expression in response to the variable coronaviruses. Our dataset only included a limited
number of donors, with variable cellular composition. Unfortunately, we had to eliminate
one donor from our dataset as it did not display transcriptional responses to infection with
any of the viruses. We have repeated the SARS-CoV-2 infection with cells from the same
donor and then comparable responses were found between donors using targeted PCR
reactions, suggesting that a technical issue in the RNA sequencing explained these findings
with this donor. To overcome the limitation of having included only 4 donors, we validated
the outcomes in several publicly available datasets, we assessed expression of both the
whole IEG gene set and several individual DEGs, in these datasets, which supported our
findings. Importantly, the single cell RNA sequencing dataset confirmed that the absence of
IEG expression that we detected in our SARS-CoV-2-infected cultures was also present in
samples from infected humans. We furthermore confirmed the lack in IEGs expression by
SARS-CoV-2 in the additional donors (not included in the RNA sequencing data set) that
were tested in the prolonged infection experiment, in which also more virus was used to
infect the cells. We can, however, not exclude that -in addition to the observations reported
in this study- additional differences may have been missed as a result of the relatively low
number of replicates. We can also formally not exclude that the presence of a tumor in the
lung tissue has affected the surrounding tumor-free tissue from which the bronchial
epithelial cells were isolated; however; obtaining lung tissue from healthy donors is a
challenge for obvious reasons. We have validated our findings in datasets of others and
could confirm our findings, and therefore we think that the use of this type of tissue has not
affected our conclusions. The fact that we used a SARS-CoV-2 isolate from the first wave of
the pandemic, and not the less pathogenic Omicron variant of SARS-CoV-2, can be viewed
as a limitation. However, we specifically aimed to understand how highly pathogenic SARS-
CoV-2 variants that cause severe disease redirect epithelial responses, also in view of
preparedness for future pandemics.

We also aimed for functional translation of the effects found on interferon genes. However,
to translate what we observed especially regarding the effect of modulation of NR4A1 and
the JNK/AP-1 pathway on coronavirus replication and pathogenesis, studies will need to be
performed on primary cell cultures of more donors. To this end, future experiments should
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also include a larger range of viral doses to study the impact of initial infection severity on
our findings. Finally, we largely focused on gene expression and our findings would likely
benefit from larger scale proteomics approaches to gain further insights in the exact
modulation of the signaling pathways by SARS-CoV-2 for example.

Our results also demonstrated an important difference in epithelial transcriptional
responses after infection with pathogenic and low pathogenic coronaviruses. Induction of
interferon-related genes was less strong by the pathogenic coronavirus strains when
compared to low pathogenic HCoV-229E and HCoV-0C43. While an efficient interferon and
interferon-stimulated genes response was reported for HCoV-229E and HCoV-0C43 (286),
alower response has been reported previously for pathogenic coronaviruses (287-289) and
is also less strong than pathogenic influenza A HIN1 (290). This effect perhaps points to
mechanisms of immune evasion through multiple possible mechanisms (291). When our
cultures were supplemented with IFN-A1 during infection, reduced SARS-CoV-2 levels were
observed, supporting a role for suppression of interferon-mediated antiviral defenses in the
pathogenicity of coronaviruses such as SARS-CoV-2. Recently, Banday and colleagues (292)
showed similar results for SARS-CoV-2 using IFN-B and IFN -A in a colon epithelial cell line
(Caco-2), while Feld and colleagues (293) showed in outpatient COVID-19 patients that
treatment with pegylated interferon lambda resulted in a more rapid clearance for SARS-
CoV-2 compared to the placebo group. Finally, also in bronchial epithelial cell cultures this
effect was confirmed using IFN-B1 and IFN-A2 (294).

If we take all our results together, an interesting difference can be observed between low
pathogenic coronaviruses, highly pathogenic coronaviruses with high mortality such as
MERS-CoV and SARS-CoV, and with SARS-CoV-2 that is somewhere in between those two
severity levels. Low pathogenic coronaviruses show a quick induction of both interferon-
related genes and IEGs. Highly pathogenic MERS-CoV and SARS-CoV, that have an increased
mortality compared to SARS-CoV-2 (295), show a lack of interferon gene induction but a
strong induction of IEGs, whereas SARS-CoV-2 lacks both induction of interferon-related
genes and IEGs. These changes could explain how low pathogenic strains are quickly cleared
by a strong antiviral response, which combined with rapid induction of IEGs likely results in
local inflammation-related symptoms. On the other hand, MERS-CoV and SARS-CoV
impair/delay anti-viral defenses, thereby extending infection time, which combined with a
quick induction of IEGs, likely results in strong inflammation and related symptoms
correlated to the high level of infection. Uniquely, SARS-CoV-2 also impairs anti-viral
responses; however; combined with a lack in IEG induction, inflammation is likely only local
until the viral titers become so high that the resulting tissue damage promotes inflammation
that leads to typical COVID-19 symptoms. This is clearly speculation but in line with the
severity of the viruses and translation of these findings into those in human subjects would
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be an exciting next step. Additionally, since SARS-CoV-2 is associated with higher levels of
asymptomatic infections (295), it would be interesting to investigate if in these patients the
interferon response may be present while the induction of IEGs is still absent (296).

The findings from our study highlight differences in transcriptional responses of airway
epithelial cells to SARS-CoV-2 infection compared to other coronaviruses. The lack of
induction or even suppression of IEGs expression by SARS-CoV-2 was striking and
uncharacteristic of previously known coronaviruses and may contribute to its pathogenicity
in multiple ways. In addition, lack of transcriptional activation of the interferon pathway is
a unique feature that may distinguish highly pathogenic from low pathogenic coronavirus
infections. This knowledge can aid in the understanding of SARS-CoV-2 pathogenesis and
support development of therapeutic (host-directed) strategies against coronaviruses in
general.

Methods

Cell culture

Primary human bronchial epithelial cells (PBEC) were isolated from tumor-free resected
bronchus rings obtained from lung cancer patients undergoing a resection surgery at the
Leiden University Medical Center (LUMC, Leiden, the Netherlands). Patients from which this
lung tissue was derived were enrolled in the biobank via a no-objection system for coded
anonymous further use of such tissue (www.coreon.org). Within this framework, individual
written informed consent is not needed. Since 01-09-2022, patients are enrolled in the
biobank using written informed consent in accordance with local regulations from the
LUMC biobank with approval by the institutional medical ethical committee
(B20.042/Ab/ab and B20.042/Kb/kb). Donor baseline characteristics are provided in Table
S1.

PBEC were biobanked as described (297). In short, after 2h of incubation of the bronchial
ring in PBS supplemented with protease XIV, cells were scraped off and seeded in
Keratinocyte-Serum Free Medium (KSFM, Life-technologies Europe B.V., the Netherlands)
containing 0.2 ng/ml Epidermal Growth Factor (hEGF, Gibco, USA), 25 pg/ml Bovine
Pituitary Extract (BPE, Life-technologies Europe B.V.), 1 uM isoproterenol (Sigma-Aldrich,
USA ) and 100 pg/ml primocin (Invivogen, the Netherlands) in 6-well plates (Corning Costar,
USA) coated with 30 pug/ml PureCol (Advanced BioMatrix, USA), 5 ug/ml human fibronectin
(Promocell, Germany), and 10 pg/ml bovine serum albumin (Fraction V; Thermo Fisher
Scientific, USA). After cell cultures had reached 80-90% confluence, cells were harvested
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using soft trypsin (Life-technologies Europe B.V.) and soybean trypsin inhibitor (SBTI, Sigma-
Aldrich) and stored in liquid nitrogen until further use. Cryopreserved PBEC were thawed
and expanded in a coated T75 flask (Greiner Bio- One, the Netherlands) until 80-90%
confluency was reached after which cells were seeded in a 12-well cell culture insert (40,000
cells per insert; Transwell®, Corning Costar), coated as described above. Apical and basal
sides of inserts were filled with a B/D medium supplemented with 1 nM EC23 (Tocris, UK).
B/D medium is a mix of 50% Bronchial Epithelial Cell Medium-basal (BEpiCM-b; ScienCell,
Sanbio) and 50% Dulbecco’s modified Eagle’s medium (DMEM; Stemcell Technologies,
Germany) supplemented with 12.5 mM HEPES, bronchial epithelial cell growth
supplements, 100 U/ml penicillin, 100 ug/ml streptomycin (all from ScienCell) and 1 mM
glutaMAX (Thermo Fisher Scientific). After confluency was reached, the apical medium was
removed and cells were cultured at the air-liquid interface (ALI) in B/D medium with 50 nM
EC-23 for up to 5 to 6 weeks; medium was refreshed three times a week, each time the
apical side was washed with pre-warmed PBS.

Calu-3 cells (ATCC, HTB-55TM) were cultured in Eagle’s minimum essential medium (EMEM,
Lonza), supplemented with 9% fetal calf serum (FCS; CapriCorn Scientific, USA), 1% non-
essential amino acids (NEAA, Sigma-Aldrich), 2 mM L-glutamine (Sigma-Aldrich), 1 mM
sodium pyruvate (Sigma-Aldrich) and 100 U/ml of penicillin/ streptomycin (P/S; Sigma-
Aldrich). Infections were performed with the same medium, except that 2% FCS was used.
Vero E6 cells (Collection Medical Microbiology, LUMC) were cultured in DMEM with 4.5 g/I
glucose with L-glutamin (DMEM; Lonza, Switzerland), supplemented with 8% FCS and 100
U/ml of P/S (Sigma-Aldrich). Infections in Vero E6 cells were performed in EMEM with 25
mM HEPES supplemented with 2% FCS (PAA), 2mM L-glutamine (Sigma-Aldrich), and 100
U/ml of P/S (Sigma-Aldrich).

HUH-7 cells (Collection Medical Microbiology, LUMC) were cultured in DMEM with 4.5 g/I
glucose with L-glutamin (DMEM; Lonza, Switzerland), supplemented with 8% FCS, 1% non-
essential amino acids (NEAA, Sigma-Aldrich), 2 mM L-glutamine (Sigma-Aldrich) and 100
U/ml of P/S (Sigma-Aldrich). Infections in HUH-7 cells were performed in EMEM with 25 mM
HEPES supplemented with 2% FCS (PAA), 2mM L-glutamine (Sigma-Aldrich), and 100 U/ml
of P/S (Sigma-Aldrich).

All cell cultures were maintained at 37°C in an atmosphere of 5% CO».

Virus stocks

All experiments with SARS-CoV, SARS-CoV-2 or MERS-CoV were performed at the LUMC
biosafety level 3 facilities. The clinical isolate SARS-CoV-2/Leiden-0008 was isolated from a
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nasopharyngeal sample collected at the LUMC during the first wave of the coronavirus
pandemic in March 2020 (GenBank: MT705206.1). SARS-CoV-2/Leiden-0008 (Passage 2)
and SARS-CoV isolate Frankfurt 1 (298) (Passage 4) were grown in Vero E6 cells. The SARS-
CoV-2 stock was sequenced to exclude Vero cell adaptation in the spike S1/S2 cleavage site.
MERS-CoV (N3/Jordan, GenBank: KJ614529.1) (Passage 3) and HCoV-229E (Passage 2,
GenBank: NC_002645.1) were grown on HUH-7 cells. HCoV-OC43 was isolated from a
bronchioalveolar lavage sample collected between 2018 and 2020 at the LUMC, and grown
on primary bronchial epithelial cell cultures at the air-liquid interface. Next-generation
sequencing was done and the isolate was mapped to the HCoV-OC43 strain ATCC VR-759
(GenBank: AY585228.1). Virus titers were determined by plaque assay on Vero E6 cells, and
for MERS-CoV and HCoV-229E on HUH?7 cells, as described before(299). Virus titer of HCoV-
0C43 was determined by RT-qPCR, due to the lack of susceptible cells for plague assay.

Viral infection of ALI-PBEC

The apical side of inserts was washed with 200 pl PBS for 10 min at 37°C to remove excess
mucus and basal medium was refreshed prior to infection. Cells were infected with 30,000
plaque-forming units (PFU) of SARS-CoV-2, MERS-CoV, SARS-CoV and HCoV-229E in 200 pl
PBS per insert for 2h at 37 °C on a rocking platform (estimated multiplicity of infection [MOI]
of 0.03) (300, 301). For HCoV-0OC43, the experiments were performed in an independent
experiment, however using cultures from the same donors. Infections with HCoV-0C43
were performed at 33°C and SARS-CoV-2 was taken along as a control at this temperature.
The same multiplicity of infection for HCoV-OC43 was used as for the other coronavirus
infections, but the titer was based on RT-qPCR measurement of the virus stock, in lack of a
good cell culture model to perform a plaque assay experiment. For noninfected (mock)
controls the same procedure was performed with PBS only. After removal of the inoculum,
the apical side was washed three times with PBS and cells were incubated at 33 °C or 37°C
until sampling at several time points post infection (p.i.). At each sampling time-point, 200
ul of PBS was added to the apical side of the cells, and after incubation for 10 min at 37°C
supernatant was harvested for quantification of infectious viral particles by plaque assay
and RNA copies by RT-qPCR. Cells were then lysed using 200 pl of RNA lysis buffer (Promega,
the Netherlands) or 250 ul Guanidine thiocyanate (GITC) reagent (3 M GITC (Fluka), 2%
sarkosyl (Sigma-Aldrich), 50 mM Tris (Affymetrix), 20 mM EDTA (Sigma-Aldrich)) per insert.
For long-term SARS-CoV-2 infection, cells were infected with 10® PFU of SARS-CoV-2
(estimated MOI of 1) in the same way as described above but the inserts were incubated

for 1-7 days.
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RNA isolation and quantitative real-time PCR (RT- qPCR)

Total intracellular RNA was robotically extracted using the Maxwell® 16 simply RNA tissue
kit (Promega) and quantified using a NanoDrop™ One UV-Vis Spectrophotometer (Thermo
Fisher Scientific) and stored at -80 °C until further use. Extracellular RNA was extracted by
magnetic bead isolation. The full procedure for this isolation methods is described in the
supplementary materials section.

For viral RNA measurement, the cellular reference gene PGK1 served as control for
intracellular RNA. Primers and Tagman probes for PGK1 were obtained from a published
source (299). Viral RNA was quantified by RT-qPCR using the TagMan™ Fast Virus 1-Step
Master Mix (Thermo Fisher Scientific), with primer concentrations for SARS-CoV-2 and
SARS-CoV as described previously (256), for MERS-CoV and HCoV-229E with final primer
concentrations of 450 nM each and probe concentrations of 200 nM, and for HCoV-0C43
with final primer concentrations of 1000 nM each and probe concentration of 166 nM.
Further details on the gPCR methods related to virus and human genes are described in the
supplementary materials section. Primer sequences are summarized in Table S2.

RNA sequencing

The quality of total RNA was determined by bioanalyser and sequenced by GenomeScan
(Leiden, the Netherlands) using an Illumina NovaSeq6000 sequencer with 20 million paired-
end reads per sample. The sequences were then trimmed using the Trimmomatic tool,
version 0.33. Two consecutive computational strategies were applied for transcriptome
reconstruction. First, the Spliced Transcripts Alignment to a Reference (STAR) version 2.5.3a
was used to align and identify all reads that belong to the human genome (GRCh38).
Samples were then mapped against respective virus genomes SARS-CoV-2 (NC_045512.2),
MERS-CoV (NC_019843.3), SARS-CoV (AY291315.1), HCoV-229E (NC_002645.1) and HCoV-
0OC43 (NC_006213.1). Originally cultures derived from 5 donors were sequenced; however;
one donor did not show transcriptional responses to any of the viruses and was therefore
excluded from the dataset. RNA-Seq analysis and cellular deconvolution is outline in the
supplementary materials.

Differential expression analysis

RNA-seq analysis was conducted using the R package EdgeR. Differential expression analysis
was conducted comparing virus infection at each time point to time-matched no virus
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control/mock using the following model (gene expression™ patient ID + cell treatment). For
high pathogenic virus analysis, SARS-CoV, MERS-CoV and SARS-CoV-2 were merged
together as one group and compared to HCoV-229E. Gene signatures were made using the
Gene Set Variation Analysis (GSVA) package (version 1.44.5). Genes that were significantly
increased in SARS-CoV, MERS-CoV and HCoV-229E-infected cultures across all time points
FOS; NR4A1; FOSB; AC025259.3; EGR3; CYR61; EGR1; AC008894.3; RASD1; EGR2; ZFP36;
CTGF; IL6 were used to make a general coronavirus signature. Additionally a general IFN
response signature (IFIT1; ISG15; IFI6; OAS1; OASL; IFI44; HERC5; MX2; HERC6; OAS3;
DDX58; IRF7; SAMD9; HELZ2; USP18; DDX60; LAMP3; EPSTI1; PLSCR1; EIF2AK2; PARP12;
PARP9; PARP14; BST2; TRIM22; IFITM3; IRF9) was used to investigate the overall IFN
response of each coronavirus. We compared transcriptional responses of epithelial cultures
infected with highly pathogenic coronavirus strains (i.e., SARS-CoV; SARS-CoV-2 and MERS-
CoV) with those infected with low pathogenic HCoV-229E and HCoV-OC43 at 24, 48 and 72
hours. Infection with HCoV-OC43 was conducted at 33°C, hence for signature analysis,
SARS-CoV-2 infection at 33°C was used as a comparison. For all analyses, expression of a
gene was considered significantly different with a Benjamini Hochberg corrected P value
<0.05 and a Fold change>|1.5]|. For the heatmaps, data was normalized using the function
vst DeSeq2 package R.

Statistics

Statistical analysis was performed in GraphPad PRISM 9.0.1 (GraphPad Software Inc., CA).
Performed statistical tests are indicated in the Figure legends. Data are shown as mean +
SEM of cultures derived from several donors and differences were considered significant
at p<0.05.
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Supplementary Material

Table S1: Donor characteristics

Donor characteristics | Donor characteristics
RNA-Seq Long-term

Number of donors 4 3

Male/Female 2/2 2/1

Age (years) mean [SEM] 63.0 [1.1] 66.33 [7.1]

BMI mean [SEM] 31.2 [5.0] 31.1[2.8]

Smoking status (non-/ex-/smokers) | 0/3/1 02-01-2000

FEV1 % pred [SEM] 109.5 [6.1] 75.27 [4.0]

Abbreviations: SEM (standard error of mean); BMI (body mass index); FEV1 (forced expired volume in 1 sec) ; pred
(predicted).

Table S2: Primer sequences

Gene Encoding |Sequence forward primer |Sequence reverse Probe
protein primer
SARS- Envelope |ACAGGTACGTTAATAGTTAA|ATATTGCAGCAGTACGCA |TexRed-
CoV-2 E |protein TAGCGT CACA ACACTAGCCATCCTTACTGCGCTTC
G-BHQ1
SARS- RNA- GTGARATGGTCATGTGTGG |CARATGTTAAASACACTA |FAM-
CoV-2 dependent |CGG TTAGCATA
RdRp RNA CAGGTGGAACCTCATCAGGAGATG
polymerase C-BHQ1
MERS- Nucleocapsi [GTACCTCTTAATGCCAATTC |GAGCCAGTTGCXTTAATT |TexRed-
CoVN d protein C TCTGTCCTGTCTCCGCCAATAC-
BHQ2
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1

HCoV- Membrane |CATACTATCAACCCATTCAA [CACGGCAACTGTCATGTA [FAM-
229EM |protein CAAG T ATGAACCTGAACACCTGAAGCCAA
TCTATG-BHQ1
FOSB FOSB GCTGCAAGATCCCCTACGA |ACGAAGAAGTGTACGAA | -
AG GGGTT
NR4A1  |Nuclear ATGCCCTGTATCCAAGCCC [GTGTAGCCGTCCATGAAG| -
receptor GT
4A1
FOS C-Fos GGGGCAAGGTGGAACAGTT |CCGCTTGGAGTGTATCAG | -
AT TCA
ATP5B ATP TCACCCAGGCTGGTTCAGA |AGTGGCCAGGGTAGGCT | -
synthase GAT
subunit
beta
0OAZ1 Ornithine  |GGATCCTCAATAGCCACTGC|TACAGCAGTGGAGGGAG | -
decarboxyla ACC
se antizyme

Supplementary tables S3 — S5

The data of Table S3, table S4 and table S5 are shown in an online repository (figshare).
Please find the (private) link to access the table below:

https://figshare.com/s/7eea9cade79760c369a5
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Figure S1: Cellular deconvolution during coronavirus infection of well-differentiated air-liquid interface (ALI)
cultures of primary bronchial epithelial cells (PBEC). PBEC that were differentiated for 6 weeks at ALl were
infected in parallel with four different coronaviruses. Relative proportion of different cell types of infected cultures
over 72h determined by cellular deconvolution of the transcriptomic datasets. N=4 independent donors.
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Figure S2: Gene expression profiles of well-differentiated primary bronchial epithelial cell cultures infected with
three different coronaviruses. (a) Volcano plots depicting gene expression profiles of bronchial epithelial cell
cultures infected with SARS-CoV, MERS-CoV or HCoV-299E after 48 h or (b) 72 h post infection in comparison to
the uninfected controls. Red dots indicate significantly upregulated genes and blue dots indicate signficantly
downregulated genes. N=4.
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Figure S3: Cytotoxicity of tested JNK/AP-1 signaling modulating compounds on Calu-3 cells. Cell viability was
measured by MTS assay after 24 h of treatment. The black dotted line indicates 90% viability. Mean values + SD
are shown, n=4.
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Figure S4: GSVA of IEG gene set on (a) A publicly available
dataset (GSE153970) with RNA-seq analysis on primary
epithelial cell cultures mock-infected or infected with
SARS-CoV-2 at a MOI=0.25 at 48 hpi. (b) A publicly available
dataset (GSE155518) derived from primary human lung
alveolar epithelial organoid cultures infected with SARS-
CoV-2 and assessed at 48 hpi. (c) A publicly available
dataset (GSE175779) from primary human bronchial
epithelial cells infected with SARS- CoV-2 over a 96 h
infection period. Wilcoxon paired nonparametric statistical
analysis was conducted on GSE153970 and GSE155518,
while two-way ANOVA with Bonferroni correction was
performed on GSE175779.
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Abstract

The SARS-CoV-2 pandemic highlighted the need for broad-spectrum antivirals to increase
our preparedness. Patients often require treatment by the time that blocking virus
replication is less effective. Therefore, therapy should not only aim to inhibit the virus, but
also to suppress pathogenic host responses, e.g. leading to microvascular changes and
pulmonary damage. Clinical studies previously linked SARS-CoV-2 infection to pathogenic
intussusceptive angiogenesis in the lungs, involving upregulation of angiogenic factors like
ANGPTLA. The B-blocker propranolol is used to suppress aberrant ANGPTL4 expression in
treatment of hemangiomas. We therefore, investigated the effect of propranolol on SARS-
CoV-2 infection and expression of ANGPTL4. SARS-CoV-2 upregulated ANGPTL4 in
endothelial and other cells, which could be suppressed with R-propranolol. The compound
also inhibited replication of SARS-CoV-2 in Vero-E6 cells and reduced viral load by up to ~2
log in various cell lines and primary human airway epithelial cultures. R-propranolol is as
effective as S-propranolol, but lacks the latter’s undesired B-blocker activity. R-propranolol
also inhibited SARS-CoV and MERS-CoV. It inhibited a post-entry step of the replication
cycle, likely via host factors. The broad-spectrum antiviral effect and suppression of factors
involved in pathogenic angiogenesis make R-propranolol an interesting molecule to explore
further for treatment of coronavirus infections.

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in 2019 and
expanded the class of highly pathogenic human coronaviruses, also including SARS-CoV and
Middle East respiratory syndrome-CoV (MERS-CoV). Although the lethality of SARS-CoV-2
infection is lower compared to SARS-CoV and MERS-CoV, its transmissibility is much higher,
and its fast spread led to an unprecedented pandemic and an enormous burden on health
care systems worldwide. The gravity of its associated disease, COVID-19, has called for the
fast development of antiviral therapies or the repurposing of existing approved drugs.
Although patients are often presenting only mild or even no symptoms, elderly people or
those with underlying conditions can experience severe pulmonary damage and acute
respiratory distress syndrome (ARDS) that can include endothelial and vascular damage,
thromboinflammation, neutrophilic and macrophage dysfunction, immunopathology, and
intussusceptive angiogenesis (302). The epithelium-endothelium environment during
infection and pathological changes in the lung microvascular system have been investigated
in several studies (303-305). Early in the pandemic, morphological changes like
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intussusceptive angiogenesis in the lungs of deceased patients were described as distinct
features of COVID-19, compared to influenza virus-infected or healthy lungs (306). While
formation of new blood vessels is usually a well-regulated process in for example wound
healing, unregulated angiogenesis can have negative implications leading to pathogenesis
(305). Intussusceptive angiogenesis is a rapid process of blood vessel neoformation that
happens due to splitting of an existing vessel into two, as opposed to sprouting
angiogenesis. While the implications of vascular changes for response and repair to
different lung pathologies are not well understood, it was reported that viral infections can
dysregulate these processes by creating a pro-angiogenic environment of inflammation and
hypoxia (307, 308). In line with these microvascular changes, transcriptional analysis
identified upregulation of angiogenic factors, like angpt/4 and VEGFA, to a magnitude that
appears unique for COVID-19 (306, 309). Angiogenic dysregulation and therapeutic
interventions to control this process have been widely studied in the field of cancer
research. One common type of tumor involving dysregulated blood vessel formation is
infantile hemangioma. Propranolol, an approved and widely used non-selective B-blocker,
is used to treat this condition, as this compound has also been shown to inhibit pro-
angiogenic (transcription) factors (310, 311). Propranolol is a mixture of two enantiomers,
R- and S-propranolol. Opposed to its S- counterpart, R-propranolol does not exert beta-
blocker activity, but was shown to reduce the angiogenic factor ANGPTL4 (more efficiently)
in hemangioma stem cells (310). Anti-angiogenic drugs are also used as safe treatment for
idiopathic pulmonary fibrosis (312). Bevacizumab, a monoclonal antibody with anti-
angiogenic property, is also evaluated in a clinical trial for its efficacy to reduce angiogenesis
and vascular damage in COVID-19 patients (313). Therefore, in this study we aimed to
investigate the effect of R-propranolol on the expression of angiogenesis factors that are
induced by SARS-CoV-2 infection and to study its effect on virus replication. Besides an
effect on ANGPTL4 expression, we - surprisingly - also uncovered a potent antiviral effect of
Propranolol against a broad spectrum of highly pathogenic coronaviruses.

The emergence of SARS-CoV-2 as the third highly pathogenic coronavirus within 2 decades,
shows the importance of developing broad-spectrum antivirals to prepare us for future
outbreaks. The repurposing of already approved and safe drugs can present a faster and
more efficient way into the clinic when an outbreak calls for a swift response. Our study
suggests that the approved drug R-propranolol could function as a ‘double-edged sword’,
inhibiting both virus replication and pathogenic host responses to infection. It might
therefore be an interesting drug to explore further in clinical trials.
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Results

SARS-CoV-2 infection upregulates angiogenic factor angptl4 in endothelial cells

To investigate whether the lung pathology-associated upregulation of angiogenic factors
that was reported in COVID-19 patients, could also be observed in cell culture, we used
Hulec-5a human lung endothelial cells as a relevant model for microvascular changes. We
monitored expression of angptl4, which encodes for the Angiopoietin-like 4 protein and
was reported to be upregulated in the lungs of COVID-19 patients (306). Hulec-5a cells could
not be infected by SARS-CoV-2, which was also previously reported (303). These cells were
also not susceptible to SARS-CoV, but could be infected with MERS-CoV, as indicated by the
positive immunofluorescence staining for the viral membrane protein (M) and dsRNA
(Figure 1a). Since Hulec-5a cells could not be infected with SARS-CoV-2, we used
conditioned medium from SARS-CoV-2 infected Calu-3 lung epithelial cells, to mimic the
epithelium-endothelium environment during infection. When Hulec-5a cells were
incubated with conditioned medium we measured an increase in angptl/4 expression by RT-
gPCR, in line with the reported effect of infection on the transcriptional changes in

endothelial cells of patients (Figure 1b).
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Figure 1: Infection of Hulec-5a lung endothelial cells with various coronaviruses and expression of angiogenic
factor angptl4. (a) Hulec-5a cells were infected with SARS-CoV-2, SARS-CoV and MERS-CoV (Multiplicity of infection
(MOI) 5) and after 48 h cells were fixed and stained with rabbit polyclonal anti-SARS-CoV nsp4 protein antibody
for SARS-CoV-2 and SARS-CoV, rabbit polyclonal anti-MERS-CoV M protein antibody for MERS-CoV, mouse
monoclonal anti-dsRNA antibody (J2) and with Hoechst, and visualized by immunofluorescence microscopy.
Images are representative for results from 3 independent experiments. (b) Hulec-5a cells were incubated with
conditioned medium from infected Calu-3 lung epithelial infected cells (CoM) for 24 h (diluted 1:1 with fresh
medium). Intracellular RNA was isolated to quantify angpt/4 expression by RT-qPCR, using PGK1 as reference gene.
n=3 independent experiments
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R-Propranolol downregulates expression of the angiogenic factor angptl4

Angiogenic factors like ANGPTL4 are also upregulated in infantile hemangiomas and their
expression can be suppressed with the drug Propranolol, or more specifically, the
stereoisomer R-propranolol. R-propranolol exerts its inhibitory effect on angiogenic factors
without having beta-blocker activity (310) and therefore, we aimed to investigate the effect
of R-propranolol on the expression of SARS-CoV-2 induced angiogenesis factors. Since
Hulec-5a cells were not susceptible to SARS-CoV-2 (Figure 1), we tested if angptl4
expression was also upregulated during infection of Vero E6 cells and whether treatment
with R-propranolol would suppress it. Vero E6 cells were treated with 50 uM of R-
propranolol and were infected with SARS-CoV-2 at a MOI of 1. Analysis of total intracellular
RNA isolated from infected cells at 16 hpi showed a strong increase in angptl4 expression
(Figure 2a). When infected cells were treated with R-propranolol, there was a significant
reduction in angptl4 expression, compared to untreated infected cells. Interestingly, when
we measured intracellular viral RNA copies in those samples, we observed a 100-fold
reduction in viral load in R-propranolol-treated cells compared to the infected untreated
cells (Figure 2b). To uncouple the direct effect of R-propranolol on angptl/4 expression from
its effect on virus replication, we used the chemical inducer phorbol-12-myristate-13-
acetate (PMA) to increase angptl4 expression. In Hulec-5a cells we observed that R-
propranolol caused a moderate but significant downregulation of the PMA-induced
increase in angptl4 expression (Figure 2c). This suggested that at least part of the effect of
R-propranolol on this angiogenic factor is independent from its effect on virus replication.
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Figure 2: Effect of R-propranolol on the upregulation of angptl4 by infection or PMA treatment. Vero E6 cells
were infected with SARS-CoV-2 (MOI 1) in the absence or presence of 50 uM R-propranolol. (a) the fold increase
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in angptl4 RNA levels compared to untreated uninfected cells (Mock) and (b) intracellular viral RNA copies were
quantified by RT-gPCR at 16 hpi. n=2 independent experiments (c) Hulec-5a cells were treated with 0.1 uM PMA
and 6 h later 50 uM R-Propranolol was added. 12 h later the increase in anptl4 expression was quantified by RT-
gPCR. n=2 independent experiments. For normalization the levels of reference gene PGK1 were measured by RT-
gPCR for all experiments. Data are mean + SEM. Statistical analysis was conducted using ratio paired t-test and
significant differences are indicated by *P<0.05.

R- and S-propranolol inhibit SARS-CoV-2 replication in cell culture

Quantification of intracellular viral RNA in the experiments to study angpt/4 expression
suggested that R-propranolol inhibited virus replication. We therefore, assessed the effect
of the compound in more detail in various antiviral assays. The marketed drug Propranolol
contains a mixture of the stereoisomers S- and R-propranolol. We therefore assessed the
effect of both S- and R-propranolol in cytopathic effect (CPE) reduction assays with SARS-
CoV-2. Vero E6 cells were infected at a low MOI in the presence of compound, and after 72
h cell viability was measured by MTS assay. R-propranolol protected cells from infection
with an IC50 of 12 uM (Figure 3a). S-propranolol inhibited SARS-CoV-2 replication with an
IC50 of 15 uM (Figure 3b). We observed no cytotoxicity in uninfected cells that were treated
in parallel with the same increasing concentrations of compounds. Since R-propranolol was
slightly more effective than S-propranolol, and is devoid of the undesired beta-blocker
activity, we decided to perform all further experiments with R-propranolol.
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Figure 3: Effect of R-propranolol and S-propranolol on SARS-CoV-2-induced cytopathic effect in Vero E6 cells.
CPE reduction assays were done on Vero E6 cells infected with SARS-CoV-2 (MOI of 0.015). Cells were pre-treated
with and infected in the presence of (a) R-Propranolol, or (b) S-Propranolol. At 72 hpi cell viability was determined
by MTS assay. n=2 independent experiments. Cell viability of uninfected compound-treated cells was measured in
parallel to assess cytotoxicity of the compound. Mean + SEM are shown. The 50% inhibitory concentration (IC50)
was determined by non-linear regression with GraphPad Prism 6.
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R-propranolol inhibits SARS-CoV-2 replication in various cell lines and air-liquid
interface cultured primary human airway epithelial cells

To validate the antiviral effect of R-propranolol that was observed in CPE reduction assays
(Fig. 3), we performed viral load reduction assays. Vero E6 cells were pre-treated with
compound, infected at a MOI of 1 and at 16 hpi the viral load was determined by quantifying
the number of extracellular viral RNA copies by RT-qPCR. In this single replication cycle
experiment R-propranolol caused a significant and up to 100-fold reduction in extracellular
viral RNA copies (Figure 4a), with a 90% effective concentration (EC90) of 20 uM. To assess
whether the compound was also able to prevent spread of infection in human lung cells, we
infected the human lung epithelial cell line H1299-hACE2 at an MOI of 0.001, treated it with
compound and measured viral load after multiple rounds of replication at 48 hpi (Figure
4b). In this infection model we also observed a 100-fold reduction in viral load and an EC90
of 26 uM. Measurement of cell viability by MTS assay showed that the compound caused
no cytotoxicity at the concentrations used in both cell lines.

To analyze the efficacy of R-propranolol in a more advanced infection model, we used
primary bronchial epithelial cells that were cultured at the air-liquid interface (ALI-PBEC).
This infection model efficiently recapitulates the pseudostratified epithelium of the lung
and its infection by coronaviruses (Thaler et al., manuscript under revision). ALI-PBEC were
infected with SARS-CoV-2 (MOI of ~0.1) and treated with 100 uM of R-propranolol on the
apical side of the cells during the 2 h inoculation with virus. Infected control cells were
treated with PBS instead of compound (“untreated” control). The compound was also
added to the medium on the basal side of the cells and remained present until 48 hpi, when
samples were harvested. We observed a significant reduction in viral load for R-propranolol
treated cells compared to untreated controls (Figure 4c). Measurement of cell death (by
LDH release) in untreated and treated ALI-PBEC indicated that R-propranolol caused no
significant cytotoxicity under these conditions (Figure 4d).
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Figure 4: Effect of R-propranolol on replication of SARS-CoV-2 in Vero E6 and H1299-hACE2 cells and primary
human bronchial epithelial cell cultures grown at the air-liquid interface (ALI-PBEC). (a) Viral load reduction assay
on Vero E6 cells. Cells were infected with a MOI of 1 and at 16 hpi extracellular viral RNA copy numbers were
determined by RT-gPCR. n=3 independent experiments. (b) H1299-hACE2 cells were infected at MOI 0.001 and the
viral load in the medium at 48 hpi was determined by RT-gPCR. n=2 independent experiments. In parallel, cell
viability of uninfected Vero E6 and H1299-hACE2 cells treated with R-propranolol was measured by MTS assay and
data were normalized to untreated uninfected cells (% viability). (c) ALI-PBEC were treated with 100 pM R-
propranolol and inoculated with SARS-coV-2 for 2 h (MOI ~0.1) in the presence of compound. After removal of the
inoculum, the viral load in the apical wash was determined at 48 hpi. R-propranolol remained present in the basal
medium until 48 hpi. n=3 independent experiments. Mean + SEM are shown for all experiments. (d) In ALI-PBEC
cytotoxicity was monitored by quantifying the release of LDH and data were normalized to ALI-PBEC treated with
Triton X-100 (100 % cell death). n=2 independent experiments. Statistical analysis was conducted using two-way
ANOVA with a Tukey/Bonferroni post-hoc test or in (c) with a t-test. Significant differences are indicated by
*P<0.05.
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R-propranolol inhibits SARS-CoV-2 at a post-entry step of the replication cycle

To elucidate the mode of action of R-propranolol, we first evaluated whether the compound
affects the infectivity of viral particles, i.e. has virucidal activity. We therefore incubated
SARS-CoV-2 with 50 or 150 uM of the compound for 1 h at 37 °C, before assessing the
(remaining) number of infectious particles by plaque assay. Control treatment with 70%
ethanol led to complete inactivation of the virus, but R-propranolol had no effect on the
infectious titer compared to the untreated virus stock (Figure 5a).

To elucidate which step of the viral life cycle is affected by R-propranolol we performed a
time-of-addition assay (Figure 5b). The strongest reduction in viral load was observed when
cells were pretreated and the compound remained present during infection until the time
of harvesting. Although less effective, treatment initiated at 2 hpi still reduced viral load,
suggesting that the compound does not target attachment/entry of the virus. This was
further supported by the observation that pretreatment alone (2 or 4 hours prior to
infection) or presence of the compound in the inoculum only during infection (0-1 hpi) did
not reduce the viral load. Together these results suggested that R-propranolol inhibited a
post entry step of the replication cycle, possibly via its effect on a host factor(s).

To obtain more insight into the mode of action we compared the specific infectivity of
treated and untreated samples (Figure 5c). Infectious progeny and extracellular genome
copies were reduced to the same extent by R-propranolol treatment, suggesting the
compound does not affect infectivity of viral genomes (e.g. does not compromise genome
integrity) and does not affect the infectivity of released particles. It leads to an overall
reduction in the release of infectious particles.
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Figure 5: R-propranolol inhibits replication of SARS-CoV-2 at a post-entry step. (a) Effect of the compound on
infectivity of SARS-CoV-2. Virus was incubated with either 50 or 150 uM R-propranolol, 70% ethanol, or medium
(untreated control) for 1 h at 37 °C. Remaining infectivity was measured by plaque assay. n=3 independent
experiments (b) Time of addition assay with Vero E6 cells infected at MOI 1 and R-propranolol treatments during
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the intervals indicated at the X-axis or initiated at the time points indicated after which compound remained
present until 16 hpi. Supernatant was harvested at 16 h post infection and extracellular viral RNA was measured
by RT-gPCR n=2 independent experiments (c) Supernatant of infected Vero E6 cells at 16 hpi, untreated or treated
with 50 uM R-propranolol was analyzed by RT-qPCR and plaque assay. Mean + SEM are shown.

R-propranolol has broad-spectrum antiviral activity against different
coronaviruses

We assessed the activity of R-propranolol against various SARS-CoV-2 variants in viral load
reduction assays and found that the delta and omicron variants were inhibited by R-
propranolol too (Fig 6A). We then evaluated its effect on different highly pathogenic
coronaviruses. The compound also inhibited SARS-CoV replication in Vero E6 cells (Figure
6b) and MERS-CoV replication in HuH-7 cells (Figure 6c), suggesting it has a broad spectrum
activity against coronaviruses.
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Figure 6: Effect of R-propranolol on replication of SARS-CoV-2 variants, SARS-CoV and MERS-CoV. (a) Viral load
reduction assay on Vero E6 cells with SARS-CoV-2 variants. The viral load at 16 hpi was determined by RT-qPCR
and cell viability was monitored in parallel. N=2 independent experiments. (b) Viral load reduction assay with SARS-
CoV in Vero E6 cells infected at MOI 1. Viral load at 16 hpi was determined by RT-gPCR and cell viability was
monitored in parallel. N=3 independent experiments. (c) HuH-7 cells were infected with MERS-CoV (MOI 1) and 16
hpi viral load was determined by RT-gPCR. N=3 independent experiments. Mean + SEM are shown. Statistical
analysis was conducted using two-way ANOVA with a Tukey/Bonferroni post-hoc test. Significant differences are
indicated by *P<0.05. Cell viability of uninfected cells treated with compound was determined in parallel using
MTS assay and data were normalized to untreated uninfected cells (100 % viability).

Discussion

Despite the unprecedented successes of vaccine development in response to the SARS-CoV-
2 pandemic, the demand for safe and effective antiviral drugs reamins. Not only to treat
COVID-19 patients but also to better prepare us for future coronavirus outbreaks, as such
drugs could be used prophylactically, post-exposure or in outbreak settings when vaccines
to new threats are not yet available. Since COVID-19 patients often present with serious
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symptoms rather late there is not only a need for drugs that directly inhibit virus replication,
but also for therapeutics that target the (pathogenic) host responses to infection. Hallmarks
of severe SARS-CoV-2 infection are pulmonary inflammation, tissue damage and
microvascular changes in the lung. Pathogenic angiogenesis and upregulation of pro-
angiogenic factors like ANGPTL4 have been observed in patients with severe SARS-CoV-2 or
influenza virus infections (306). Recently, increased ANGPTL4 plasma levels were associated
with higher proportions of ARDS and increased hospital mortality (309). In mice deficient
for ANGPTL4, influenza virus infection led to less pulmonary damage (314), suggesting that
suppression of the SARS-CoV-2-induced upregulation of ANGPTL4 might be a strategy to
counteract the pathogenic angiogenesis that can be caused by SARS-CoV-2 infection. In this
study we explored the potential therapeutic effect of R-propranolol on COVID-19
pathophysiology, and uncovered its broad-spectrum antiviral effect against coronaviruses.
The approved drug propranolol is a non-selective B-adrenergic blocker that is mainly used
to treat cardiovascular problems. However, it also has a beta-blocker-independent effect
on angiogenesis and is therefore used to treat infantile hemangiomas (310). Propranolol
consists of the stereoisomers R-propranolol and S-propranolol, of which R-propranolol is
devoid of beta blocker activity. R-propranolol was shown to reduce the pro-angiogenic
factor ANGPTL4 in a murine hemangioma model, without having beta-blocker activity and
thus circumventing potential side effects that could be caused by the beta-blocker activity
of S-propranolol. We therefore, also focused our studies on R-propranolol and confirmed
the inhibitory effect of this compound on chemically induced angptl4 expression in lung
endothelial cells. Lung endothelial cells were not susceptible to SARS-CoV-2, but treatment
of endothelial cells with conditioned medium from SARS-CoV-2-infected epithelial cells
caused an increase in angptl4 expression. This underlines the impact of the epithelium-
endothelium crosstalk during infection and the consequences for the microvascular system.
Angptl4 expression was also upregulated in SARS-CoV-2-infected Vero E6 cells and this
effect could be suppressed by treatment with R-propranolol. Future studies will need to
address the effect of infection and R-propranolol in more advanced (organoid and in vivo)
models to assess whether the compound could have therapeutic effect on exacerbated
angiogenesis.

Besides the effect on expression of virus-induced angiogenic factors, we also observed that
R-propranolol inhibits virus replication. Our study for the first time uncovered a direct
antiviral effect of R-propranolol that supports previous clinical observations on the
apparent (indirect) beneficial effect of propranolol on the outcome of viral infections (315).
R-propranolol treatment of infected Vero E6 cells protected them from cytopathic effects
with an EC50 of 12 uM, slightly more effective than S-propranolol, which had an EC50 of 15
UM. Treatment of infected cells also led to a significant reduction in extracellular viral RNA
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copies with an EC90 of 20 uM and the compound also reduced the viral load by 2 logs in a
lung cell line infection model. Finally, we employed primary bronchial epithelial cells
cultured at the air-liquid interface as most relevant infection system, as it efficiently
reconstitutes the pseudostratified lung epithelium and its infection. In this model R-
propranolol also reduced the viral load in the apical wash of the culture without causing any
noticeable cytotoxicity.

Furthermore we could show that R-propranolol has broad-spectrum activity against
different SARS-CoV-2 variants, including delta and omicron, and it also inhibited other highly
pathogenic coronaviruses, i.e. SARS-CoV and MERS-CoV. The compound had no virucidal
effect and time of addition assays suggested that it inhibits a post-entry step of the
replication cycle. Its broad-spectrum activity and its enhanced activity upon pretreatment
suggest that R-propranolol likely inhibits viral replication via one or more host factors. These
likely play no role in the attachment or entry of the viral particle, since there was no
reduction in viral load when the compound was present only during infection (in the
inoculum). R-propranolol reduced the amount of infectious progeny that was released from
cells, but did not appear to affect the specific infectivity, suggesting it does not affect
infectivity of particles or integrity of the genome (e.g. does not lead to mutations or defects
in capping). While we were preparing this manuscript, a preprint was published on the
effect of R-propranolol on SARS-CoV-2 and MHV replication, including the observation of an
inhibitory effect on MHV replication in a mouse model (316). The findings of this study were
in line with our data and the compound was suggested to affect replication complex
formation through an effect on phospholipid synthesis, which corroborates our results (in
time of addition assays). Previous studies on propranolol-induced changes in gene
expression in endothelial cells also included genes involved in lipid and sterol metabolism
and ubiquitination (317). Propranolol also has an effect on various other host factors and
signalling pathways, including inhibition of the RAS/RAF/ERK and AKT pathways (318, 319).
Inhibition of factors involved in these signalling pathways was also shown to affect SARS-
CoV-2 replication (320). Therefore, to unravel the compound’s mode of action, more in-
depth research is required to elucidate which host factor(s) or pathway(s) contribute to the
R-propranolol-mediated inhibition of coronavirus replication.

It is also important to keep in mind that most of the studies on the activity of propranolol
or its separate stereoisomers have been done in the context of cancer research. Therefore,
these findings might not be directly translatable to non-cancer models and need to be
investigated in proper infection models. Widespread use of Propranolol renders it a safe
and interesting drug to be investigated further, and the use of the enantiomer R-
propranolol which has no beta-blocker activity lowers the risk of possible negative side-
effects. Its inhibition of virus replication and suppression of detrimental host responses to
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infection make R-propranolol an interesting compound for further evaluation in clinical
studies.

Materials and Methods

Compounds and Cell Culture

R-(+)-Propranolol hydrochloride, S-(+)-Propranolol hydrochloride and phorbol-12-
myristate-13-acetate (PMA) were purchased from MedChemExpress and dissolved in
DMSO.

Vero E6 cells and HuH-7 cells were cultured as previously described (321). Human lung cell
line H1299-hACE2 will be described elsewhere (Salgado-Benvindo et al, manuscript in
preparation). These cells were cultured in Dulbecco’s modified Eagle’s medium with 4.5 g/I
glucose with L-glutamin (DMEM; Lonza, Switzerland), supplemented with 10% fetal calf
serum (FCS)(CapriCorn Scientific, USA), 100 U/ml of Penicillin/Streptomycin (P/S) (Sigma-
Aldrich) and 1200 pg/ml G418 for selection (InvivoGen). Calu-3 cells (ATCC, HTB-55TM) were
cultured in Eagle’s minimum essential medium (EMEM, Lonza), supplemented with 9% FCS,
1% non-essential amino acids (NEAA, Sigma-Aldrich), 2 mM L-glutamine (Sigma-Aldrich), 1
mM sodium pyruvate (Sigma-Aldrich) and 100 U/ml of P/S.

Infections of Vero E6 cells, HuH-7 cells, H1299-hACE?2 cells and Calu-3 cells were performed
in Eagle’s minimal essential medium with 25 mM HEPES (EMEM; Lonza) supplemented with
2% FCS, 2mM L-glutamine (Sigma-Aldrich), and 100 U/ml of P/S (referred to as infection
medium).

Primary human bronchial epithelial cells (PBEC) were isolated and cultured as previously
described (322). Hulec-5a cells were purchased from ATCC and cultured and infected in
EGM™-2 MV Microvascular Endothelial Cell Growth Medium-2 BulletKit™. Hulec-5a cells
were used between passage 2 and 6. Infections of Hulec-5a cells were done in culture
medium, treatment with PMA was done in infection medium.

All cell cultures were maintained at 37 °C in an atmosphere of 5% COa.

Virus stocks

All experiments with infectious SARS-CoV, SARS-CoV-2 or MERS-CoV were performed at the
LUMC biosafety level 3 facilities. For Vero E6 infections the clinical isolate SARS-CoV-
2/Leiden-0002 (isolated at LUMC during the first wave of the Corona pandemic in March
2020 (GenBank: MT510999.1) was used. For H1299-hACE2 and ALI-PBEC infections SARS-
CoV-2/Leiden-0008 (isolated at LUMC during the first wave of the Corona pandemic in
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March 2020 (GenBank: MT705206.1) was used, as it was not adapted to Vero E6 cells with
regard to the spike S1/S2 cleavage site (confirmed by NGS sequencing). SARS-CoV-2 variant
BA.1 (Omicron) was obtained from RIVM (strain hCoV-19/Netherlands/NH-RIVM-
72291/2021, lineage B.1.1.529), and variant B.1.617 (Delta) was obtained from the
University of Leuven. SARS-CoV-2/Leiden-0002 (Passage 3), SARS-CoV-2/Leiden-0008
(Passage 2), SARS-CoV isolate Frankfurt 1 (298) (Passage 4), Omicron (Passage 3) and Delta
(Passage 4) variant were grown in Vero E6 cells. MERS-CoV (N3/Jordan) (GenBank:
KJ614529.1) (Passage 3) was grown on HuH-7 cells. Virus titers were determined by plaque
assay on Vero E6 cells, and for MERS-CoV and on HuH-7 cells, as described before (255).

Endothelial cell infection

Hulec-5a cells were seeded on glass coverslips at a density of 8*10* cells/well in a 12-well
plate and infected with SARS-CoV, SARS-CoV-2 or MERS-CoV at a MOl of 5 in 500 pl medium
per well. 48 h later cells were fixed and processed as previously described (122). Cells were
stained with rabbit polyclonal anti-SARS-CoV nsp4 protein antibody (FGQ4) for SARS-CoV-2
and SARS-CoV, rabbit polyclonal anti-MERS-CoV M protein antibody (R9004) for MERS-CoV
and with mouse monoclonal anti-dsRNA antibody (J2). Secondary antibodies used were a
Cy3-conjugated donkey anti-rabbit 1gG antibody (Jackson ImmunoResearch Laboratories)
and an Alexa488-conjugated goat anti-mouse IgG antibody (Invitrogen).

Endothelial cell (drug) treatments

Hulec-5a cells were incubated with conditioned medium from Calu-3 lung epithelial cells
(CoM) for 24 h (diluted 1:2 with fresh medium). Intracellular RNA was isolated to quantify
angptl4 expression by RT-qPCR. For CoM, Calu-3 cells were seeded at a density of 2.4*10°
cell/well in 6-well plates and infected with SARS-CoV-2 (Leiden-008) at a MOl of 1 for 2 h at
37°C on a rocking platform. The inoculum was removed, cells were washed with PBS three
times and 500 pl infection medium was added. At 48 hpi medium was harvested and stored
at-80°C.

For treatment with PMA, Hulec-5a cells were seeded at a density of 7*103 cells/well in a 96-
well plate. After 24 h medium was changed to infection medium. After 16 h, cells were
treated with 100 nM PMA for 6 h. Then R-propranolol was added and cells were incubated
for 12 h. Control wells were treated with only PMA, R-propranolol or medium (untreated).
Then intracellular RNA was harvested and angptl4 expression was quantified by RT-qPCR.
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Cytopathic effect (CPE) reduction assay

CPE reduction assay was performed as previously described (234). Briefly, Vero E6 cells were
seeded in 96-well plates at a density of 5*10° cells per well. The next day, cells were
incubated with 2-fold serial dilutions of R- or S-propranolol starting at 50 pM and
subsequently infected. 3 days post infection the CellTiter 96 aqueous nonradioactive cell
proliferation kit (Promega) was used to measure cell viability of infected (protection) and
non-infected cells (assessment of cytotoxicity).

Viral load reduction assays

Viral load reduction assays were performed as previously described (234). Briefly Vero E6
cells were infected with SARS-CoV-2, SARS-CoV-2 variants or SARS-CoV, and HuH-7 cells
were infected with MERS-CoV, at a MOI of 1. Pretreatment with R-propranolol was done
for 4 h. Alternatively (Figure 2) Vero E6 cells were seeded at a density of 7¥10* cells/well in
24-well plates. Cells were pretreated 2 h with 50 uM R-propranolol and infected with SARS-
CoV-2 at a MOI of 1. At 16 hpi total intracellular RNA was harvested and viral RNA copies
(intracellular & extracellular) and angptl4 expression were quantified by multiplex RT-qPCR,
using PGK1 as reference gene.

Time of Addition Assay

Vero E6 cells were seeded in 24-well cell culture plates at a density of 2*10* cells/well. Cells
were incubated with 50 uM of R-Propranolol in 500 pl infection medium at the indicated
timepoints. 48h after seeding, cells were infected with 8*10* PFU of virus per well (MOI 1)
in 200 ul of medium. Supernatant was harvested at 16 hpi and extracellular viral RNA copies
were measured by RT-gqPCR (255).

Virucidal effect assay

Vero E6 cells were seeded in 6-well cell culture plates at a density of 3.5%10° cells/well. The
next day, virus (3*10° PFU) was incubated, in a total of 60 ul, at 37 °C with 50 or 150 uM
compound, only medium or ethanol (66% end concentration). After incubation for 1 h, 50
ul samples were serially diluted to lower the compound and ethanol concentration to a level
that did not inhibit the subsequent plaque assay to determine the remaining infectious virus
titer (255).
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Viral infection of ALI-PBEC

The apical side of the cells was washed with 200 pl warm PBS for 10 min at 37 °C to remove
excess mucus and cellular debris and basal medium was refreshed prior to infection. Cells
were infected with 100,000 PFU of SARS-CoV-2 in 200 pl PBS (with or without compound)
per insert for 2 h at 37 °C on a rocking platform (estimated multiplicity of infection [MOI] of
0.1). For noninfected (mock) controls the same procedure was performed with only PBS.
After removal of the inoculum, the apical side of the cells was washed three times with PBS.
At 48 hpi, 200 pl of PBS was added to the apical side of the cells and after incubation for 10
min at 37 °C, supernatant was harvested to quantify the viral load by RT-qPCR.

RNA isolation and RT-qPCR

RNA was isolated either using Tripure isolation reagent (Sigma-Aldrich) or by magnetic bead
isolation. Briefly, 20 ul of SpeedBeads™ carboxylate-modified magnetic particles (Merck)
and 135 pl of isopropanol were added to 100 ul of supernatant in a 96-well plate. The plate
was placed on a magnetic rack for 15 min, then supernatant was removed, and beads were
washed one time with 150 pl of isopropanol and then two times with 200 pl of 70% ethanol.
The beads were air-dried and, after removal of the plate from the magnetic rack,
resuspended in 50 pl RNAse free water for 3 min. The plate was placed back on the magnetic
rack for 10 min to collect the eluate containing total RNA. Equine arteritis virus (EAV) RNA
in AVL lysis buffer (Qiagen) was spiked into the reagent as an internal control for
extracellular RNA samples. The cellular reference gene PGK1 served as a control for
intracellular RNA. Primers and probes for EAV and PGK1 and the normalization procedure
were described before (255). Viral RNA was quantified by RT-gPCR using TagMan Fast Virus
1-step master mix (Thermo Fisher Scientific) and as previously described (234). Primers and
probes for SARS-CoV-2 and SARS-CoV, as well as a standard curve, were used as described
previously (234, 256), and for MERS-CoV with final primer concentrations of 450 nM each
and probe concentrations of 200 nM. Angptl4 was quantified using the ANGPTL4 TagMan®
Gene Expression Assay FAM-MGB (ThermoFisher, Catalog No. 4331182, ID
Hs01101123_g1).
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Abstract

The combined inhibition of ER a-glucosidases | and Il has been shown to inhibit replication
of a broad range of viruses that rely on ER protein quality control. We found, by screening
a panel of deoxynojirimycin and cyclitol glycomimetics, that the mechanism-based ER a-
glucosidase Il inhibitor, 1,6-epi-cyclophellitol cyclosulfate, potently blocks SARS-CoV-2
replication in lung epithelial cells, halting intracellular generation of mature Spike protein,
reducing production of infectious progeny, and leading to reduced syncytium formation.
Through activity-based protein profiling, we confirmed ER a-glucosidase Il inhibition in
primary airway epithelial cells, grown at the air-liquid interface. 1,6-Epi-cyclophellitol
cyclosulfate inhibits early pandemic and more recent SARS-CoV-2 variants, as well as SARS-
CoV and MERS-CoV. The reported antiviral activity is comparable to the best-in-class
described glucosidase inhibitors, all competitive inhibitors also targeting ER a-glucosidase |
and other glycoprocessing enzymes not involved in ER protein quality control. We propose
selective blocking ER-resident a-glucosidase Il in a covalent and irreversible manner as a
new strategy in the search for effective antiviral agents targeting SARS-CoV-2 and other
viruses that rely on ER protein quality control.

Keywords: glycomimetics, ER-resident a-glucosidase-ll, SARS-CoV-2, Spike glycosylation,
antiviral, carbohydrate-active enzymes
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Introduction

Coronaviruses, like many other virus groups, use the host machinery for co- and post-
translational formation and processing of N-linked glycans. N-linked oligosaccharides are
crucial for proper protein folding, stability and functioning of many proteins that are part of
viral envelopes (323). In the endoplasmic reticulum (ER), a-glucosidases | and Il (a-Glu | and
o-Glu Il) are responsible for trimming the terminal glucose moieties of nascent N-glycans
(Figure 1a), and the resultant mono-glucosylated N-glycans are subsequently recognized by
the ER chaperones calnexin and calreticulin (CNX-CRT cycle) (324, 325), which prevent
protein aggregation and assist in polypeptide folding. When a protein fails to fold correctly,
glycoprotein glycosyltransferase (UGGT) reconstructs the mono-glucosylated GIM9 N-
glycan, enabling another round of refolding attempts facilitated by the CNX-CRT
chaperones. Upon proper folding of the protein, the final glucose residue in high mannose-
type N-glycans is removed by a-Glu I, leading to further trimming by ER a-mannosidase |
(ERMI), after which the N-glycoproteins are routed to the Golgi apparatus for N-glycan
maturation and further post-translational modification events en route to their final
destination. Glycoproteins that fail to attain their proper conformation undergo mannose
trimming orchestrated by the ER degradation-enhancing mannosidase-like proteins
(EDEMs) and ultimately are routed toward the ER-associated degradation (ERAD)
machinery. Inhibition of ER a-Glu | and Il has been shown to interfere with proper
processing of nascent proteins through the CNX-CRT cycle, leading to their inappropriate
folding, eventual dislocation from the ER and proteasomal degradation (326). This holds
true for host and viral N-glycoproteins alike and ER a-Glu I/1l inhibition has therefore been
considered as a viable strategy for antiviral therapeutics development for several decades
(327, 328). Many studies have reported the ability of iminosugars to inhibit replication of
various viruses, through the blocking of ER protein quality control via ER a-Glu I/Il inhibition
(329). Iminosugars are polyhydroxylated glycomimetic alkaloids featuring a basic amine,
replacing the sugar ring oxygen, that is thought to interact with glycosidase active site
residues that partake in enzymatic glycosidic bond hydrolysis (330, 331). The potential of
iminosugars as antivirals was first reported in 1987 (327, 332, 333) in the context of Human
Immunodeficiency Virus (HIV), which relies on the host ER machinery for glycoprotein
processing (334). These studies revealed that the two iminosugar compounds,
deoxynojirimycin and castanospermine, as well as some structural analogues thereof,
inhibit ER a-Glu I and Il and block the production of HIV infectious progeny in vitro. Later
studies using a host of structurally diverse iminosugars described blocking replication of a
broad range of viruses in vitro and in vivo, including influenza viruses (335-337), severe
acute respiratory syndrome coronavirus (SARS-CoV) (338), dengue virus and the
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hemorrhagic fever viruses Marburg and Ebola (339, 340). Interestingly, patients that have
N-glycosylation defects due to a congenital disorder, have also reduced susceptibility to
infection with enveloped viruses that depend on host glycan processing for their replication
(341). Despite promising in vitro studies, phase Il clinical trials with the iminosugar Celgosivir
(a prodrug form of castanospermine) showed no beneficial outcomes when it was used as
mono therapy for dengue and hepatitis C virus infections (342, 343). Most recently, a range
of competitive a-glucosidase inhibitors have been studied during the search for antivirals
against SARS-CoV-2 (344-346). The spike (S) protein of SARS-CoV-2, one of the envelope
proteins on the virus surface, is heavily glycosylated with 23 reported N-glycan sites (58).
Besides shielding of antibody epitopes (347), and modulating protein structure, N-
glycosylation of S protein and its receptor binding domain (RBD) is crucial for virus
infectivity, as the S protein drives virus entry by binding to the host receptor ACE2 and
mediates fusion between the virus and host cell membrane (23). N-glycans and their
modulation through deletion of specific sites on the RBD were reported to be important for
conformational stability and accessibility of the RBD for ACE2 binding (59, 348-350).
Therefore, the incorporation of non-functional immaturely glycosylated S proteins can
reduce the specific infectivity of progeny virions (60, 338). Disruption of the CNX-CRT-
mediated glycoprotein processing, by iminosugars specifically, was reported to reduce the
incorporation of S protein into SARS-CoV pseudovirus particles (338). In this study, it was
suggested that ER a-Glu I/Il inhibition could lead to both the degradation of improperly
processed S proteins in the ER as well as the incorporation of incompletely glycosylated S
proteins into virus particles, thus having a two-pronged mode of action.

Despite the decades of research on iminosugars, no small molecules inhibiting ER a-Glu
have proceeded beyond phase Il clinical trials (351, 352) as antivirals. With the aim of
uncovering alternative inhibitor designs for antiviral drug discovery, and building upon our
recent studies on mechanism-based, covalent and irreversible glycosidase inhibition (353-
358), we decided to assess a panel of mechanism-based inhibitors, side by side with a set of
classical N-alkyl iminosugars, for their ability to inhibit SARS-CoV-2 replication through
inhibition of ER a-Glu | and Il. While performing the same net transformation (hydrolysis of
a-glucosidic linkages), ER a-Glu | and Il do so with distinct mechanisms. Both enzymes
feature a carboxylic acid and a carboxylate containing amino acid in their active site and
process their substrate by acid catalysis (330, 331). Both enzymes are therefore amenable
to inhibition by a basic, glucose-mimetic iminosugar. In contrast to ER a-Glu |, ER a-Glu Il
forms a covalent intermediate with its substrate during processing by utilizing one of the
carboxylates as nucleophile. This nucleophile can be trapped by glucomimetic cyclitols
endowed with an electrophile (epoxide, aziridine or cyclic sulfate). We have shown in the
past that 1,6-epi-cyclophellitol (9, Figure 1) as well as its aziridine (10) and cyclic sulfate (11)
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analogues potently and selectively block ER a-Glu Il (353). In this study, we screened
members of both compound classes, cyclitols and iminosugars, for their inhibition of ER a-
Glu Il and antiviral activity against SARS-CoV-2. We demonstrate that 1,6-epi-cyclophellitol
cyclosulfate (11) most potently reduces the enzyme activity of a-Glu Il, and exerts the best
antiviral efficacy against SARS-CoV-2. We also show that this compound blocks replication
of all SARS-CoV-2 variants tested, as well as the pathogenic SARS-CoV and MERS-CoV,
making it an interesting lead for further exploration towards a new class of antiviral drugs.

Results

Efficacy of glucosidase inhibitors against SARS-CoV-2 correlates with their activity
against ER a-glucosidase Il

The panel of iminosugars and cyclitols, subject of the here-presented studies, is depicted in
Figure 1b. With respect to the iminosugars, and to keep in line with literature precedents,
we selected N-alkyl deoxynojirimycins 1-8. Deoxynojirimycin (DNJ) features the
glucopyranose configuration and N-alkyl derivatives have been shown to be more effective
glucosidase inhibitors compared to non-substituted DNJ (359-361). This includes the
benchmark analogue, N-butyl-DNJ 1 (Miglustat, Zavesca) which is part of almost all antiviral
studies on iminosugars targeting a-Glu I/Il. In fact, Miglustat is a clinical drug for the
treatment of Gaucher disease and acts as a glucosylceramidase (GCS) inhibitor (362). It also
inhibits the human retaining b-glucosidases, GBA1, GBA2 and GBA3, displaying a rather
broad activity profile across various glycoprocessing enzymes not involved in ER protein
quality control. Besides Miglustat 1, we included DNJ derivatives 2-8 to assess the influence
of the hydrophobic N-alkyl substituent on antiviral activity. Compound 8 has the L-ido-
configuration and comprises the C6-epimer (glucopyranose numbering) of DNJ derivative 5.
Compared to 5, L-ido-DNJ 8 is a much weaker ER a-Glu inhibitor, which should be reflected
in its antiviral potency. With respect to the cyclitols, we previously published 1,6-epi-
cyclophellitol 9, 1,6-epi-cyclophellitol aziridine 10 and 1,6-epi-cyclophellitol cyclosulfate 11
as potent and selective, mechanism-based, covalent and irreversible retaining a-glucosidase
inhibitors (353, 363). Besides inhibiting ER a-Glu I, the single detected off-target (in the
context of pharmacological ER protein quality control interference) is the lysosomal a-
glucosidase, human acid a-glucosidase GAA. These 1,6-epi-cyclophellitol analogues were
designed to inhibit retaining a-glucosidases exclusively (so, not inverting ones like a-Glu I),
and while epoxide 9 and aziridine 10 partially inhibit the retaining b-glucosidases, GBA1 and
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GBA2, cyclosulfate 11 is completely inactive towards these enzymes. We also found that
tempering the electrophilicity, as in cyclosulfamidates 17, 18 and cyclosulfamide 19 yields
competitive retaining a-glucosidase inhibitors and to investigate the effect of going from
covalent to competitive inhihition within the same compound class we included these
compounds in our assays. In addition, we tested a number of structural cyclitol variations.
These include 1,2-epi-cyclophellitols (20-22), which may block a-Glu Il in a covalent,
irreversible manner similar to the 1,6-epi-cyclophellitols (364). A number of partially O-
methylated cyclosulfates (12-16) were included to assess the effect of polarity, while
compounds 23-28 were designed to contain alkyl substituents also present in the
iminosugar series tested. The synthesis of the iminosugar and cyclitol inhibitors 1-11, 17-
22, 25 and 26 have been published previously (353, 359-361, 363, 365). The synthesis of
methylated sulfates 12-16 and alkyl aziridines 23, 24, 27 and 28 can be found in the
supporting information (Scheme S1-S5).
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The inhibitory effect of all synthesized molecules on the activity of GAA and endoplasmic
reticulum a-glucosidase Il (ER a-Glu Il, GANAB) was determined following in vitro enzyme
activity methods reported previously (353), using 4-methylumbelliferyl-a-D-
glucopyranoside (4-MU-a-Glc) as fluorogenic substrate and measuring the amount of 4-MU-
mediated fluorescence (Figure 2a, left panel). N-alkyldeoxynojirimycins 1-8 all inhibited
both ER a-Glu Il as well as GAA, but with potencies varying from the nanomolar to the
micromolar range. N-alkyl-iminosugars 2-7, featuring an extended lipophilic N-alkyl moiety
relative to N-butyl-DNJ 1, inhibited both enzymes rather more potently than this benchmark
iminosugar, with 2 showing the highest potency of all iminosugars tested for both ER a-Glu
Il (ICs0 = 0.12 uM) and GAA (ICso = 0.19 uM). L-Ido-deoxynojirimycin 8 is a much weaker ER
a-Glu Il inhibitor than its D-gluco-isoster 5 (both compounds containing the same
adamantane-modified N-alkyl chain), and showed no activity against GAA at the measured
concentrations. Yet, compound 8 outperformed Miglustat in ER a-Glu Il inhibition, revealing
the influence of the N-alkyl chain in this series of compounds. These results match the
literature trend indicating that large, hydrophobic N-alkyl appendages positively influence
glucosidase inhibitory potency in this class of compound (359-361, 365).

With respect to the cyclitol class of compounds, 1,6-epi-cyclophellitol cyclosulfate 11
proved to be the most potent ER a-Glu Il inhibitor of all compounds tested, with an ICso
value of 0.034 uM. Cyclosulfate 11 was also, and together with naphthyl-iminosugar 2, the
most potent of the GAA inhibitors. Methylation of either of the four hydroxyls (or
combinations thereof) in 11, as in 1,6-epi-cyclophellitol cyclosulfates 12-16 proved
detrimental to inhibitory potency, though 4-O-methyl derivative 14 with an ICso value of
8.15 uM for ER a-Glu Il and 2.3 uM for GAA still outperformed Miglustat (1) as inhibitor of
both of these enzymes. Moving from covalent (cyclosulfate, 11) to competitive (17-19)
cyclitol designs proved detrimental for ER a-Glu Il inhibition, although compound 18 retains
remarkable (ICso = 2.63 mM) inhibitory activity against GAA. 1,2-Epi-cyclitols 20-22 turned
out to be only moderately active ER a-Glu Il inhibitors. In contrast to the 1,6-analogues (9-
11), where the cyclosulfate was more potent compared to the aziridine and epoxide,
epoxide 20 was the most potent of this series (364). Interestingly, 1,2-cyclosulfate 22
proved to be a rather potent GAA inhibitor, much more so than epoxide 20 and aziridine
21, suggesting that conformational aspects (the epoxide and aziridine likely enforcing a half
chair conformation with respect to the cyclitol ring where the cyclosulfate will allow a chair-
like conformation) are in play for this enzyme. Finally, and in contrast to what was observed
for the competitive inhibitor series 1-8, 1,2-cyclophellitol aziridines 23-28 bearing an N-alkyl
chain (and in case of 25 an N-acyl one) are much worse inhibitors for both enzymes tested
(no significant inhibition up to 100 mM) when compared to the non-substituted aziridine
21. In all, 1,6-epi-cyclophellitol cyclosulfate 11 is the most potent ER a-Glu Il inhibitor, with
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naphthylated deoxynojirimycin 2 as the most effective of the competitive inhibitors almost
on a par with 11.

To confirm the stabilizing effect of these two compounds on the enzyme, we performed a
thermal stability assay with these, as well as with the less potent inhibitors 20-22, on
recombinant M. musculus a-Glu Il, a mouse enzyme with high sequence homology to the
human enzyme (Figure 2b). ER a-Glu Il denaturation as a consequence of heat exposure, as
well as the effect of active site-binding inhibitors on the denaturation temperature, can be
monitored by a naturally quenched SYPRO orange dye. Upon denaturation of a protein,
hydrophobic regions are exposed to which the dye binds, demonstrating a distinct
difference in melting temperature (Tm) for each inhibitor compared to the unliganded ER a-
Glu 1l control. Mma-Glu Il preincubated with compound 11 or 2 displayed melting
temperatures (Tm) of 63.3 °C and 63.5 °C, respectively, whereas the unliganded enzyme
denatured at approximately 15 °C lower (Tm = 49.9 °C). In comparison, compounds 21 and
22 gave no (49.5 °C) to marginal (51.7 °C) Tm increases, while epoxide 20, which had the
best efficacy of all 1,2-epi-cyclophellitols in the enzyme activity assay, gave a remarkably
high Tm of 64.7 °C.

All compounds were then analyzed for their antiviral activity against SARS-CoV-2, in
cytopathic effect (CPE) reduction assays, in which Vero E6 cells were pre-treated and
infected with SARS-CoV-2 in the presence of various concentrations of compound. Three
days post-infection cell viability was measured and ECsovalues (compound concentration at
which 50% of cell viability is reached as compared to the non-treated, infected cells) were
determined (Figure 2a, right panel). Simultaneously, uninfected cells were treated with the
same concentrations of compound to determine the CCso (compound concentration at
which cell viability is 50% of that of untreated cells due to cytotoxicity). All iminosugars 1-8
protected cells from SARS-CoV-2 infection in this assay, and naphthyl deoxynojirimycin 2,
being the most potent competitive ER a-Glu Il inhibitor from the enzyme activity assay, also
displayed the highest efficacy of the eight iminosugars assessed in blocking SARS-CoV-2
replication, with an ECso value of 8.3 uM (Figure 2d). Similar deoxynojirimycin derivatives
were previously reported to have activity against SARS-CoV-2 (346, 366). In contrast, the
ECso value in the CPE assay for Miglustat 1 was above 100 uM (Figure 2c), which correlates
to other studies which found limited antiviral activity for this compound against SARS-CoV-
2 (346, 367). 1,6-Epi-cyclophellitol cyclosulfate 11, our most potent ER a-Glu Il inhibitor, also
proved to be the most potent SARS-CoV-2 replication inhibitor of all compounds tested with
an ECso value of 0.57 uM (Figure 2e). This matches our general finding that ER a-Glu Il
inhibitory potency correlates with anti-SARS-CoV-2 replication efficacy (Figure 2a). Selective
ER a-Glu Il inhibition thus appears a promising strategy in the discovery of new antiviral
agents. Given that 1,6-epi-cyclophellitol cyclosulfate 11 came out as the most potent
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compound in both the enzyme inhibition and SARS-CoV-2 CPE assays, and that this
compound class, in contrast to that of iminosugars, comprises a new design class, we

decided to further profile this inhibitor in more advanced virological assays to study its

efficacy and mechanism of action.
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Figure 2: ER a-Glu Il inhibitory potency correlates with reduction of SARS-CoV-2 mediated cytopathic effect in cell
culture. (a) ICsovalues of compounds in in vitro enzyme activity assays with ER a-Glu-Il and GAA, and ECsoand CCso
values of compounds determined by CPE reduction assays with SARS-CoV-2. (b) Thermal shift profile of
preincubated ER-o-Glu Il with inhibitors. (c-e) SARS-CoV-2 CPE reduction assay dose-response curves of (c)
Miglustat 1, (d) naphthyl-deoxynojirimycin 2, and (e) cyclosulfate 11. n=3 independent experiments. The viability
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of uninfected compound-treated cells was established by MTS assay in parallel. Means + SEM are shown. The 50%
inhibitory concentration (ECso) values were determined by non-linear regression with GraphPad Prism 6.

1,6-Epi-cyclophellitol cyclosulfate reduces SARS-CoV-2 infectious progeny in cell
culture

To investigate further the results from the CPE reduction assays, the effect of the most
potent glucosidase inhibitor, 1,6-epi-cyclophellitol cyclosulfate 11 was assessed in viral load
reduction assays on infected H1299/ACE2 lung epithelial cells. Cells were pre-treated with
11 and infected with SARS-CoV-2 at an MOl of 1. At 16 hours post infection (hpi) supernatant
was harvested to quantify the infectious virus titer by plaque assay and extracellular viral
RNA copies by RT-gPCR. Treatment of infected H1299/ACE2 lung epithelial cells with 11
resulted in a 100-fold reduction of the infectious progeny virus titer (Figure 3a). The
inhibitory effect reached a plateau at 1.6 uM, and higher concentrations of 11 did not lead
to more inhibition of virus replication. In contrast, Miglustat 1 reduced infectious progeny
production only minimally, even at a concentration as high as 100 uM. Cyclosulfate 11 only
slightly reduced extracellular viral RNA copy numbers (Figure 3b), indicating no effect on
viral RNA production. This is in line with the expected mechanism of action of the compound
that involves viral (structural) protein maturation, likely resulting in reduced infectivity of
progeny virus. We then calculated the specific infectivity (defined as the number of
infectious particles per viral RNA copy) of treated and untreated samples for the data in
Figure 3a and 3b (Figure 3C). Treatment with compound 11 caused a decrease in specific
infectivity, suggesting that the infectivity of released particles is affected. None of the
treatments caused noticeable cytotoxicity in uninfected treated cells (Figure 3b). Similarly,
treatment of infected Calu-3 lung epithelial cells with 11 reduced infectious progeny virus
titers by ~10-fold, while no reduction in extracellular viral RNA copies was observed (Figure
S1).
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Figure 3: Spectrum of activity of 1,6-Epi-cyclophellitol cyclosulfate 11 and iminosugars 1 and 2 against various
coronaviruses. (a-b) Viral load reduction assay on H1299/ACE2 cells with SARS-CoV-2 (MOI 1) in the presence of
compounds 1 or 11. (a) Infectious virus titer and (b) extracellular viral RNA copy numbers were quantified by plaque
assay and RT-qPCR, respectively. Uninfected compound-treated cells were assessed by MTS assay in parallel to
measure cytotoxicity of the compounds. n = 3 independent experiments. Mean + SEM are shown. (c) The specific
infectivity of treated (using 1.5 uM of compound 11) and untreated samples was calculated by dividing the
infectious virus titer (PFU/mL) by the viral RNA copy number (copies/mL). Viral load reduction assays with (d) SARS-
CoV-2 variants in H1299/ACE2 cells, (e) SARS-CoV in Vero E6 cells, (f) MERS-CoV in HuH-7 cells, and (g) HCoV-229E
in H1299/ACE2 cells (all with MOI 1), and treatment with 1, 2 or 11. Supernatant was harvested at 16 hpi to quantify
infectious progeny by plaque assay. n = 3 independent experiments. Uninfected compound-treated cells were
measured by MTS assay in parallel to assess the cytotoxicity of the compounds. Mean + SEM are shown. Statistical
analysis was conducted using one-way ANOVA and significant differences are indicated by *p<0.05.
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1,6-Epi-cyclophellitol cyclosulfate inhibits infectious progeny of SARS-CoV-2
variants, SARS-CoV, and MERS-CoV, but not HCoV-229E

To investigate the spectrum of activity against coronaviruses of 1,6-epi-cyclophellitol
cyclosulfate 11, its effect on the replication of SARS-CoV-2 variants alpha, beta, delta,
omicron BA.1, and XBB.1.5 was tested (Figure 3d). As in the above experiments (Figure 3a),
viral load reduction assays were performed, during which different cell lines were infected
with the respective virus in the presence of compound, and at 16 hpi supernatant was
harvested to quantify the infectious virus titer by plaque assay. Similar to the antiviral effect
on the early pandemic SARS-CoV-2 isolate, treatment of H1299/ACE2 cells that were
infected with other variants showed a ~100-fold reduction in infectious virus titer (Figure
3d). Viral load reduction assays with SARS-CoV on Vero E6 cells and MERS-CoV on HuH-7
cells showed a significant reduction of infectious progeny upon treatment with increasing
concentrations of compound 11 (Figure 3e and 3f), although the efficacy of the compound
was slightly lower against SARS-CoV and clearly lower against MERS-CoV. Interestingly, the
viral load reduction assay with HCoV-229E on H1299/ACE?2 cells did not show any reduction
in virus infectivity, upon treatment with either compound 11 or 2 (Figure 3g).

1,6-Epi-cyclophellitol cyclosulfate strongly reduces a-glucosidase activity and
inhibits SARS-CoV-2 in primary human bronchial epithelial cells cultured at the
air-liquid interface

We next evaluated the efficacy of 1,6-epi-cyclophellitol cyclosulfate 11, in comparison to
our most potent iminosugar, naphthyl-deoxynojirimycin 2, as well as Miglustat 1 in a more
advanced model of primary human bronchial epithelial cells that were cultured at the air-
liquid interface (ALI-PBEC), as we described previously (132, 368). Thus, ALI-PBEC cells were
infected with SARS-CoV-2 (1075 PFU per insert; estimated MOI of ~0.1) and treated with
compounds on the apical side of the cells for 2 hours. For uninfected controls, PBS was used
instead of virus. The compounds were also present in the basal medium during the whole
experiment until 48 hpi when samples were harvested. Treatment with 0.5 pM of
compound 11 reduced the viral load significantly by up to 100-fold compared to the
untreated control (Figure 4a). Deoxynojiriomycin derivative 2 reduced SARS-CoV-2 to
similar titers, but at higher compound concentrations (10 and 100 uM), while Miglustat 1
had only a slight effect at the highest concentration measured (100 mM) (Figure 4a).
Measurement of cell death (by LDH release in the supernatant) revealed that none of the
compounds tested caused significant cytotoxicity at the highest concentrations (Figure 4b).
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We also evaluated the reduction of retaining a-glucosidases in the treated ALI-PBEC cell
cultures by treatment of the cell lysate at 48 hpi with retaining a-glucosidase activity-based
probe 29, which labels GAA (isoforms at 70 and 76 kDa) and both isoforms of GANAB (~100
kDa) at pH 7 (369) (Figure 4d). In line with the in vitro enzyme activity assay results (Figure
2a), compound 11 was most efficient in inhibiting ER a-Glu Il and GAA at low concentrations
(Figure 4c and Figure S2), suggesting that in cellulo ER a-Glu Il inhibition potency correlated
well with the efficacy to block SARS-CoV-2 replication.
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Figure 4: Reduction of SARS-CoV-2 infection in primary bronchial epithelial cells is consistent with inhibition of
active ER a-glucosidase Il. (a) Viral load reduction assay in ALI-PBEC. Supernatant was harvested at 48 hpi to
quantify infectious progeny by plaque assay. n = 3 independent experiments. Mean + SEM are shown. Statistical
analysis was conducted using one-way ANOVA and significant differences are indicated by *p<0.05. (b) The viability
of uninfected compound-treated cells was measured by LDH release assay in parallel, to assess cytotoxicity of the
compounds. Mean + SEM are shown. (c) Following compound treatment, cells were lysed and the lysate at pH 7.0
was treated with activity-based probe (ABP) 29 to assess cellular retaining a-glucosidase activities in a competitive
activity-based protein profiling experiment. A representative gel of three independent experiments (with two
biological replicates/ALI-PBEC inserts each) is shown. (d) Schematic representation of ABP labelling. Part of the
figure in (d) was adapted from (369). Figure S2 shows the Gelcode Blue stained gel of (c), which demonstrated that
equal amounts of protein were loaded.

1,6-Epi-cyclophellitol cyclosulfate inhibits SARS-CoV-2 replication at a post-entry
step of the viral replication cycle

We then investigated the mode of action of 1,6-epi-cyclophellitol cyclosulfate 11 by
assessing which step in the viral replication cycle is inhibited. First, we assessed whether
the compound affects the infectivity of virus particles, that is, has virucidal or neutralizing
activity. Therefore, SARS-CoV-2 was incubated with a high concentration of compound 11
(50 uM) for 1 h at 37 °C, and subsequently the infectious virus titer was quantified by plaque
assay. Control treatment with 70% ethanol led to full inactivation of the virus, while
compound 11 had no effect on the infectious titer (Figure 5a). Next, we assessed if
treatment early during infection had an effect on virus replication. We infected H1299/ACE2
cells with SARS-CoV-2 at an MOI of 3 and started treatment with compound 11 at 1 hpi. At
2,3 and 5 hpi, cells were harvested and RT-qPCR was performed to quantify the intracellular
viral genome copies. The kinetics of intracellular viral RNA accumulation were similar in
untreated and compound 11 treated cells, suggesting the compound had no effect on
(early) RNA replication (Figure 5b).

To evaluate whether compound 11 has an effect on host proteins (for instance, ACE2)
involved in viral entry, we treated monolayers of H1299/ACE2 cells with compound 11
either 48 or 2 h before infection, during infection (0-1 h), or starting from 1 h post-infection
(hpi). The cell monolayers were infeed with ~20 PFU of SARS-CoV-2 and after 1 h the
inoculum was replaced with an overlay. In one well (Post Infection) the overlay contained
compound 11. Remdesivir, a viral RNA synthesis inhibitor, was added to the overlay of
another well, as a positive control for blocking virus replication in the cell. At 3 dpi cells were
fixed and stained with crystal violet. Pre-treatment of the cells with compound 11, or
treatment only during infection had no effect on the number of plaques that developed or
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their morphology. Only the presence of compound 11 after infection prevented the
formation of plaques, similar to treatment with remdesivir treatment (Figure 5c and 5d).
This result suggests that the antiviral effect of 11 is not through modulating expression or
functioning of host proteins (such as the ACE2 receptor) that are essential for viral
attachment to, or entry into, the host cell.
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Figure 5: 1,6-Epi-cyclophellitol cyclosulfate 11 inhibits SARS-CoV-2 replication and syncytium formation by
reducing intracellular spike protein levels and processing. (a) Virucidal activity assay in which SARS-CoV-2 was
incubated with compound 11 or 70% ethanol (as control) for 1 h at RT, and (remaining) infectious progeny was
quantified by plaque assay. n = 2 independent experiments. Mean + SEM are shown. Statistical analysis was
conducted using one-way ANOVA and significant differences are indicated by *p<0.05. (b) H1299/ACE2 cells were
infected with SARS-CoV-2 (MOI 3) and treated with 11 from 1 hpi until harvesting at the indicated time points.
Intracellular viral RNA copies were quantified by RT-gPCR. n = 3 independent experiments. (c, d) Plague reduction
assay was performed with 1 h infection and incubation for 3 days until cells were fixed and stained with crystal
violet. Cells were treated with 5 uM of compound 11, either before infection (pre-treatment), during infection, or
after infection (post infection) in the overlay. Treatment with RDV in the overlay was used as a control. n = 2
independent experiments. Means + SEM are shown. (e) Western Blot analysis of viral S protein in the medium and
cell lysates of untreated (UNT) or compound 11 treated (2 uM) H1299/ACE2 cells that were infected with SARS-
CoV-2 (MOI 2) and analyzed at 10 hpi using an S2-specific antibody. The medium was spiked with ovalbumin (Ova)
as a recovery control and was concentrated, before a sample corresponding to ~250 pL of the original medium
volume was analyzed. a-tubulin was used as a loading control for cell lysates. (f) H1299/ACE2 cells were infected
with SARS-CoV-2 (MOI 0.1), fixed at 10 hpi, and the viral S protein and ER marker PDI were visualized by
immunofluorescence microscopy. Cells were stained with human anti-SARS-CoV-2 S protein antibody (green),
mouse anti-PDI antibody for ER staining (red), and Hoechst for visualizing nuclei(blue). White arrows indicate co-
localization of S with PDI. Images are representative of n = 2 independent experiments.

1,6-Epi-cyclophellitol cyclosulfate inhibits SARS-CoV-2 replication through effects
on intracellular S protein maturation and infectivity of viral progeny

From the above-described experiments it became evident that treatment with 1,6-epi-
cyclophellitol cyclosulfate 11 led to a reduction in virus infectivity, but not to a reduction in
the number of viral genome copies (Figure 3), and that inhibition was not through an effect
on the receptor or virus binding and entry, but at a post-entry step other than RNA
replication (Figure 5a-d). Therefore, we suspected an effect on the S protein. As shown in
Figure 4, compound 11 effciently inhibited ER a-Glu Il, which is crucial for the processing of
N-glycosylated viral proteins such as S. To assess the effect of a-Glu Il inhibition on S protein
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production/maturation, we performed viral load reduction assays on H1299/ACE2 cells.
Cells were infected with SARS-CoV-2 (MOI of 2) and treated with 2 uM of compound 11 or
cell culture medium. At 10 hpi medium and cell lysate were harvested to analyze S protein
levels by Western blotting with an S2-specific antibody. Treatment with compound 11 led
to a minor reduction in the amount of full-length S protein in the cell lysate and to the
almost complete disappearance of the ~90 kDa S2 fragment, a product of proteolytic (furin)
cleavage of mature S protein in the Golgi apparatus. This indicated that treatment with 11
impaired maturation of the S protein in the ER, leading to reduced trafficking to the Golgi
(Figure 5e). The amount of (processed) S2 was also strongly reduced in the medium of
compound-treated cells, suggesting the compound impaired biogenesis of particles or their
S protein content (Figure 5e).

Next, we set out to analyze the effect of compound 11 treatment on the level and
localization of the S protein in infected cells, and formation of syncytia, which are large
multinucleated cells resulting from the interaction of S protein on the surface of infected
cells with ACE2 receptors on neighbouring cells, which triggers cell fusion. To this end, SARS-
CoV-2-infected H1299/ACE?2 cells (MOI 0.1) were treated with 5 uM of compound 11 or cell
culture medium as control, and at 10 hpi cells were fixed and analyzed by
immunofluorescence staining for the viral S protein and the ER marker protein disulfide
isomerase (Figure 5f). We observed a reduction in the amount of S protein in infected cells
that were treated with compound 11 and the co-localization of S protein with the ER
marker, which suggests (partial) retention of S proteins in the ER. Treatment also led to
reduced syncytium formation compared to untreated infected cells, likely due to impaired
maturation, and subsequent impaired trafficking of S protein to the plasma membrane.

Discussion

In this study we have assessed the ER a-Glu Il inhibitory potency and anti-SARS-CoV-2
activity of selected members (28 compounds in total) of two classes of glycomimetics:
iminosugars and cyclitol analogues, and to what extent these two effects correlate.
Deoxynojirimycin-type iminosugars as competitive inhibitors have been studied for almost
four decades as candidate-antivirals for pathogenic viruses that rely on ER-protein quality
control, and in recent years have also been explored as anti-SARS-CoV-2 agents (336, 337,
340, 346, 370, 371). In contrast, cyclophellitol-type mechanism-based inhibitors have not
been considered for this purpose. The results described here support the hypothesis that
mechanism-based inactivation of ER a-Glu Il may lead to effective new antiviral agents to
treat infections with the numerous viruses that rely on host protein glycosylation for
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replication. In particular, 1,6-epi-cyclophellitol cyclosulfate 11, the most potent ER a-Glu Il
inhibitor of the tested compounds, also blocked viral replication most effectively. Further
investigations revealed that the antiviral effect is not due to effects on (glycosylation or
quantity of) host cell factors that play a role in virus binding and entry into the host cell, or
replication of the viral genome, suggesting it does not (noticeably) target the SARS-CoV-2
non-structural proteins. The antiviral effect is on blocking N-glycosylation of the S protein,
the most heavily N-glycosylated SARS-CoV-2 protein, which plays crucial roles in virus
binding and entry. The absence of cleaved S2 fragment in compound treated cells, indicates
that impairing processing of S protein at the ER led to reduced trafficking of S to the Golgi
and prevention of (furin) cleavage of the S1/S2 site, ultimately leading to less mature S
protein for incorporation into infectious virus particles. Thus, cyclosulfate 11 acts on protein
N-glycosylation/ER protein quality control, just as the N-alkyl deoxynojirimycin derivatives
tested by us and others, but, in addition compound 11 is much more selective compared to
the iminosugars (353). Considering the mechanistic mode of action of inverting and
retaining glucosidases, compound 11 inhibits retaining a-glucosidases exclusively over
inverting a-glucosidases; with in the context of this work the lysosomal retaining a-
glucosidase, GAA, as the single off-target. Deoxynojirimycin-type iminosugars in contrast
also block inverting a-glucosidases including ER a-Glu I. The finding that blocking ER a-Glu Il
alone is sufficient (at least in the assays reported here) for halting SARS-CoV-2 replication
may therefore be beneficial for situations in which ER inhibiting a-Glu I has adverse effects.
Iminosugars have often also other human glycoprocessing enzymes as off-target. N-
butyldeoxynojirimycin 1 (Miglustat) is applied in the clinic for the treatment of Gaucher
disease where it acts as glucosylceramide synthase inhibitor (362, 372). It also inhibits the
three human retaining b-glucosidases, GBA1, GBA2, GBA3 (373). None of these enzymes
play a role in SARS-CoV-2 infections, and their inhibition may lead to adverse effects as well.
Such adverse effects in contrast are not to be expected from 1,6-epi-cyclophellitol
cyclosulfate 11, which does not inhibit any of these enzymes (GCS, GBA1, GBA2, GBA3) as
we have shown before (353). Arguably, adverse effects as elicited by 11 may be the result
of inhibition of the lysosomal a-glucosidase, GAA, however this enzyme is also inhibited by
the iminosugars (374). We therefore conclude that compound 11, which in contrast to the
iminosugars is non-basic, thus not charged at physiological conditions, may be a good
starting point for the development of new antiviral agents for the treatment of infections
by SARS-CoV-2 and other (emerging) viruses that require ER-protein quality control for
replication.
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Methods

Compounds and cell lines

Inhibitors were synthesized at the department of bio-organic synthesis at the Leiden
Institute of Chemistry. The synthesis of the cyclitol and iminosugar inhibitors 9-11, 17, 18—
22, 25, 26, and 1-8 have been published previously (353, 359-361, 363, 365). The synthesis
of methylated sulfates 12-16 and alkyl aziridines 23, 24, 27 and 28 can be found in the
supporting information (Scheme S1 — S5). Lyophilized compounds were diluted in DMSO
prior to use. Remdesivir, which was used as compound control in different assays, was
purchased from Sigma-Aldrich and dissolved in DMSO.

Vero E6 cells and HuH-7 cells were cultured as previously described (375). Human lung cell
line H1299/ACE2 is described elsewhere (376). These cells were cultured in Dulbecco’s
modified Eagle’s medium with 4.5 g/L glucose with L-glutamine (DMEM; Lonza, Basel,
Switzerland) supplemented with 10% fetal calf serum (FCS) (CapriCorn Scientific,
Ebsdorfergrund, Germany), 100 U/mL of Penicillin/Streptomycin (P/S) (Sigma-Aldrich, St.
Louis, MO, USA), and 1200 pg/mL G418 for selection (InvivoGen, San Diego, CA, USA).
Infections of Vero E6 cells, HuH-7 cells, and H1299/ACE2 cells were performed in Eagle’s
minimal essential medium with 25 mM HEPES (EMEM; Lonza) supplemented with 2% FCS,
2 mM L-glutamine (Sigma-Aldrich), and 100 U/mL of P/S. Primary human bronchial epithelial
cells (PBEC) were isolated and cultured as previously described (377). All cell cultures were
maintained at 37 °C in an atmosphere of 5% CO..

Virus stocks

All experiments with infectious SARS-CoV, SARS-CoV-2, or MERS-CoV were performed at
the LUMC biosafety level 3 facilities. The clinical isolate SARS-CoV-2/Leiden-0008 (isolated
at LUMC during the first wave of the Corona pandemic in March 2020 (GenBank:
MT705206.1) was used for H1299/ACE2 and ALI-PBEC infections. This virus stock was not
adapted to Vero E6 cells with regard to the spike S1/S2 cleavage site (confirmed by NGS).
For CPE assays in Vero E6 cells SARS-CoV-2/Leiden0002 was used (GenBank: MT510999.1).
SARS-CoV-2 variant B.1.1.7 (A), variant B.1.351 (Beta), and variant B.1.617 (Delta) were
obtained from the University of Leuven. SARS-CoV-2 variant BA.1 (Omicron) was obtained
from RIVM (strain hCoV-19/Netherlands/NH-RIVM-72291/2021, lineage B.1.1.529,
GenBank: OR427989.1) and variant XBB.1.5 was isolated from a patient sample at LUMC.
SARS-CoV-2/Leiden-0008 (Passage 2), SARS-CoV-2/Leiden0002 and SARS-CoV isolate
Frankfurt 1 (298) (Passage 4) were grown on Vero E6 cells. Alpha (Passage 4), Beta (Passage
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4), Delta (Passage 4), Omicron BA.1 and XBB.1.5 (P3) variants were grown on Calu-3 cells.
MERS-CoV (N3/Jordan) (GenBank: KJ614529.1) (Passage 3) and HCoV-229E were grown on
HuH-7 cells. Virus titers were determined by plaque assay on Vero E6 cells, and for MERS-
CoV and HcoV-229E on HuH-7 cells, as described before (255).

In vitro GAA and GANAB enzyme activity assay

Inhibition of the enzymes GAA and GANAB by the compounds was tested in vitro as
described previously (353). Briefly, enzymes were preincubated with a range of inhibitor
concentrations for 30 min at 37°C. The residual activity of the enzymes was then measured
by adding the 4-MU—Glc substrate mixture at their corresponding optimal pH. Reactions
were quenched with 1 M NaOH—glycine (pH 10.3) upon completion, and 4-MU fluorescence
was measured with an LS55 fluorescence spectrophotometer (PerkinElmer) (AEX 366 nm;
AEM 445 nm). IC50 values reported are the mean values from three technical replicates.

Cytopathic Effect (CPE) reduction assay

CPE reduction assays were performed as previously described (375). Briefly, Vero E6 cells
were seeded in 96-well plates at a density of 5*103 cells per well. The next day, cells were
infected with SARS-CoV-2/Leiden0002 in the presence of 2-fold serial dilutions of
compound. 4 days post infection the CellTiter 96 aqueous nonradioactive cell proliferation
kit (Promega) was used to measure the cell viability of infected (protection) and non-
infected cells (assessment of cytotoxicity). ECso values reported are the mean values from
three independent experiments and were calculated using GraphPad Prism 6.

Expression of Mma-Glu-II

The two subunits of M. musculus a-glucosidase Il ganab and prkcsh were subcloned into
separate vectors (pOPING and pOPINGS for ganab and prkcsh respectively) and codon
optimized for mammalian expression by Genscript. Each vector was transformed into DH5a
(Thermofisher) cells by heat shock. Cultures of each subunit were grown at 37 °Cin LB, and
the amplified DNA was purified using the PureLink™ HiPure plasmid filter Maxiprep kit
(Invitrogen) obtaining 750 pg of DNA for both constructs. The isolated DNA was co-
transfected into a 600 mL suspension of 293-F cells following the Freestyle 293 Expression
system protocol (ThermoFisher) and harvested after 4 days at 37°C, 8% CO2, at 135 rpm.
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Purification of ER a-Glu-II

Cells were pelleted at 200 g, for 20 minutes at 4 °C and the clarified media was then further
centrifuged for 20 minutes, at 5000 g at 4 °C. The clarified media was loaded onto a pre-
equilibrated 5 mL HisTrap excel column (Cytiva) with binding buffer (1x PBS, 20 mM
imidazole, 5% glycerol w/v) and eluted using a buffer gradient 0-100% of elution buffer (1x
PBS, 500 mM imidazole, 5% glycerol w/v) over 20 CVs. Fractions containing Mma-Glu-II
were concentrated and loaded onto size exclusion S200 column (Cytiva), which was pre-
equilibrated with HEPES buffer (20 mM HEPES pH 7.5 and 150 mM NacCl). The Mma-Glu-II
containing fractions were pooled and a trypsinolysis was performed using sequencing grade
modified trypsin (Promega), supplemented with 2 mM CaCl: for 4 hours at a ratio of 1:100
(trypsin: Mma-Glu-Il). The size exclusion was repeated and the resulting Mma-Glu-Il was
pooled and concentrated to 8 mg/mL.

Thermal shift assays

Triplicate reactions of 10 uM Mma-Glu-Il unliganded control and 10 uM Mma-Glu-II with
50 uM inhibitor were prepared to a final volume of 30 pL with buffer (20 mM HEPES pH 7.5
and 150 mM NaCl). Before the assay, 20x SYPRO orange dye was added to each reaction
mixture. The assay was performed using the Stratagene Mx3005P gPCR machine where the
SYPRO orange dye was excited at Aex 517 nm and monitored at 585 nm with 2 °C min’!
increases from 25 °C — 95 °C. Readings were averaged to produce a thermal stability curve
with fluorescence plotted against temperature and the Tm estimated from the midpoint.

Viral load reduction assays

For SARS-CoV-2 (variants) and HCoV-229E infections, H1299/ACE2 cells were seeded in 96-
well plates at a density of 10 cells per well and the next day infected at MOI 1. Infections
with SARS-CoV-2 were incubated at 37 °C, and infections with HCoV-229E at 33 °C. For SARS-
CoV or MERS-CoV infections (MOI 1), Vero E6 or HuH-7 cells were seeded in 96-well plates
at a density of 2*10* cells per well. Cells were incubated at 37 °C. After removal of the
inoculum at 1 hpi, cells were washed three times with warm PBS or medium after which
they were incubated in infection medium (EMEM). Supernatant samples were harvested at
16 hpi and infectious virus titers were determined by plaque assay, and viral RNA copy
numbers by RT-gPCR. In parallel, the cytotoxicity of compound treatment was measured on
uninfected cells by the CellTiter 96 aqueous nonradioactive cell proliferation kit.
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Immunofluorescence staining

For immunofluorescence imaging of viral spike protein H1299/ACE2 cells were seeded onto
glass cover slips in 24-well plates at a density of 1.6*%10° cells per well. Thenext day they
were infected with SARS-CoV-2/Leiden0008 (MOI 0.1) in Opti-MEM reduced serum medium
(Thermo Fisher Scientific). At 16 hpi, cells were fixed with 3% warm paraformaldehyde.
Immunofluorescent staining of viral spike protein was done using human anti-spike
antibody P52 (gift from King’s college) and goat-a-human IgG Alexa 488 antibody (Thermo
Fisher Scientific). Staining of endoplasmic reticulum was done using mouse anti-PDI
antibody (Fuller)(378), and donkey-a-mouse Cy3 antibody (Jackson).

Western Blot

For western blot analysis, H1299/ACE2 cells were seeded in 6-well plates at a density of
6.5*%10° cells per well and the next day infected with SARS-CoV-2/Leiden0008 at an MOI of
2. At 10 hpi supernatant was harvested and 4000 uL medium was spiked with ovalbumin
(internal recovery control), and concentrated to 150 pL using Amicon Ultra-0.5 centrifugal
filter units (Merck), according to the manufacturer’s instruction. An equal amount of
Laemmli buffer was added and samples were heated at 95 °C for 5 min. Samples were
analyzed by SDS-PAGE (10% gel, 30 min at 90 V, then 50 min at 120 V) and subsequently
blotted for 30 min in a semi-dry blotting system (Bio-Rad). The membrane was blocked with
1% casein in PBST for 1 h at RT, before incubation with primary antibodies overnight at 4 °C.
Spike proteins were detected using SARS/SARS-CoV-2 spike protein S2-specific mAb 1A9
(Invitrogen) as primary antibody. The loading control tubulin was detected with mouse-anti-
a-tubulin antibody B-5-1-2 (abcam) and spiked ovalbumin was detected with mouse
ovalbumin mAb 1D3D5 (ThermoFischer). The next day the membrane was washed three
times for 5 min with PBST, and then incubated in 0.5% casein in PBST with a secondary goat-
a-mouse-HRP antibody (P0447, Dako) for 1 h at RT. After washing again three times, the
membrane was incubated in Clarity Western ECL Substrate (Bio-Rad) for 2 minutes and
imaged with the Uvitec Alliance Q9 advanced imager.

RNA isolation and RT-qPCR

RNA was isolated by magnetic bead isolation, as described in (368). Equine arteritis virus
(EAV) in AVL lysis buffer (Qiagen) was spiked into the isolation reagent as an internal control
for extracellular RNA samples. RT-gPCR was performed using TagMan Fast Virus 1-step
master mix (Thermo Fisher Scientific) and as previously described (234). The cellular
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reference gene PGK1 served as a control for intracellular RNA. Primers and probes for EAV
and PGK1 and the normalization procedure were described before (255). Primers and
probes for SARS-CoV-2, as well as a standard curve, were used as described previously (234,
256).

Plaque Assay

To quantify infectious virus titers, plaque assays were done on Vero E6 cells (SARS-CoV-2
and variants, SARS-CoV), H1299/ACE2 (HCoV-229E) or HuH-7 (MERS-CoV). For SARS-CoV-2
and variants, 2x10* cells/well were seeded in a 96-well plate, and serial dilutions of samples
were inoculated for 1 h at 37 °C on a rocking platform. Inoculums were removed and 100
pL of methylcellulose overlay was added. Cells were incubated for 4 days until fixation and
crystal violet staining. Alternatively, plaque assays for SARS-CoV-2 and variants were done
in 6-well plates, with avicel overlay and 3 days incubation. HCoV-229E samples were
quantified in 12-well plates, using avicel overlay and incubating for 4 days. MERS-CoV
samples were quantified in 12-well plates with avicel overlay or 96-well plates with
methylcellulose overlay for 3 days.

Infection of ALI-PBEC and activity-based probe labelling

ALI-PBEC were pre-treated with compound in the basal medium for 3 hours. Cells were
infected with 100 000 PFU of SARS-CoV-2/Leiden0008 per insert (estimated MOl of 0.1) with
compounds present in the inoculum. After 2 hours at 37 °C on a rocking platform, the
inoculum was removed and cells were washed three times with warm PBS. Compounds
stayed present in the basal medium until 48 h post infection. At 48 hpi the viral load was
determined by plaque assay on a 200 pL apical wash (PBS incubated on the apical side of
the inserts for 10 min at 37 °C). For assessing cytotoxicity with the CyQuant LDH cytotoxicity
assay (Thermo Fisher Scientific), 10 uL of apical wash was diluted 5x with 40 uL PBS. 25 uL
of this dilution was added to 25 plL assay reagent and incubated for 30 min at RT in the dark.
The plate was fixed and measured at a wavelength of 490 nM (Envision reader, Perkin
Elmer). For the activity-based probe labelling, the inserts were washed one more time with
PBS and processed as described previously (369). Briefly, cells were lysed with 60 uL of
potassium phosphate buffer per insert. A fluorescently-labelled Probe (JJB383) was diluted
in Mcllvaine buffer (pH 7) to a 10 uM stock and incubated for 5 min on ice. For labelling of
the cell lysate, 10 pL of lysate was added to 10 uL of Mcllvaine buffer and 5 uL of probe. The
lysate was incubated for 30 min at 37 °C, before addition of 10 pL of Laemmli sample buffer
(4x). Samples were heated at 95 °C for 5 min and separated in a 10% SDS-PAGE gel.
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Fluorescence was measured at a wavelength of 625 nm (Cy5) with a Uvitec Alliance Q9
imager (BioSPX). After imaging, the gels were stained with GelCode Blue stain reagent
(Thermo Fisher Scientific) and visualized using a Uvitec Essential V6 system to check for
equal loading.

Plaque reduction assay

H1299/ACE2 cells were seeded in a 6-well plate at a density of 1.3*1075 cells/well (20 %
confluency), 96 h prior to infection. Cells were treated with 5 uM of compound 11 either 48
or 2 h before infection, or during the 1 h infection in the inoculum. The monolayers were
infected with ~20 PFU of SARS-CoV-2/Leiden0008. In the post infection treatment, the
compound (or RDV) was added to the avicel overlay. Cells were incubated for 4 days at 37
°C before fixation and crystal violet staining.
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Introduction

December 2019 marked the beginning of an unprecedented pandemic, with an enormous
impact on health, society and economy worldwide. During the next four years, intensive
research efforts have enhanced our understanding of many aspects of SARS-CoV-2
replication, pathogenicity and epidemiology, contributing to the rapid development of
effective vaccines and antiviral drugs. Undoubtedly, decades of prior research on
coronaviruses helped to understand and combat SARS-CoV-2 at such an unprecedented
speed. Still, there are many aspects of SARS-CoV-2 and its associated disease COVID-19 that
are not fully understood. Many healthy individuals will experience asymptomatic infections
(1-3). If symptoms occur, they are primarily of a respiratory nature and can range from mild
to severe, resulting in life-threatening pneumonia in a fraction of patients (4). However, the
virus can also cause damage to other organs, like the cardiovascular, gastrointestinal, or
nervous system, rendering COVID-19 a multisystemic disease. COVID-19 is unique in that it
can cause acute olfactory dysfunction (anosmia), a loss of smell or taste that occurs more
frequently than reported for other viruses, with the underlying mechanism remaining
unclear (5, 6). Another phenomenon that is not fully understood, is post-COVID syndrome
(also known as “long COVID”), a term used to describe a plethora of possibly debilitating
symptoms that persist or arise after the acute infection, and can last for months or years.
The development of post-COVID syndrome is associated with all disease severity, ages or
vaccination status (7-10). Although the rapid development of vaccines and antiviral
therapies was successful and helped to curb the pandemic, SARS-CoV-2 has now become
endemic in the human population, with new variants continuously evolving (11) and causing
periodic spikes in infection rates (12). Although the World Health Organization has declared
the pandemic no longer a public health emergency, the evolution of SARS-CoV-2 and the
emergence of new variants with possible changes in virulence continues to be monitored
(12, 13). Omicron descendants, which are now, in early 2024, the dominant circulating
strains, have increased transmission fitness (14, 15), changed their cell entry routes
compared to early pandemic variants (16), and also cause olfactory dysfunction less
frequently (17). New variants also show some level of evasion to natural or vaccine-induced
immunity against earlier variants (16, 18, 19). In response, vaccines were updated (20).
Continuous monitoring of SARS-CoV-2 evolution, as well as research and surveillance to
detect zoonotic transmission of novel coronaviruses from their abundant animal reservoirs,
will be crucial to detect new threats early on. While vaccines are efficient in curbing an
outbreak of a known virus or new virus variants, by protecting a naive population or
reducing reinfections, their development takes time, and the demand for safe and effective
antiviral drugs remains, for prophylaxis or treatment of early patients. Particularly broad-
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spectrum antivirals would enable a faster response to combat (re-) emerging viruses,
especially in an outbreak situation. Ideally, they would be stockpiled and made available
quickly in the early phase of an outbreak. When vaccines are not yet available, such drugs
could also be used prophylactically pre- or post-exposure. Furthermore, with COVID-19,
patients often present with serious symptoms rather late, so there is not only a need for
drugs that directly inhibit virus replication, but also for therapeutics that target the
(pathogenic) host responses to infection, as well as treat post-COVID syndrome. One major
challenge of all antiviral therapeutic approaches is the translation of drug efficacy and safety
in preclinical models into clinical development. The use of advanced human cell culture
models, that are more biologically relevant than immortalized cells and recapitulate the
human tissue complexity, can help overcome this limitation.

The research projects described in this thesis, aimed to contribute to combatting SARS-CoV-
2, and to increase our preparedness for the next emerging coronavirus. Besides screening
for antiviral compounds, SARS-CoV-2 infection was characterized in an advanced infection
model of human primary airway epithelial cells cultured at the air-liquid interface (HAE-ALI),
aiming to better understand infection biology, epithelial host responses and the effect of
antiviral drugs. Furthermore, SARS-CoV-2 and other coronavirus infections of HAE-ALI
cultures revealed differences in host responses to high- and low-pathogenic coronaviruses.

Understanding coronaviruses through studying infection of advanced cell
culture models (Chapters 2 and 3)

At the start of the SARS-CoV-2 pandemic, many researchers rushed to develop cell culture
models in order to culture the virus and study its replication. Initially, the Vero E6 cell line
was often used for studying SARS-CoV-2 and antiviral drug testing, but later the use of these
cells was found to have some specific drawbacks. Besides the fact that they are African
green monkey kidney cells and not representative of the human lung epithelium, they do
not elicit an interferon immune response (21) and express high levels of an efflux
transporter protein, which leads to increased cellular export of molecules like antiviral
compounds, thus potentially obscuring efficacious compounds (22). The latter can be
avoided by adding efflux inhibitors to the cell culture medium. Another disadvantage of
using Vero EG6 cells is the rapid acquisition of adaptive changes in the S protein of SARS-CoV-
2. The SARS-CoV-2 S protein contains a furin cleavage site between the S1 and S2 domains,
which plays a role in the high infection efficiency of SARS-CoV-2 (23). Upon passaging of
(early pandemic variants of) SARS-CoV-2 in Vero E6 cells, several research groups reported
that SARS-CoV-2 lost the furin cleavage site, resulting in drastic phenotypic changes (24, 25)
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that improved viral fitness in Vero E6 cells, but reduced pathogenic properties in vivo (26).
This is only one example that emphasizes that the choice of the right cell culture system for
propagating and studying SARS-CoV-2 is crucial (24). Cell lines and organoids representing
the liver, intestinal system, heart, brain, or kidney, have also been used (27-29), which might
be relevant to study the implications of SARS-CoV-2 infections outside the respiratory tract.
As the respiratory system is the entry point and primary target organ for SARS-CoV-2, the
availability of in vitro infection models that represent the lung epithelium was crucial. Most
frequently, conventional cell culture was used, with immortalized lung cell lines, like cancer-
derived Calu-3 cell lines, immortalized human bronchial epithelial cells (30), or cell lines that
are non-permissive but were modified to express higher levels of ACE2, like A549 or H1299
lung cancer-derived cells (31). More advanced cell culture infection models like human
primary airway epithelial cells, cultured at the air-liquid interface (HAE-ALI), and organoids
were also developed. Additionally, there are advances in the development and use of
precision-cut lung slices or lung-on-a-chip models (32) that add further relevant infection
models to the SARS-CoV-2 toolbox. The use of such advanced cell culture models has clear
ethical and economic advantages over the use of animal models, and working with them is
also less labour intensive and faster (33). At the same time, advanced models that use
primary human epithelial cells better recapitulate the lung epithelium and the human tissue
complexity (34), as opposed to monocellular laboratory-adapted immortalized or tumour
cell lines.

Chapter 2 describes the characterization and optimization of SARS-CoV-2 infection in in-
house produced ALI cultures of well-differentiated HAE cells. Using donor cells isolated from
different anatomical locations, we found that ALl cultures of bronchial cells displayed
increased SARS-CoV-2 infection compared to cultures of tracheal origin. The trachea and
bronchi are at the beginning of the lower respiratory tract and contain similar cell types,
mainly ciliated, goblet, club, and basal cells (35). Others have also found differences in
infection based on the location in the respiratory system. Human nasal epithelial cells and
upper airway cells in vitro were reported to be more permissive to infection than lower
airway cells (36). High levels of virus replication in the upper airway could be linked to
transmission efficiency, while high infection rates in the distal airway region of the alveoli is
associated with severe disease symptoms and lung tissue damage, which was shown in non-
human primate models as well as in deceased patients (37, 38). Single-cell sequencing data
also revealed that a hyperinflammatory phenotype was enhanced in the bronchi compared
to the nasopharynx (39). The difference in susceptibility between airway regions can be
explained by the presence of susceptible cells containing the virus entry receptor and other
co-factors. Ciliated cells, but also goblet or club cells are the main target cells of SARS-CoV-
2 (40-43), as confirmed by our studies described in Chapter 2. Recently, a study analyzing
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lung tissue from deceased patients with acute infection also confirmed ciliated cells as the
main target cell type in the bronchial epithelium (38). Accordingly, our bronchial epithelial
cell cultures, in which we observed higher viral infection, contained more ciliated cells than
the cultures using cells derived from the trachea. A longer culture time also changed the
cellular composition towards the presence of more susceptible cells and our transcriptome
analysis revealed an increase in TMPRSS2 and CTSL expression, both host proteases
facilitating virus entry into the cell, and expressed on ciliated cells (44). They are also both
targets of antiviral drugs currently investigated for SARS-CoV-2 (Table 1). Besides the
influence of the presence of ciliated cells (and virus entry factors) on viral infection, our
study indicates a complex interplay of factors, in which the presence of goblet cells plays a
role, as treatment with a y-secretase inhibitor (DAPT), which shifts the epithelial
differentiation entirely toward ciliated cells, did not increase virus replication compared to
untreated cells. IL-13 treatment skewed differentiation towards more goblet cells, but with
ciliated cells still present, resulting in (slightly) higher levels of infection compared to
untreated cultures. Despite ciliated cells being the main target, there might be other factors
in play, like the presence of the mucus that is secreted by goblet cells (45). Contrary to our
results, one study showed a reduction in virus replication after IL-13 treatment (46), but in
that study cell cultures were only treated for 48 hours, while our cultures were treated for
two weeks to achieve differences in the cellular composition of the epithelium. Another
study showed the upregulation of TMPRSS2 and downregulation of ACE2 expression by IL-
13, however, this study focused on a different airway location, i.e. the nasal epithelium of
children (47). Furthermore, that study and others also showed that ACE2 is an infection-
mediated interferon-upregulated gene, which highlights the impact of virus infection itself
on the expression of pro-viral factors like ACE2 and susceptibility of the epithelium (39).
Allergic asthma, a disease associated with IL-13-induced changes in epithelial cell
composition, was suggested to leave patients more vulnerable to a severe COVID-19
outcome, although reports are not always concordant (48, 49). Also chronic obstructive
pulmonary disease (COPD) induces altered epithelial cellular composition, and was found
to be a risk factor for severe COVID-19 (50). Our findings, that changes in epithelium cell
composition (especially with ciliated and goblet cells of the mucociliary system) can impact
the susceptibility to SARS-CoV-2, therefore could have implications for the disease outcome
in patients with chronic lung diseases. Knowledge about the susceptibility of cells and the
kinetics of virus replication and spread is important to understand virus transmission,
pathogenesis, and evolution. A recent study showed that the SARS-CoV-2 variant Omicron
BA.5, compared to its predecessors Omicron BA.1 and BA.2, more efficiently enters human
lung cells and replicates better in the upper and lower respiratory tract of animal models
(51). This indicates that it is not certain that continued subvariant evolution will only lead
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to viruses that are less pathogenic, and that studying the replication kinetics and properties
of new variants in advanced infection models remains crucial, to monitor risks.

To decipher the factors that determine replication kinetics and virulence, comparative
studies (in advanced infection models) of different coronaviruses can provide valuable
information. SARS-CoV and MERS-CoV are both highly pathogenic, but they use different
cell-entry factors (52, 53), which can affect host cell tropism. A common cold coronavirus
(NL63), causing only mild respiratory symptoms, utilizes the same ACE2 receptor (54) as the
highly pathogenic SARS-CoV and SARS-CoV-2. This demonstrates that the determinants of
pathogenicity are more complex than receptor use/cell tropism alone. Therefore,
comparisons of host cell responses to high- and low-pathogenic coronaviruses in relevant
infection models can help to understand the host and viral factors that truly play a role in
pathogenesis.

Chapter 3 describes the differences in the host transcriptional response of HAE-ALI cultures
to various coronaviruses. Although SARS-CoV-2 has been intensively studied since the start
of the pandemic, only a limited number of comparative studies was done to learn from the
differences and similarities between this pandemic virus and other human coronaviruses
(55-60). One study utilized nasal epithelial cells cultured at the ALl and focussed on the
infection kinetics and cell tropism of pathogenic and common cold coronaviruses, but did
not investigate host responses (55). Some studies identified transcriptome changes induced
by infection with pathogenic coronaviruses, but did not include common cold viruses (56,
57,59), or combined already available datasets from different studies (57, 60). One of these
studies employed a meta-analysis of available datasets for SARS-CoV and MERS-CoV from
different studies (that used different cell culture models) and utilized the Calu-3 lung cancer
cell line to compare differentially expressed genes in SARS-CoV, MERS-CoV and SARS-CoV-
2 infections, but did not find major differences (57). Based on their analyses of common
dysregulated pathways, they also performed a screen for potential drugs. In another study,
analysis of the global transcriptomes of the cell lines Calu-3 and A549hACE2, infected with
SARS-CoV-2, showed varying responses, underlining the impact of the choice of cell culture
model on experimental results (61). Another study employed a biologically more relevant
cell line of primary human lung epithelial cells and found differences in the responses to
MERS-CoV and SARS-CoV-2 infection, mainly concerning immune-response-related genes.
The study also reported an increased number of differentially expressed genes in MERS-
CoV-infected cells compared to cells infected with SARS-CoV-2 (56).

In our study, we directly compared different high- and low-pathogenic coronaviruses side-
by-side in the same advanced infection model, as the HAE-ALI cultures are susceptible to all
human coronaviruses (Chapter 3). Our study corroborated the previously reported
suppression or delay of an interferon response in cells infected with pathogenic
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coronaviruses (61-63), but not with common cold coronaviruses (64), which highlights the
relevance of the HAE-ALI cultures as a model for the in vivo situation. Interferon lambda
(IFN-A) was significantly higher expressed in cultures infected with HCoV-229E and HCoV-
0C43, compared to highly pathogenic coronaviruses. Mucosal epithelial cells produce
predominantly IFN-A, which plays a crucial role in the antiviral defence against infections
(65). IFN-A treatment of HAE-ALI infected with SARS-CoV-2 led to a reduction in virus
replication, confirming that suppression of interferon responses by pathogenic
coronaviruses like SARS-CoV-2 favours their replication. The observation of decreased IFN-
A in critically-ill COVID-19 patients, and beneficial effects of treatment with pegylated IFN-A
in @ mouse model (66) and in clinical trials (67, 68), supports this observation (69). We
further identified differences in the transcriptional host response to infection with SARS-
CoV-2 compared to the other coronaviruses SARS-CoV, MERS-CoV and HCoV-229E.
Specifically, for SARS-CoV-2, we observed the down-regulation of a set of immediate early
response genes related to the JNK/AP-1 pathway and NR4A1 expression. The results from
our experimental infections were further supported by analysing available datasets from
experimental and clinical studies (70-74). The AP-1 transcription factor, for example,
regulates a range of cellular processes associated with apoptosis or inflammatory responses
and was previously reported to be activated by SARS-CoV and HCoV-229E (75, 76). The role
of NR4A1 in coronavirus biology has remained mostly unexplored so far. This protein is a
master regulator of the stress response, is involved in regulating apoptosis and
inflammation, and is associated with the immediate early response genes (77, 78).
Suppression of the activity of this protein and associated pathways by SARS-CoV-2 may
benefit the virus by evading innate immunity or other host responses, and may prevent the
host cells from keeping early replication in check. The complexity of the JNK/AP-1 pathway,
the exact implications of its up- or downregulation and its role in viral infection require
further in-depth studies. For example, it remains to be investigated if the observed
downregulation of the transcription factors is directly mediated by SARS-CoV-2 infection,
and, if yes, which viral protein(s) is responsible. Proteomics studies could be used to validate
our transcriptomics results and provide more information on how the observed changes in
the transcriptome translate into changes in protein expression or modulation of pathways.
Although we could confirm that the results from our in vitro (transcriptomics) studies were
in line with clinical datasets, the question remains if and how these transcriptional changes
play a role in pathogenesis in vivo. Despite the fact that we did not elucidate the exact role
of NR4A1 in coronavirus replication, it appears an interesting target for follow-up studies
and possibly for therapeutic strategies, as we found that an NR4A1 antagonist reduced
replication of SARS-CoV-2 and MERS-CoV. This emphasizes the significance of studying
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coronavirus biology to identify new potential host targets for the advancement of drug
development.

Targeting coronaviruses through host-directed antiviral strategies
(Chapters 4 and 5)

With the SARS-CoV-2 pandemic, there was a surge in antiviral drug discovery efforts, as
scientists and clinicians raced to combat the virus and its associated disease, utilizing
repurposing strategies as well as the development of new drugs. As mentioned in Chapter
1, currently there are only four drug therapies approved to treat COVID-19 in Europe
(additionally, molnupiravir has still EUA by the FDA). Two of these are the direct-acting
inhibitors of virus replication ritonavir-boosted nirmatrelvir (Paxlovid) and remdesivir
(Veklury) (79, 80). The other two approved therapies concern the host-directed tocilizumab
(IL-6 receptor antagonist) and baricitinib (JAK kinase inhibitor), which modulate the innate
immune response and suppress a hyperinflammatory response (81-83). Approved anti-
SARS-CoV-2 monoclonal antibodies, that target the S protein, are conditionally
recommended or not authorized, as the dominant Omicron subvariants are not expected
to be susceptible (84-86). Furthermore, other immunomodulatory drugs, like the
corticosteroid dexamethasone, were found to reduce mortality by inhibiting
hyperinflammation in critically-ill patients (87, 88). Therefore, host-directed strategies have
been successful in tackling COVID-19 pathogenesis. So far, there are no host-directed
antivirals (HDAs) that inhibit SARS-CoV-2 replication, although efforts to identify them are
ongoing, as described below. HDAs that target host factors that are important for the
replication of various (corona)viruses are especially interesting antiviral drug candidates as
they have the potential to have broad-spectrum antiviral activity and thus would be
beneficial to combat a newly emerging virus in an outbreak situation. Chapters 4 and 5
describe two different classes of host-directed antiviral molecules, which both efficiently
reduce the replication of SARS-CoV-2 and other coronaviruses.

Chapter 4 describes propranolol, a drug that is approved for various medical conditions,
including cardiovascular problems and hemangioma, which is a benign tumor that develops
through dysregulated blood vessel formation (89, 90). Propranolol is a mix of two
stereoisomers, R- and S-Propranolol. R-propranolol was reported to lack the beta-blocker
activity of its S-stereoisomer and therefore might induce fewer side effects in patients (91),
which is why we investigated R-propranolol. We initially evaluated R-propranolol for its
ability to inhibit proangiogenic (transcription) factors, reported in the context of
hemangioma research (91), because the list of pathologies described for COVID-19 includes
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vascular disease, associated with endothelial dysfunction and pathological angiogenesis in
the lungs of patients (92). In a recent study, increased expression of biomarkers involved in
angiogenesis was observed in COVID-19 patients, compared to influenza patients or control
groups (93). Factors like vascular endothelial growth factor (VEGF), VEGF receptor 1, matrix
metalloproteinase 2 (MMP-2), hypoxia-inducible factor 1 a (HIF-1a), angiopoietin 2 (Ang-
2), TGF-B, angiopoietin-like proteins, and others are mentioned as biomarkers in COVID-19.
Another proangiogenic factor, angiopoietin like 4 (ANGPLT4), is described in the literature
as a key player in angiogenesis, often with a detrimental role in respiratory virus infections
like Influenza (94). Very recently, increased plasma concentrations of ANGPTL4 in COVID-19
patients were correlated with an increased rate of ARDS and mortality (95). In our project,
using Hulec-5a human lung endothelial cells, we confirmed increased expression of angpt/4,
when we mimicked the endothelium-epithelium environment during infection. We did so
by treatment of Hulec-5a with conditioned medium from Calu-3 lung epithelial cells, as
Hulec-5a are not susceptible to SARS-CoV-2 infection (96). Another study utilized a more
advanced setup of alveolar epithelial cells at the ALl with endothelial cells co-cultured on
the other side of the membrane (96), a design that represents the epithelial-endothelial
crosstalk even better. Treatment of Hulec-5a cells, which were chemically induced to
express angptl4, with R-propranolol led to a reduction of angptl/4 expression compared to
untreated cells, confirming the anti-angiogenic properties of R-propranolol (91). Besides the
suppression of the proangiogenic factor, we also discovered an antiviral effect of R-
Propranolol, which we observed also in experiments with SARS-CoV, MERS-CoV, and the
SARS-CoV-2 variants delta and omicron. Prior to this project, only some clinical evidence of
a potential antiviral effect of propranolol had been published, suggesting activity against
herpes simplex or influenza virus (97). Confirmation of a potential broad-spectrum activity
of R-propranolol would need further evaluation in clinical studies. Another study, which is
available as preprint, observed antiviral activity of propranolol against SARS-CoV-2, mouse
hepatitis virus, Dengue virus, and Zika virus, and suggested that the compound affects
replication complex formation through an effect on phospholipid synthesis (98).
Propranolol also has an effect on various other host factors and signalling pathways,
including inhibition of the RAS/RAF/ERK and AKT pathways (99, 100). Inhibition of factors
involved in these signalling pathways was also shown to affect SARS-CoV-2 replication (101).
Propranolol was also suggested to have immunomodulatory effects, although through its
effect on the sympathetic nerve system by beta-blocker activity (102). Due to R-
propranolol’s (potential) broad-spectrum antiviral activity it is likely that propranolol exerts
its antiviral activity through targeting host factors that play a role in virus infection, but more
in-depth research is required to elucidate the underlying mechanisms, and to establish if
there are multiple angles of activity and if this depends on the virus. RNA sequencing
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analysis of host transcriptional changes could be a starting point for further investigation.
The dual-activity of R-propranolol to act as potent (broad-spectrum) antiviral and possibly
limit proangiogenic responses, which could play a role in reducing lung pathology in COVID-
19 patients or those suffering from other serious respiratory virus infections, makes it an
interesting candidate to investigate further and elucidate the mode of actions. In an ideal
situation, certain risk groups of patients could be tested for biomarkers, like those for
pathogenic angiogenesis, to predict the severity of the disease, allowing the early initiation
of appropriate (preventative) treatment. The suitability of the use of such biomarkers is
currently being assessed (103) and drugs to prevent endothelial dysfunction through anti-
angiogenic action, like the VEGF inhibitor bevacizumab, are being evaluated for the
treatment of COVID-19 lung pathologies in clinical trials (104). In our project, it would have
contributed additional supportive information to also evaluate the effect of R-propranolol
on VEGF for comparison with bevacizumab. Furthermore, future studies will need to
address the effect of R-propranolol in more advanced models (organoids or in vivo), to
recapitulate the pathogenesis of angiogenesis and see if the compound has a therapeutic
effect on exacerbated endothelial dysfunction. Finally, existing pharmacological knowledge
of propranolol and its two stereoisomers could aid in the development of R-propranolol as
a repurposed antiviral drug.

Chapter 5 describes another class of host-directed antiviral compounds: glucosidase
inhibitors. SARS-CoV-2, like other viruses, uses the host machinery for post-translational
modifications of their proteins, including glycan processing in the endoplasmic reticulum
(ER), which is involved in proper protein folding (105, 106). The surface of the most
prominent SARS-CoV-2 structural protein, the Spike (S) protein, is covered with N-glycans,
which are important for protein stability and function (107, 108). Using small molecule
drugs, which inhibit a-glucosidase enzymes | and Il in the ER (ER a-Glu I/1l), prevents the
production of viral glycoproteins and blocks replication of viruses that rely on the ER-protein
quality control (105). Decades of research on iminosugars, a class of glucosidase inhibitors,
reported the inhibition of a number of viruses (109-112), including most recently SARS-CoV-
2 (113-115), however none have proceeded beyond phase Il clinical trials as antivirals (116,
117). We screened a collection of iminosugars and another class of glucosidase inhibitors,
cyclitols. We identified 1,6-epi-cyclophellitol cyclosulfate as the most potent and selective
inhibitor of ER a-Glu Il (118), and with the highest antiviral activity against SARS-CoV-2.
Selective inhibition of ER a-Glu Il by 1,6-epi-cyclophellitol cyclosulfate prevents the
production of SARS-CoV-2 infectious virus particles through blocking of S protein N-
glycosylation, and not through blocking of viral entry into the host cell or replication of the
viral genome. Compared to the selective activity of 1,6-epi-cyclophellitol cyclosulfate
against ER a-Glu Il (with the lysosomal retaining a-glucosidase, GAA reported as the only off-
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target effect) (118), iminosugars also target ER-a Glu | and other human glycoprocessing
enzymes (119, 120), possibly leading to adverse effects. For example, for Hepatitis A virus
infection, treatment with iminosugars was suggested to enhance virus entry, through
inhibition of B-glucosidases which interferes with ganglioside degradation (121). Notably, it
would add to our study to have an enzyme activity assay to assess the specific inhibition of
ER a-Glu | by the compounds and confirm ER a-Glu lI-selectivity of 1,6-epi-cyclophellitol
cyclosulfate. Furthermore, as reported in a phase Il clinical trial with an iminosugar
compound (122), toxicity has to be evaluated in long term treatment. In that study, there
was no concern about short term or emergency treatment, as the concentrations that are
necessary for antiviral activity, appear to affect viral glycoproteins more than cellular
glycoproteins. Also in our study, we did not observe toxicity, even at high concentrations of
compounds used, that is, at least in short term treatment in vitro. Furthermore, we observe
a potency limitation for 1,6-epi-cyclophellitol cyclosulfate, i.e. the antiviral activity reaches
a plateau when higher concentrations of compound are used. The maximum antiviral effect
is already reached at 0.5 uM, a concentration at which also an almost full inhibition of ER a-
glucosidase Il activity was observed. This could be a result of proteins escaping the
glucosidase machinery in the ER through an endo-mannosidase dependent mechanism that
acts in the Golgi (123, 124). Mechanistically, this escape route may account for the inability
of glucosidase inhibitors to completely inhibit viral glycoprotein production. Further studies
should determine whether other enzymes can complement the inhibition of ER a-
glucosidase Il. In one study combination of glucosidase I/l inhibitor and endo-mannosidase
inhibitor indeed reduced virus replication (124). Glucosidase inhibitors in general do not
exert activity in the initial infection, but are effective at reducing spread and therefore have
potential as drug candidates that can be used later in infection, or used in combination
therapy with other antivirals. Their broad-spectrum activity against various viruses make
them interesting candidates in HDA strategies that could be employed during an outbreak
with a new virus when urgent treatment options are needed. The selective blocking of ER
a-Glu ll, linked to potent antiviral activity, presents a new strategy in the search for effective
antiviral compounds targeting SARS-CoV-2 and other viruses that rely on ER-protein quality
control for replication.

Importance of advanced cell culture models in drug research

Animal-free models are increasingly implemented in (bio)medical research, driven by
ethical concerns, advancements in innovations and increased funding support. To optimize

the evaluation of drug candidates and shorten the way from pre-clinical research to clinical
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trials, the use of the right in vitro cell culture model is crucial. Besides ethical advantages,
animal-free drug-testing models cost less and are less labour-intensive, thus saving time
and manpower. Compared to the use of animal models, studying new drugs in a system that
closely mimics the human tissue complexity and physiology might even be more reliable in
predicting human responses. Organoids, organ-on-chip models, or ALl cultures derived from
primary human cells better mimic the characteristics of infections in vivo, host responses,
or drug effects compared to some conventional cell culture models, based on the use of
immortalized or cancer-derived cell lines and lacking tissue complexity (34, 70, 125).
Currently, tests in animal models are still required before moving therapies or vaccinations
into clinical trials with humans, but innovation in animal-free science moves fast. Only in
1998, scientists were able to isolate and culture human embryonic stem cells for the first
time, and later, in 2007, induced pluripotent stem cell research followed, which really
started 3D organoid research (126). Since then 3D models using human cells have become
a standard tool in many fields like infectious disease modelling and drug discovery, to
evaluate the efficacy and toxicity of a drug (127). One study reported on an extensive high-
throughput drug screen in lung and colonic organoids (128). Recently, another study
evaluated the efficacy and toxicity of reference antiviral drugs, which either succeeded or
failed in late stage clinical trials, in human small intestine organoids and showed the
reliability of the organoid model (129). In 2010, the first lung-on-chip model was described
(130). Organ-on-chip models include microfluidics, allowing for a continuous exchange of
used and fresh culture medium and nutrients, or introducing mechanical stimulation, like
stretching in the case of simulation of the lung epithelium (131). A lung-on-chip model
constituting epithelium and endothelium could successfully be infected by SARS-CoV-2 and
used for treatment with an IL-6 receptor antagonist (132). Most frequently used in SARS-
CoV-2 research and preclinical drug discovery were primary human airway epithelial cells
that are differentiated at the air-liquid interface (HAE-ALI). These cultures are more
accessible and less elaborate than organ-on-chip models, while recapitulating the
pseudostratified epithelium of the human lung (133). Technological advances, like
bioprinting, will automate the generation of such cultures in a reproducible and high-
throughput fashion (134). Like organ-on-chip models, HAE-ALI cultures also provide the
option of adding endothelial cells or immune cells, thus moving closer to simulating human
tissue complexity (96, 135). Other advantages of using advanced lung cell culture models
are that the number of experimental animals can be reduced, and that more relevant
research results can be obtained with better reliability in predicting human responses. One
study reviewed molecular screens of host factors that are important for coronavirus
infection and reported high variability in the findings when different cell lines were used
(136). Especially, results obtained with the often used Vero E6 cells do not always translate
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to the situation in the lung epithelium in vivo. Chloroquine, ivermectin, or favipiravir are
examples of repurposed drugs that showed promising results when tested on Vero cells
(137) but had no benefits for patients suffering from COVID-19 (138-140). Later it was
shown that these drugs do not protect human lung cells from SARS-CoV-2 infection (138,
141, 142). The same scenario occurred for the tyrosine kinase inhibitor imatinib (143). This
illustrates the importance of using appropriate cell culture models for antiviral drug
screening, or additional evaluation in preferably primary human cells, already at the stage
of pre-clinical research, to decrease the resources and development time and also shorten
the time until failure (Figure 1). Using primary human cell models therefore bridges the gap
between in vitro and in vivo studies; especially now that the FDA Modernization Act 2.0
permits incorporation of results from pre-clinical in vitro studies and allows alternatives to
animal testing (144, 145). These regulatory changes, alongside the development of
advanced human cell culture models in vitro, are changing the landscape of drug
development. Although the final evaluation of drug candidates still needs to be done in
human clinical trials, the use of advanced cell culture models can shorten the way from pre-
clinical to clinical development and increase the probability of success.

In vitro cell-based assays

Drug hits
. :
— o

e.g. Vero E6 cells, A549hACE2/TMPRSS2,
H1299hACE2, Calu-3 cells

% Efficacy, toxicity,
biological, physiological complexity

Figure 1: Advanced cell culture models for infection and drug testing, that recapitulate human tissue complexity
and provide reliable predictive data on drug efficacy and toxicity have an important role in increasing efficiency in
the drug development pipeline, by increasing the success rate of a drug to progress from the pre-clinical to the
clinical phase. These models will also aid in reducing the number of animal experiments.
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Current and future landscape in SARS-CoV-2 host-directed antiviral drug
development

Many factors have to be taken into account in the context of antiviral drug development,
both for the assessment of repurposed drugs and the development of new potential
therapies. The whole drug development pipeline is time-consuming and cost-intensive
(146). That is why the idea of repurposing already studied or approved drugs is appealing,
especially in the context of a new outbreak, where time is crucial. The use of artificial
intelligence (Al) will accelerate drug discovery, as it can scale up the target and hit
identification process (147). Lead optimization efforts benefit from the information that Al-
based models can predict, which can for example be pharmacokinetic (adsorption,
distribution, metabolism, excretion) or toxicity properties (148). Al tools can further be used
for the prediction of synergistic drug combinations. Of course, new technology also creates
new challenges. The combination of new technologies like Al with human expertise is
crucial, to assure input of good-quality, standardized data and confidence in interpreting
results. In recent years, advances in Al made it possible for pharmaceutical companies and
university research laboratories to collaborate and share their data about small-molecule
drugs to enable more accurate predictive machine learning-based drug discovery models
(149, 150). Through these collaborations, already available proprietary data, which would
otherwise remain classified, could be shared by collecting it in a decentralized database.

For the treatment of SARS-CoV-2, target-based development of new antivirals has yielded
effective drugs. The most successful SARS-CoV-2 antiviral to date, nirmatrelvir (Paxlovid),
directly targets the viral main protease (80). The fast development of nirmatrelvir was made
possible through pre-existing knowledge about the SARS-CoV main protease and inhibitors
(drug candidates) against it (151). Thus, repurposing strategies in drug development should
not only encompass approved drugs, but should also leverage scientific knowledge and
existing antiviral compounds that did not (yet) reach advanced (clinical) stages in drug
development. Although repurposing efforts for treating SARS-CoV-2 infections had limited
success, there is still great potential in collecting knowledge about clinically relevant drugs,
providing this knowledge preferably in open-access databases to make it available for future
research. Meanwhile, other inhibitors that target the main protease of SARS-CoV-2 are
being investigated, like masitinib (152) or ensitrelvir (marketed as Xocova), which received
emergency approval in Japan at the end of 2022 (153). The drug showed very promising
results in a phase Il clinical trial, but is further evaluated in phase lll clinical trials before
authorization outside of Japan. Direct-acting drugs like these, with high specificity against a
viral protein that is well conserved among coronaviruses, will likely retain their efficacy
against new circulating variants and subvariants (154). However, persistent infections in
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patients treated with direct-acting drugs can lead to resistance development, as was
reported in various studies for the protease inhibitors (155, 156), as well as remdesivir (157,
158). Therefore, monitoring for new resistant variants is important, as well as the
development of next generation protease inhibitors (155). Furthermore, combination
therapy, the use of more than one drug, can be employed to reduce the risk of resistance
development (159).

Given the systemic and long-term pathology that can be caused by SARS-CoV-2 infection,
researchers are challenged with the task of developing drugs that not only inhibit virus
replication and treat acute symptoms, but also protect from tissue damage and
hyperinflammation. Clinicians are faced with the challenge to get the timing right when
treating patients with DAAs to reduce viral load, or with anti-inflammatory drugs when the
disease is more advanced (139). Treatment with protease inhibitors, for example, needs to
start during the early stage of infection. Therapies to control pathological host responses
and prevent disease progression in the lung or other organs, or alleviate long-term
consequences of COVID-19 are at least equally important, as well as treatment to restore
functionality of damaged organs or tissues. Combination therapy, besides having the
potential to reduce virus resistance development and increase antiviral efficacy, could be
used to target virus replication and pathological responses at the same time (159). For
example, combination of remdesivir and baricitinib was found to improve recovery time in
hospitalized patient compared to remdesivir mono-therapy (160). An ongoing study also
investigates the use of a combination of a direct antiviral drug, the main protease inhibitor
masitinib (152), and the immunomodulatory drug isoquercetin (161) (Table 1). Now, as we
have moved past the SARS-CoV-2 pandemic being an acute threat to public health, research
efforts are also switching to find therapies to treat long-term consequences of infection,
like post-COVID syndrome, and lung pathologies, like fibrosis (162, 163). Researchers are
aiming to bridge the gap between elucidating the molecular processes during infection and
understanding clinical outcomes. Immune-modulatory drugs are crucial in the treatment of
severe COVID-19, like the approved drugs tocilizumab or baricitinib, which are host-
targeting and reduce the hyperinflammation that can follow SARS-CoV-2 infection (82, 83).
Besides many pre-clinical studies reporting on potential candidates for host-targeting
therapies, a number of these treatments are currently also evaluated in clinical trials.
Following up on a review (164), a search of clinicaltrials.gov in December 2023 for
interventional host-targeting therapies, yielded a list of potential drugs that either aim to
inhibit virus replication or treat SARS-CoV-2 induced pathologies through targeting host
factors (Table 1). SARS-CoV-2 neutralizing monoclonal antibody therapies, of which there
are now eleven marketed and many more investigated in clinical trials (165), were not
included in Table 1. The search was limited to active trials for interventional therapies, and
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therefore the table also does not include trials that are not yet recruiting or are currently

recruiting, like US trials for the protease inhibitor ensitrelvir. Notably, some of the inhibitors

have the potential to act as broad-spectrum antivirals, like for example serine protease

inhibitors that affect the cleavage of viral surface glycoproteins and inhibit virus entry (166).

Also kinase inhibitors to treat the pathologies that follow virus infection,

like

hyperinflammation or lung fibrosis (163), have the potential to be applicable for a broader

range of virus infections. The landscape of antiviral treatment of COVID-19 is rapidly

changing, with hundreds of trials currently active or recruiting participants, and therefore

Table 1 merely provides a snapshot summary of the current situation and a look into the

future of COVID-19 therapy development.

Table 1. Host-directed antivirals evaluated in clinical trials

Drug Target Effect Clinical Clinical trial
trial reference
Meplazumab |[CD147 receptor |Inhibition of virus entry|Phaselll |NCT05679479
(167)
SLv213 Cathepsin Inhibition of virus entry|Phase Il NCT04843787
(168)
Nafamostat | Transmembrane |Inhibition of virus entry|Phase 11| NCT04352400
mesylate serine protease 2 |(169) and Il
(TMPRSS2)
Upamostat Serine proteases |Inhibition of virus entry|Phase ll NCT05954286
(166)
Plitidepsin Host-translation |Inhibition of virus | Phase Il NCT05705167
cofactor eEF1A replication (170)
TXA127, Renin- Reduction of fibrosis (171) | Phase  II| NCT04924660
TRV027; Angiotensin- and lll;
Aldosteron-
System
Fostamatinib |Spleen tyrosine | Reduction of thrombosis |Phase 11| NCT05593770
kinase (172) and Il
EBOS TLR4 Reduction of TLR-4 | Phase II| NCT04401475
mediated IL-6 release /|andlll
hyperinflammation
LAU-7b Fatty acid | Inhibition of lipogenesis|Phase II|NCT04417257
metabolism (173) and Il
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Imatinib Abl tyrosine | Inhibition of [Phase lll | NCT04394416
kinase hyperinflammation (174)

Isoquercetin | Oxidation- Inhibition of | Phase Il NCT04622865

(in Inflammation hyperinflammation (161)

combination |response
with

masitinib)
Nintedanib Tyrosine kinase | Inhibition of lung fibrosis |Phase IV | NCT04619680
(163)

The website clinicaltrials.gov was searched for drug candidates that are currently in active clinical trials for the
treatment of COVID-19 and are interventional and targeting host factors (December 2023). Drugs were listed only
if there is a known or proposed mode of action.

Concluding remarks

Decades of coronavirus research and intense efforts to curb the SARS-CoV-2 outbreak have
led us to understand many aspects of the viral replication cycle and pathogenicity. This
thesis highlights some of my work, in collaboration with many others, in the context of anti-
coronavirus drug research. The ultimate goal, of course, would be a broad-spectrum
antiviral drug targeting all current highly-pathogenic coronaviruses (and future ones), or a
universal vaccine, which seems to be an even more challenging task, given the rapid
evolution of SARS-CoV-2 subvariants and their escape from previously developed immunity.
However, with efficient development platforms in place, such as mRNA vaccine
development platforms or portfolios of known antivirals ready for further development, the
response time to a newly emerging disease can be reduced. Furthermore, the
implementation of advanced cell culture models/animal-free models to validate drug
candidates is an extra step that can increase the success rate from pre-clinical to clinical
research. Continuous monitoring of SARS-CoV-2 and ongoing efforts in adapting vaccines
and developing antivirals are crucial to combat new subvariants. The accumulated
knowledge about coronavirus biology as well as public health infection prevention methods
hopefully leaves us better prepared for any new epidemic or pandemic.
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Nederlandse Samenvatting

Van de zeven coronavirussen die mensen infecteren, zijn er vier gewone
verkoudheidsvirussen die slechts milde symptomen veroorzaken bij gezonde individuen,
terwijl SARS-CoV, MERS-CoV en SARS-CoV-2 ernstige ziekte en dodelijke longontstekingen
kunnen veroorzaken. De uitbraak van SARS-CoV-2 in 2019 en de snelle wereldwijde
verspreiding ervan hebben de noodzaak van een snelle reactie op nieuw opkomende
virussen en de beschikbaarheid van effectieve therapieén duidelijk gemaakt. Hoewel
vaccins tegen SARS-CoV-2 met ongekende snelheid zijn ontwikkeld, zouden vroeg in de
pandemie patiénten hebben geprofiteerd van de beschikbaarheid antivirale middelen. Het
ademhalingsstelsel is het eerste toegangspunt voor coronavirussen. Hier worden
epitheelcellen geinfecteerd, welke tevens de eerste verdedigingsbarriere vormen. Als
geavanceerd experimenteel model zijn primaire humane luchtwegepitheelcellen die
gekweekt en gedifferentieerd worden aan de lucht-vloeistofinterface (HAE-ALI) beter in
staat het menselijke longepitheel na te bootsen dan in monolaag gekweekte cellijnen.

In dit proefschrift worden vier onderzoeksprojecten beschreven die zijn uitgevoerd tijdens
het promotietraject en zich voornamelijk richtten op SARS-CoV-2. Hoofdstuk 1 geeft een
inleiding op het algemene onderzoeksthema van de coronavirusbiologie en de ontdekking
van antivirale geneesmiddelen, en het gebruik van HAE-ALI om beide te bestuderen.
Hoofdstuk 2 beschrijft de karakterisering van SARS-CoV-2-infectie in HAE-ALI
Veranderingen in de cellulaire samenstelling, veroorzaakt door de kweektijd of
medicamenteuze behandeling, beinvioedden de virusreplicatie, en dit correleerde met de
aanwezigheid van de belangrijkste vatbare cellen, nl. trilhaarcellen en slijmcellen, evenals
de expressie van eiwitten die verantwoordelijk zijn voor virus infectie. Verder werd het
belang van de samenstelling van het epitheel in de kweken vastgesteld, waarbij bleek dat
slijmcellen waarschijnlijk een ondersteunende rol spelen bij infectie. De bevindingen dragen
bij aan ons begrip van de verschillen in gevoeligheid voor SARS-CoV-2-infectie tussen
individuen en het effect van de anatomische locatie in het ademhalingsstelsel en chronische
longziekten die het epitheel aantasten op de infectie. Hoofdstuk 3 beschrijft een
vergelijkende studie waarin SARS-CoV, MERS-CoV en SARS-CoV-2, vergeleken worden met
twee gewone verkoudheids-coronavirussen. In het HAE-ALI-celkweekmodel werden
verschillen in de epitheliale transcriptionele respons tijdens de coronavirusinfectie
vastgesteld. RNA-sequentiegegevens wezen op een beperkte expressie van
interferongenen bij infecties met SARS-CoV, MERS-CoV en SARS-CoV-2, terwijl de gewone
verkoudheids-coronavirussen een sterkere interferon respons veroorzaakten. Uniek voor
de SARS-CoV-2-infectie was het ontbreken van de expressie van een reeks vroege genen
(early immediate genes) die tot expressie komen als reactie op stressoren zoals infectie. In



Appendix

vervolgstudies gebaseerd op deze bevinding en gericht op 1 van de betreffende genen,
NR4A1, werd een remmer geidentificeerd die de replicatie van SARS-CoV-2 en MERS-CoV
blokkeert. Hoofdstukken 4 en 5 beschrijven twee antivirale middelen die de replicatie van
SARS-CoV-2 en andere coronavirussen efficiént blokkeren. De eerste, R-Propranolol, maakt
deel uit van een geneesmiddel dat is goedgekeurd voor de behandeling van hemangiomen
(goedaardige vasculaire tumoren), naast verschillende andere medische aandoeningen
zoals hart- en vaatziekten. R-propranolol bleek een pro-angiogene factor te verminderen,
die recentelijk in verband is gebracht met een verhoogd aantal ernstige longpathologieén
bij COVID-19. Daarom zou dit medicijn interessant kunnen zijn om verder te onderzoeken
als gastheer-gerichte therapie om vasculaire schade bij COVID-19 te verminderen, welke
wordt veroorzaakt door endotheliale disfunctie en pathologische angiogenese. Bovendien
werd een krachtig virusremmend effect van R-propranolol waargenomen tegen SARS-CoV-
2 en andere coronavirussen. Hierdoor heeft het medicijn een interessante tweeledige
activiteit: remming van de virusreplicatie en tegengaan van gastheer processen die
pathologische angiogenese veroorzaken. Hoofdstuk 5 beschrijft een klasse van
gastheergerichte antivirale middelen, glucosidaseremmers, die alfa-glucosidase enzymen
remmen die zich in het endoplasmatisch reticulum (ER) bevinden en belangrijk zijn voor de
eiwitvouwing en kwaliteitscontrole daarop. Veel virussen, waaronder coronavirussen,
maken gebruik van de eiwitkwaliteitscontrole van de gastheer in het ER voor de productie
van hun glycoproteinen (eiwitten met suikergroepen). Voor SARS-CoV-2 is met name het
spike-eiwit, dat cruciaal is voor de hechting van het virus en de infectie van de gastheercel,
sterk geglycosyleerd en afhankelijk van de juiste verwerking in het ER en het Golgi-apparaat.
Verschillende verbindingen werden getest, behorend tot twee klassen, de iminosuikers en
cyclitolen. Hoewel iminosuikers al decennialang worden bestudeerd als mogelijke antivirale
middelen, werd 1,6-epi-cyclophellitol cyclosulfaat geidentificeerd als veelbelovende
kandidaat van een nieuwe klasse glucosidaseremmers, vanwege zijn hoge specificiteit voor
ER alfa-glucosidase Il en krachtige antivirale werkzaamheid. Remming van ER alfa-
glucosidasen leidde tot een vermindering van de productie/maturatie van spike-eiwit en
bijgevolg tot een verminderde productie van infectieuze virusdeeltjes. Naast SARS-CoV-2
blokkeert 1,6-epi-cyclophellitol cyclosulfaat ook de productie van infectieuze SARS-CoV- en
in mindere mate MERS-CoV deeltjes, waardoor deze klasse van verbindingen veelbelovende
breedspectrum antivirale moleculen zijn. In het laatste hoofdstuk worden de belangrijkste
bevindingen van de onderzoeksprojecten besproken, mede in de context van recent
gepubliceerde studies. Bovendien wordt de huidige stand van zaken van de
gastheergerichte antivirale therapie voor SARS-CoV-2 besproken en worden de voordelen
van het gebruik van de meest relevante en geavanceerde celkweekmodellen bij de
ontwikkeling van antivirale geneesmiddelen besproken.
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English Summary

Coronaviruses comprise seven human viruses, some of them the common cold viruses, only
causing mild symptoms in healthy individuals, while SARS-CoV, MERS-CoV, and SARS-CoV-2
can potentially cause severe disease and deadly pneumonia. The outbreak of SARS-CoV-2
in 2019 and its rapid worldwide spread has made apparent the need for a fast response to
newly emerging viruses and to have effective therapies available. Although vaccines against
SARS-CoV-2 were developed at an unprecedented speed, early patients would have
benefitted from antiviral drugs. The respiratory tract is the first entry point for
coronaviruses, where epithelial cells are infected and also represent the first barrier of
defense. Primary human airway epithelial cells that are cultured and differentiated at the
air-liquid interface (HAE-ALI) represent an advanced cell culture model recapitulating the
human lung epithelium better than mono-cell cultures.

In this thesis, four research projects conducted during the PhD track, are described and
discussed, which focussed mainly on SARS-CoV-2. Chapter 1 gives an introduction to the
overall research topic of coronavirus biology and antiviral drug discovery, and the use of
HAE-ALI to study both. Chapter 2 describes the characterization of SARS-CoV-2 infection in
HAE-ALI. Changes in the cellular composition, caused by culture time or drug treatment,
impacted virus replication, and this correlated with the presence of the main susceptible
cells, ciliated cells and goblet cells, as well as expression of virus cell-entry factors.
Furthermore, the importance of having a diverse epithelium in the cultures was identified,
where likely goblet cells play a supportive role in infection. The findings contribute to the
understanding of the variable susceptibility to SARS-CoV-2 infection between individuals
and across anatomical locations in the respiratory tract, and possibly in chronic lung
diseases affecting the epithelium. Chapter 3 then aimed to conduct a comparative study
between SARS-CoV, MERS-CoV, and SARS-CoV-2, and two common cold coronaviruses. We
employed the HAE-ALI cell culture model to decipher differences in the epithelial
transcriptional response upon coronavirus infection. RNA sequencing data showed limited
expression of interferon genes in infections with SARS-CoV, MERS-CoV, and SARS-CoV-2, as
opposed to the common cold coronaviruses, which corroborated previous studies showing
suppression of interferon responses by the these three coronaviruses. Furthermore, SARS-
CoV-2 infection uniquely lacked the expression of a set of immediate early genes, which are
expressed in response to stressors like infection. By utilizing the findings about one of these
genes, NR4A1l, an inhibitor was identified that blocks SARS-CoV-2 and MERS-CoV
replication. Chapters 4 and 5 describe two antiviral drugs that efficiently block the
replication of SARS-CoV-2 and other coronaviruses. The first, R-Propranolol, is part of a drug
that is approved for the treatment of hemangioma (benign vascular tumor), besides various
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medical conditions like cardiovascular diseases. R-Propranolol was shown to reduce a pro-
angiogenic factor, which was recently reported to be associated with an increased rate of
severe lung pathology in COVID-19. Therefore, this drug could be an interesting candidate
to investigate further as host-directed therapy to reduce vascular damage in COVID-19,
caused by endothelial dysfunction and pathological angiogenesis. Additionally, a potent
antiviral effect of R-Propranolol against SARS-CoV-2 and other coronaviruses was observed,
which makes the drug an interesting antiviral with two potential angles of activity. Chapter
5 describes a class of host-directed antivirals, glucosidase inhibitors, which inhibit
endoplasmic reticulum (ER) resident alpha-glucosidases, important for protein folding in the
ER and quality control. Many viruses, including coronaviruses, use the host’s ER protein
quality control machinery for their glycoproteins. For SARS-CoV-2, especially the spike
protein, which is crucial for virus attachment and entry into the host cell, is heavily
glycosylated and dependent on processing in the ER and Golgi. Several compounds were
tested, belonging to two classes, iminosugars and cyclitols. While iminosugars have been
studied for decades as potential antiviral drugs, we identified 1,6-epi-cyclophellitol
cyclosulfate, a candidate of a new class of glucosidase inhibitors, as superior due to its high
specificity for ER alpha-glucosidase Il and potent antiviral efficacy. Inhibition of ER alpha-
glucosidases led to a reduction in spike protein generation and subsequently to a reduced
production of infectious virus particles. In addition to SARS-CoV-2, 1,6-epi-cyclophellitol
cyclosulfate also blocks the production of SARS-CoV and MERS-CoV progeny, rendering this
class of compounds promising broad-spectrum antivirals. In the final chapter, the main
findings of the research projects are discussed in the context of recently published studies.
Furthermore, the current landscape of SARS-CoV-2 host-directed antiviral therapy and the
benefits of using the most relevant cell culture models in antiviral drug discovery are
discussed.
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