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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 naïve 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 E6 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 ALI 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 γ-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 ALI 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-λ) was significantly higher expressed in cultures infected with HCoV-229E and HCoV-
OC43, compared to highly pathogenic coronaviruses. Mucosal epithelial cells produce 
predominantly IFN-λ, which plays a crucial role in the antiviral defence against infections 
(65). IFN-λ 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-
λ in critically-ill COVID-19 patients, and beneficial effects of treatment with pegylated IFN-λ 
in a 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 α (HIF-1α), angiopoietin 2 (Ang-
2), TGF-β, 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 angptl4, 
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 ALI 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 angptl4 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 α-glucosidase enzymes I and II in the ER (ER α-Glu I/II), 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 II 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 II (118), and with the highest antiviral activity against SARS-CoV-2. 
Selective inhibition of ER a-Glu II 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 II (with the lysosomal retaining a-glucosidase, GAA reported as the only off-
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target effect) (118), iminosugars also target ER-α Glu I 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 β-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 α-Glu I by the compounds and confirm ER α-Glu II-selectivity of 1,6-epi-cyclophellitol 
cyclosulfate. Furthermore, as reported in a phase II 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 μM, a concentration at which also an almost full inhibition of ER α-
glucosidase II 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 α-
glucosidase II. In one study combination of glucosidase I/II 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 
α-Glu II, 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 ALI 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.

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 (AI) will accelerate drug discovery, as it can scale up the target and hit 
identification process (147). Lead optimization efforts benefit from the information that AI-
based models can predict, which can for example be pharmacokinetic (adsorption, 
distribution, metabolism, excretion) or toxicity properties (148). AI 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 AI with human expertise is 
crucial, to assure input of good-quality, standardized data and confidence in interpreting 
results. In recent years, advances in AI 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 II clinical trial, but is further evaluated in phase III 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 

https://clinicaltrials.gov/
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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 
trial  

Clinical trial 
reference 

Meplazumab CD147 receptor  Inhibition of virus entry 
(167) 

Phase III NCT05679479 

SLV213  Cathepsin  Inhibition of virus entry 
(168) 

Phase II NCT04843787 

Nafamostat 
mesylate 

Transmembrane 
serine protease 2 
(TMPRSS2)  

Inhibition of virus entry 
(169) 

Phase II 
and III 

NCT04352400 

Upamostat Serine proteases  Inhibition of virus entry 
(166) 

Phase II  NCT05954286 

Plitidepsin  Host-translation 
cofactor eEF1A  

Inhibition of virus 
replication (170) 

Phase II NCT05705167 

TXA127, 
TRV027;  

Renin-
Angiotensin-
Aldosteron-
System  

Reduction of fibrosis (171) Phase II 
and III;  

NCT04924660 

Fostamatinib Spleen tyrosine 
kinase  

Reduction of thrombosis 
(172) 

Phase II 
and III 

NCT05593770 

EB05 TLR4 Reduction of TLR-4 
mediated IL-6 release / 
hyperinflammation 

Phase II 
and III 

NCT04401475 

LAU-7b Fatty acid 
metabolism  

Inhibition of lipogenesis 
(173) 

Phase II 
and III 

NCT04417257 



639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler
Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024 PDF page: 197PDF page: 197PDF page: 197PDF page: 197

 

 
189 

Chapter 6 

Imatinib  Abl tyrosine 
kinase  

Inhibition of 
hyperinflammation (174) 

Phase III NCT04394416 

Isoquercetin 
(in 
combination 
with 
masitinib) 

Oxidation-
Inflammation 
response 

Inhibition of 
hyperinflammation (161) 

Phase II NCT04622865 

Nintedanib Tyrosine kinase  Inhibition of lung fibrosis 
(163) 

Phase IV NCT04619680 

 
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. 
 
 
 
 
 

https://clinicaltrials.gov/


639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler
Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024 PDF page: 198PDF page: 198PDF page: 198PDF page: 198

Summary and General Discussion 

 

 
190 

References 
1. Guan WJ, Ni ZY, Hu Y, Liang WH, Ou CQ, He JX, Liu L, Shan H, Lei CL, Hui DSC, Du B, Li LJ, Zeng 

G, Yuen KY, Chen RC, Tang CL, Wang T, Chen PY, Xiang J, Li SY, Wang JL, Liang ZJ, Peng YX, 
Wei L, Liu Y, Hu YH, Peng P, Wang JM, Liu JY, Chen Z, Li G, Zheng ZJ, Qiu SQ, Luo J, Ye CJ, Zhu 
SY, Zhong NS. 2020. Clinical Characteristics of Coronavirus Disease 2019 in China. N Engl J 
Med 382:1708-1720. 

2. Diarra M, Ndiaye R, Barry A, Talla C, Diagne MM, Dia N, Faye J, Sarr FD, Gaye A, Diallo A, 
Cisse M, Dieng I, Fall G, Tall A, Faye O, Faye O, Sall AA, Loucoubar C. 2023. Analysis of contact 
tracing data showed contribution of asymptomatic and non-severe infections to the 
maintenance of SARS-CoV-2 transmission in Senegal. Scientific Reports 13:9121. 

3. El-Ghitany EM, Hashish MH, Farghaly AG, Omran EA, Osman NA, Fekry MM. 2022. 
Asymptomatic versus symptomatic SARS-CoV-2 infection: a cross-sectional seroprevalence 
study. Trop Med Health 50:98. 

4. Lamers MM, Haagmans BL. 2022. SARS-CoV-2 pathogenesis. Nature Reviews Microbiology 
20:270-284. 

5. Butowt R, Bilinska K, von Bartheld CS. 2023. Olfactory dysfunction in COVID-19: new insights 
into the underlying mechanisms. Trends Neurosci 46:75-90. 

6. Haehner A, Marquardt B, Kardashi R, de With K, Rößler S, Landis BN, Welge-Luessen A, 
Hummel T. 2022. SARS-CoV-2 Leads to Significantly More Severe Olfactory Loss than Other 
Seasonal Cold Viruses. Life (Basel) 12. 

7. Davis HE, McCorkell L, Vogel JM, Topol EJ. 2023. Long COVID: major findings, mechanisms 
and recommendations. Nat Rev Microbiol 21:133-146. 

8. Pérez-González A, Araújo-Ameijeiras A, Fernández-Villar A, Crespo M, Poveda E, Cabrera JJ, 
del Campo V, de Araujo BG, Gómez C, Leiro V, Longueira MR, López-Domínguez A, Ramón 
Lorenzo J, Marcos M, Teresa Pérez M, Patiño L, Pérez S, Pérez-Fernández S, Ramos C, 
Regueiro B, Retresas C, Rivera T, Souto O, Taboada I, Teijeira S, Torres M, Val V, Viéitez I, the 
Cohort C-otGSHRI. 2022. Long COVID in hospitalized and non-hospitalized patients in a large 
cohort in Northwest Spain, a prospective cohort study. Scientific Reports 12:3369. 

9. Chevinsky JR, Tao G, Lavery AM, Kukielka EA, Click ES, Malec D, Kompaniyets L, Bruce BB, 
Yusuf H, Goodman AB, Dixon MG, Nakao JH, Datta SD, MacKenzie WR, Kadri SS, Saydah S, 
Giovanni JE, Gundlapalli AV. 2021. Late Conditions Diagnosed 1-4 Months Following an 
Initial Coronavirus Disease 2019 (COVID-19) Encounter: A Matched-Cohort Study Using 
Inpatient and Outpatient Administrative Data-United States, 1 March-30 June 2020. Clin 
Infect Dis 73:S5-s16. 

10. Ayoubkhani D, Bosworth ML, King S, Pouwels KB, Glickman M, Nafilyan V, Zaccardi F, Khunti 
K, Alwan NA, Walker AS. 2022. Risk of Long COVID in People Infected With Severe Acute 
Respiratory Syndrome Coronavirus 2 After 2 Doses of a Coronavirus Disease 2019 Vaccine: 
Community-Based, Matched Cohort Study. Open Forum Infectious Diseases 9. 

11. Looi M-K. 2023. Covid-19: WHO adds JN.1 as new variant of interest. BMJ 383:p2975. 
12. World Health Organization (WHO). 2023. WHO Coronavirus (COVID-19) dashboard > Cases 

[Dashboard]. datawhoint, https://datawhoint/dashboards/covid19/cases, accessed 
February 2024. 

13. World Health Organization (WHO). 2023. Statement on the fifteenth meeting of the IHR 
(2005) Emergency Committee on the COVID-19 pandemic. Geneva: WHO. 

14. Cui Z, Liu P, Wang N, Wang L, Fan K, Zhu Q, Wang K, Chen R, Feng R, Jia Z, Yang M, Xu G, Zhu 
B, Fu W, Chu T, Feng L, Wang Y, Pei X, Yang P, Xie XS, Cao L, Cao Y, Wang X. 2022. Structural 
and functional characterizations of infectivity and immune evasion of SARS-CoV-2 Omicron. 
Cell 185:860-871.e13. 



639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler
Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024 PDF page: 199PDF page: 199PDF page: 199PDF page: 199

191 

Chapter 6 

15. Uriu K, Ito J, Kosugi Y, Tanaka YL, Mugita Y, Guo Z, Hinay AA, Putri O, Kim Y, Shimizu R, Begum
MSTM, Jonathan M, Saito A, Ikeda T, Sato K. 2023. Transmissibility, infectivity, and immune 
evasion of the SARS-CoV-2 BA.2.86 variant. The Lancet Infectious Diseases 23:e460-e461.

16. Willett BJ, Grove J, MacLean OA, Wilkie C, De Lorenzo G, Furnon W, Cantoni D, Scott S, Logan 
N, Ashraf S, Manali M, Szemiel A, Cowton V, Vink E, Harvey WT, Davis C, Asamaphan P,
Smollett K, Tong L, Orton R, Hughes J, Holland P, Silva V, Pascall DJ, Puxty K, da Silva Filipe 
A, Yebra G, Shaaban S, Holden MTG, Pinto RM, Gunson R, Templeton K, Murcia PR, Patel
AH, Klenerman P, Dunachie S, Dunachie S, Klenerman P, Barnes E, Brown A, Adele S,
Kronsteiner B, Murray SM, Abraham P, Deeks A, Ansari MA, de Silva T, Turtle L, Moore S, 
Austin J, et al. 2022. SARS-CoV-2 Omicron is an immune escape variant with an altered cell
entry pathway. Nature Microbiology 7:1161-1179.

17. von Bartheld CS, Wang L. 2023. Prevalence of Olfactory Dysfunction with the Omicron
Variant of SARS-CoV-2: A Systematic Review and Meta-Analysis. Cells 12.

18. Kurhade C, Zou J, Xia H, Liu M, Chang HC, Ren P, Xie X, Shi PY. 2023. Low neutralization of
SARS-CoV-2 Omicron BA.2.75.2, BQ.1.1 and XBB.1 by parental mRNA vaccine or a BA.5
bivalent booster. Nat Med 29:344-347.

19. Yang S, Yu Y, Xu Y, Jian F, Song W, Yisimayi A, Wang P, Wang J, Liu J, Yu L, Niu X, Wang J, 
Wang Y, Shao F, Jin R, Wang Y, Cao Y. 2024. Fast evolution of SARS-CoV-2 BA.2.86 to JN.1 
under heavy immune pressure. The Lancet Infectious Diseases 24:e70-e72.

20. Firouzabadi N, Ghasemiyeh P, Moradishooli F, Mohammadi-Samani S. 2023. Update on the
effectiveness of COVID-19 vaccines on different variants of SARS-CoV-2. Int
Immunopharmacol 117:109968.

21. Emeny JM, Morgan MJ. 1979. Regulation of the Interferon System: Evidence that Vero Cells
have a Genetic Defect in Interferon Production. J Gen Virol. 43:247-252.

22. Zhu Y, Binder J, Yurgelonis I, Rai DK, Lazarro S, Costales C, Kobylarz K, McMonagle P, Steppan
CM, Aschenbrenner L, Anderson AS, Cardin RD. 2022. Generation of a VeroE6 Pgp gene 
knock out cell line and its use in SARS-CoV-2 antiviral study. Antiviral Res 208:105429.

23. Örd M, Faustova I, Loog M. 2020. The sequence at Spike S1/S2 site enables cleavage by furin 
and phospho-regulation in SARS-CoV2 but not in SARS-CoV1 or MERS-CoV. Scientific Reports
10:16944.

24. Ogando NS, Dalebout TJ, Zevenhoven-Dobbe JC, Limpens R, van der Meer Y, Caly L, Druce J,
de Vries JJC, Kikkert M, Bárcena M, Sidorov I, Snijder EJ. 2020. SARS-coronavirus-2
replication in Vero E6 cells: replication kinetics, rapid adaptation and cytopathology. J Gen
Virol 101:925-940.

25. Davidson AD, Williamson MK, Lewis S, Shoemark D, Carroll MW, Heesom KJ, Zambon M, Ellis 
J, Lewis PA, Hiscox JA, Matthews DA. 2020. Characterisation of the transcriptome and
proteome of SARS-CoV-2 reveals a cell passage induced in-frame deletion of the furin-like 
cleavage site from the spike glycoprotein. Genome Medicine 12:68.

26. Johnson BA, Xie X, Bailey AL, Kalveram B, Lokugamage KG, Muruato A, Zou J, Zhang X, Juelich 
T, Smith JK, Zhang L, Bopp N, Schindewolf C, Vu M, Vanderheiden A, Winkler ES, Swetnam
D, Plante JA, Aguilar P, Plante KS, Popov V, Lee B, Weaver SC, Suthar MS, Routh AL, Ren P,
Ku Z, An Z, Debbink K, Diamond MS, Shi P-Y, Freiberg AN, Menachery VD. 2021. Loss of furin 
cleavage site attenuates SARS-CoV-2 pathogenesis. Nature 591:293-299.

27. Pellegrini L, Albecka A, Mallery DL, Kellner MJ, Paul D, Carter AP, James LC, Lancaster MA.
2020. SARS-CoV-2 Infects the Brain Choroid Plexus and Disrupts the Blood-CSF Barrier in 
Human Brain Organoids. Cell Stem Cell 27:951-961.e5.

28. Yang L, Han Y, Nilsson-Payant BE, Gupta V, Wang P, Duan X, Tang X, Zhu J, Zhao Z, Jaffré F, 
Zhang T, Kim TW, Harschnitz O, Redmond D, Houghton S, Liu C, Naji A, Ciceri G, Guttikonda
S, Bram Y, Nguyen DT, Cioffi M, Chandar V, Hoagland DA, Huang Y, Xiang J, Wang H, Lyden 
D, Borczuk A, Chen HJ, Studer L, Pan FC, Ho DD, tenOever BR, Evans T, Schwartz RE, Chen S.



639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler
Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024 PDF page: 200PDF page: 200PDF page: 200PDF page: 200

Summary and General Discussion 

192 

2020. A Human Pluripotent Stem Cell-based Platform to Study SARS-CoV-2 Tropism and 
Model Virus Infection in Human Cells and Organoids. Cell Stem Cell 27:125-136.e7. 

29. Zhao X, Li C, Liu X, Chiu MC, Wang D, Wei Y, Chu H, Cai JP, Hau-Yee Chan I, Kak-Yuen Wong
K, Fuk-Woo Chan J, Kai-Wang To K, Yuen KY, Zhou J. 2021. Human Intestinal Organoids 
Recapitulate Enteric Infections of Enterovirus and Coronavirus. Stem Cell Reports 16:493-
504.

30. Liao Y, Li X, Mou T, Zhou X, Li D, Wang L, Zhang Y, Dong X, Zheng H, Guo L, Liang Y, Jiang G, 
Fan S, Xu X, Xie Z, Chen H, Liu L, Li Q. 2020. Distinct infection process of SARS-CoV-2 in human
bronchial epithelial cell lines. J Med Virol 92:2830-2838.

31. Heinen N, Klöhn M, Steinmann E, Pfaender S. 2021. In Vitro Lung Models and Their
Application to Study SARS-CoV-2 Pathogenesis and Disease. Viruses 13.

32. Wang Y, Wang P, Qin J. 2022. Human Organoids and Organs-on-Chips for Addressing COVID-
19 Challenges. Adv Sci (Weinh) 9:e2105187.

33. Bestion E, Halfon P, Mezouar S, Mège JL. 2022. Cell and Animal Models for SARS-CoV-2
Research. Viruses 14.

34. Dvorak A, Tilley AE, Shaykhiev R, Wang R, Crystal RG. 2011. Do airway epithelium air-liquid 
cultures represent the in vivo airway epithelium transcriptome? Am J Respir Cell Mol Biol 
44:465-73.

35. Hewitt RJ, Lloyd CM. 2021. Regulation of immune responses by the airway epithelial cell
landscape. Nature Reviews Immunology 21:347-362.

36. Hou YJ, Okuda K, Edwards CE, Martinez DR, Asakura T, Dinnon KH, Kato T, Lee RE, Yount BL, 
Mascenik TM, Chen G, Olivier KN, Ghio A, Tse LV, Leist SR, Gralinski LE, Schäfer A, Dang H, 
Gilmore R, Nakano S, Sun L, Fulcher ML, Livraghi-Butrico A, Nicely NI, Cameron M, Cameron 
C, Kelvin DJ, de Silva A, Margolis DM, Markmann A, Bartelt L, Zumwalt R, Martinez FJ,
Salvatore SP, Borczuk A, Tata PR, Sontake V, Kimple A, Jaspers I, O’Neal WK, Randell SH, 
Boucher RC, Baric RS. 2020. SARS-CoV-2 Reverse Genetics Reveals a Variable Infection 
Gradient in the Respiratory Tract. Cell 182:429-446.e14.

37. Rockx B, Kuiken T, Herfst S, Bestebroer T, Lamers MM, Oude Munnink BB, de Meulder D,
van Amerongen G, van den Brand J, Okba NMA, Schipper D, van Run P, Leijten L, Sikkema R, 
Verschoor E, Verstrepen B, Bogers W, Langermans J, Drosten C, Fentener van Vlissingen M,
Fouchier R, de Swart R, Koopmans M, Haagmans BL. 2020. Comparative pathogenesis of
COVID-19, MERS, and SARS in a nonhuman primate model. Science (New York, NY)

38. Van Slambrouck J, Khan M, Verbeken E, Choi S, Geudens V, Vanluyten C, Feys S, Vanhulle E, 
Wollants E, Vermeire K, De Fays C, Aversa L, Kaes J, Van Raemdonck D, Vos R,
Vanaudenaerde B, De Hertogh G, Wauters E, Wauters J, Ceulemans LJ, Mombaerts P. 2023.
Visualising SARS-CoV-2 infection of the lung in deceased COVID-19 patients. eBioMedicine
92.

39. Chua RL, Lukassen S, Trump S, Hennig BP, Wendisch D, Pott F, Debnath O, Thürmann L, Kurth
F, Völker MT, Kazmierski J, Timmermann B, Twardziok S, Schneider S, Machleidt F, Müller-
Redetzky H, Maier M, Krannich A, Schmidt S, Balzer F, Liebig J, Loske J, Suttorp N, Eils J, 
Ishaque N, Liebert UG, von Kalle C, Hocke A, Witzenrath M, Goffinet C, Drosten C, Laudi S, 
Lehmann I, Conrad C, Sander L-E, Eils R. 2020. COVID-19 severity correlates with airway
epithelium–immune cell interactions identified by single-cell analysis. Nature Biotechnology
38:970-979.

40. Zhu N, Wang W, Liu Z, Liang C, Wang W, Ye F, Huang B, Zhao L, Wang H, Zhou W, Deng Y,
Mao L, Su C, Qiang G, Jiang T, Zhao J, Wu G, Song J, Tan W. 2020. Morphogenesis and
cytopathic effect of SARS-CoV-2 infection in human airway epithelial cells. Nature 
Communications 11:3910.

41. Thaler M, Wang Y, van der Does AM, Faiz A, Ninaber DK, Ogando NS, Beckert H, Taube C,
Salgado-Benvindo C, Snijder EJ, Bredenbeek PJ, Hiemstra PS, van Hemert MJ. 2023. Impact 



639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler
Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024 PDF page: 201PDF page: 201PDF page: 201PDF page: 201

193 

Chapter 6 

of Changes in Human Airway Epithelial Cellular Composition and Differentiation on SARS-
CoV-2 Infection Biology. Journal of Innate Immunity 15:562-580. 

42. Ziegler CGK, Allon SJ, Nyquist SK, Mbano IM, Miao VN, Tzouanas CN, Cao Y, Yousif AS, Bals
J, Hauser BM, Feldman J, Muus C, Wadsworth MH, II, Kazer SW, Hughes TK, Doran B, Gatter
GJ, Vukovic M, Taliaferro F, Mead BE, Guo Z, Wang JP, Gras D, Plaisant M, Ansari M, Angelidis
I, Adler H, Sucre JMS, Taylor CJ, Lin B, Waghray A, Mitsialis V, Dwyer DF, Buchheit KM, Boyce 
JA, Barrett NA, Laidlaw TM, Carroll SL, Colonna L, Tkachev V, Peterson CW, Yu A, Zheng HB, 
Gideon HP, Winchell CG, Lin PL, Bingle CD, Snapper SB, Kropski JA, Theis FJ, et al. 2020. SARS-
CoV-2 Receptor ACE2 Is an Interferon-Stimulated Gene in Human Airway Epithelial Cells and 
Is Detected in Specific Cell Subsets across Tissues. Cell 181:1016-1035.e19.

43. Ahn JH, Kim J, Hong SP, Choi SY, Yang MJ, Ju YS, Kim YT, Kim HM, Rahman MDT, Chung MK,
Hong SD, Bae H, Lee CS, Koh GY. 2021. Nasal ciliated cells are primary targets for SARS-CoV-
2 replication in the early stage of COVID-19. J Clin Invest 131.

44. Ravindra NG, Alfajaro MM, Gasque V, Huston NC, Wan H, Szigeti-Buck K, Yasumoto Y,
Greaney AM, Habet V, Chow RD, Chen JS, Wei J, Filler RB, Wang B, Wang G, Niklason LE, 
Montgomery RR, Eisenbarth SC, Chen S, Williams A, Iwasaki A, Horvath TL, Foxman EF, Pierce 
RW, Pyle AM, van Dijk D, Wilen CB. 2021. Single-cell longitudinal analysis of SARS-CoV-2 
infection in human airway epithelium identifies target cells, alterations in gene expression,
and cell state changes. PLoS Biol 19:e3001143.

45. Rogers D. 1994. Airway goblet cells: responsive and adaptable front-line defenders. Eur
Respir J. 7:1690-1706.

46. Bonser LR, Eckalbar WL, Rodriguez L, Shen J, Koh KD, Ghias K, Zlock LT, Christenson S,
Woodruff PG, Finkbeiner WE, Erle DJ. 2022. The Type 2 Asthma Mediator IL-13 Inhibits 
Severe Acute Respiratory Syndrome Coronavirus 2 Infection of Bronchial Epithelium.  Am J
Respir Cell Mol Biol. 66:391-401.

47. Sajuthi SP, DeFord P, Li Y, Jackson ND, Montgomery MT, Everman JL, Rios CL, Pruesse E,
Nolin JD, Plender EG, Wechsler ME, Mak ACY, Eng C, Salazar S, Medina V, Wohlford EM, 
Huntsman S, Nickerson DA, Germer S, Zody MC, Abecasis G, Kang HM, Rice KM, Kumar R, 
Oh S, Rodriguez-Santana J, Burchard EG, Seibold MA. 2020. Type 2 and interferon 
inflammation regulate SARS-CoV-2 entry factor expression in the airway epithelium. Nature 
Communications 11:5139.

48. Conway FM, Bloom CI, Shah PL. 2022. Susceptibility of Patients with Airway Disease to SARS-
CoV-2 Infection. Am J Respir Crit Care Med 206:696-703.

49. Eger K, Bel EH. 2021. Asthma and COVID-19: do we finally have answers? Eur Respir J
57:2004451.

50. Bloom CI, Drake TM, Docherty AB, Lipworth BJ, Johnston SL, Nguyen-Van-Tam JS, Carson G, 
Dunning J, Harrison EM, Baillie JK, Semple MG, Cullinan P, Openshaw PJM. 2021. Risk of 
adverse outcomes in patients with underlying respiratory conditions admitted to hospital
with COVID-19: a national, multicentre prospective cohort study using the ISARIC WHO
Clinical Characterisation Protocol UK. Lancet Respir Med 9:699-711.

51. Hoffmann M, Wong L-YR, Arora P, Zhang L, Rocha C, Odle A, Nehlmeier I, Kempf A, Richter
A, Halwe NJ, Schön J, Ulrich L, Hoffmann D, Beer M, Drosten C, Perlman S, Pöhlmann S. 2023.
Omicron subvariant BA.5 efficiently infects lung cells. Nature Communications 14:3500.

52. Li W, Moore MJ, Vasilieva N, Sui J, Wong SK, Berne MA, Somasundaran M, Sullivan JL, 
Luzuriaga K, Greenough TC, Choe H, Farzan M. 2003. Angiotensin-converting enzyme 2 is a
functional receptor for the SARS coronavirus. Nature 426:450-4.

53. Wang N, Shi X, Jiang L, Zhang S, Wang D, Tong P, Guo D, Fu L, Cui Y, Liu X, Arledge KC, Chen 
YH, Zhang L, Wang X. 2013. Structure of MERS-CoV spike receptor-binding domain
complexed with human receptor DPP4. Cell Res 23:986-93.



639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler
Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024 PDF page: 202PDF page: 202PDF page: 202PDF page: 202

Summary and General Discussion 

 

 
194 

54. Hofmann H, Pyrc K, van der Hoek L, Geier M, Berkhout B, Pöhlmann S. 2005. Human 
coronavirus NL63 employs the severe acute respiratory syndrome coronavirus receptor for 
cellular entry. Proc Natl Acad Sci U S A 102:7988-93. 

55. Otter Clayton J, Fausto A, Tan Li H, Khosla Alisha S, Cohen Noam A, Weiss Susan R. 2023. 
Infection of primary nasal epithelial cells differentiates among lethal and seasonal human 
coronaviruses. Proc Natl Acad Sci U S A 120:e2218083120. 

56. Jang Y, Seo SH. 2020. Gene expression pattern differences in primary human pulmonary 
epithelial cells infected with MERS-CoV or SARS-CoV-2. Arch Virol 165:2205-2211. 

57. Krishnamoorthy P, Raj AS, Roy S, Kumar NS, Kumar H. 2021. Comparative transcriptome 
analysis of SARS-CoV, MERS-CoV, and SARS-CoV-2 to identify potential pathways for drug 
repurposing. Computers in Biology and Medicine 128:104123. 

58. Coden ME, Loffredo LF, Abdala-Valencia H, Berdnikovs S. 2021. Comparative Study of SARS-
CoV-2, SARS-CoV-1, MERS-CoV, HCoV-229E and Influenza Host Gene Expression in Asthma: 
Importance of Sex, Disease Severity, and Epithelial Heterogeneity. Viruses 13:1081. 

59. Sun J, Ye F, Wu A, Yang R, Pan M, Sheng J, Zhu W, Mao L, Wang M, Xia Z, Huang B, Tan W, 
Jiang T. 2020. Comparative Transcriptome Analysis Reveals the Intensive Early Stage 
Responses of Host Cells to SARS-CoV-2 Infection. Front Microbiol  

60. Jha PK, Vijay A, Halu A, Uchida S, Aikawa M. 2020. Gene Expression Profiling Reveals the 
Shared and Distinct Transcriptional Signatures in Human Lung Epithelial Cells Infected With 
SARS-CoV-2, MERS-CoV, or SARS-CoV: Potential Implications in Cardiovascular 
Complications of COVID-19. Front Cardiovasc Med 7:623012. 

61. Blanco-Melo D, Nilsson-Payant BE, Liu W-C, Uhl S, Hoagland D, Møller R, Jordan TX, Oishi K, 
Panis M, Sachs D, Wang TT, Schwartz RE, Lim JK, Albrecht RA, tenOever BR. 2020. 
Imbalanced Host Response to SARS-CoV-2 Drives Development of COVID-19. Cell 181:1036-
1045.e9. 

62. Chang CY, Liu HM, Chang MF, Chang SC. 2020. Middle East Respiratory Syndrome 
Coronavirus Nucleocapsid Protein Suppresses Type I and Type III Interferon Induction by 
Targeting RIG-I Signaling. J Virol 94. 

63. Frieman M, Ratia K, Johnston RE, Mesecar AD, Baric RS. 2009. Severe acute respiratory 
syndrome coronavirus papain-like protease ubiquitin-like domain and catalytic domain 
regulate antagonism of IRF3 and NF-kappaB signaling. J Virol 83:6689-705. 

64. Duncan JKS, Xu D, Licursi M, Joyce MA, Saffran HA, Liu K, Gohda J, Tyrrell DL, Kawaguchi Y, 
Hirasawa K. 2023. Interferon regulatory factor 3 mediates effective antiviral responses to 
human coronavirus 229E and OC43 infection. Front Immunol 14:930086. 

65. Andreakos E, Salagianni M, Galani IE, Koltsida O. 2017. Interferon-λs: Front-Line Guardians 
of Immunity and Homeostasis in the Respiratory Tract. Front. Immunol. 

66. Dinnon KH, Leist SR, Schäfer A, Edwards CE, Martinez DR, Montgomery SA, West A, Yount 
BL, Hou YJ, Adams LE, Gully KL, Brown AJ, Huang E, Bryant MD, Choong IC, Glenn JS, Gralinski 
LE, Sheahan TP, Baric RS. 2020. A mouse-adapted model of SARS-CoV-2 to test COVID-19 
countermeasures. Nature 586:560-566. 

67. Feld JJ, Kandel C, Biondi MJ, Kozak RA, Zahoor MA, Lemieux C, Borgia SM, Boggild AK, Powis 
J, McCready J, Tan DHS, Chan T, Coburn B, Kumar D, Humar A, Chan A, O'Neil B, Noureldin 
S, Booth J, Hong R, Smookler D, Aleyadeh W, Patel A, Barber B, Casey J, Hiebert R, Mistry H, 
Choong I, Hislop C, Santer DM, Lorne Tyrrell D, Glenn JS, Gehring AJ, Janssen HLA, Hansen 
BE. 2021. Peginterferon lambda for the treatment of outpatients with COVID-19: a phase 2, 
placebo-controlled randomised trial. Lancet Respir Med 9:498-510. 

68. Reis G, Moreira Silva EAS, Medeiros Silva DC, Thabane L, Campos VHS, Ferreira TS, Santos 
CVQ, Nogueira AMR, Almeida APFG, Savassi LCM, Figueiredo-Neto AD, Dias ACF, Freire 
Júnior AM, Bitarães C, Milagres AC, Callegari ED, Simplicio MIC, Ribeiro LB, Oliveira R, Harari 
O, Wilson LA, Forrest JI, Ruton H, Sprague S, McKay P, Guo CM, Limbrick-Oldfield EH, Kanters 



639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler
Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024 PDF page: 203PDF page: 203PDF page: 203PDF page: 203

195 

Chapter 6 

S, Guyatt GH, Rayner CR, Kandel C, Biondi MJ, Kozak R, Hansen B, Zahoor MA, Arora P, Hislop 
C, Choong I, Feld JJ, Mills EJ, Glenn JS. 2023. Early Treatment with Pegylated Interferon 
Lambda for Covid-19. N Engl J Med 388:518-528. 

69. Oleinik LA, Madonov PG, Pykhtina MB. 2023. Potential of Interferon Lambda as an Inhibitor
of SARS-CoV-2. Molecular Biology 57:291-298.

70. Vanderheiden A, Ralfs P, Chirkova T, Upadhyay AA, Zimmerman MG, Bedoya S, Aoued H, 
Tharp GM, Pellegrini KL, Manfredi C, Sorscher E, Mainou B, Lobby JL, Kohlmeier JE, Lowen 
AC, Shi P-Y, Menachery VD, Anderson LJ, Grakoui A, Bosinger SE, Suthar MS. 2020. Type I
and Type III Interferons Restrict SARS-CoV-2 Infection of Human Airway Epithelial Cultures.
Journal of Virology 94:e00985-20.

71. Mulay A, Konda B, Garcia G, Yao C, Beil S, Villalba JM, Koziol C, Sen C, Purkayastha A, Kolls 
JK, Pociask DA, Pessina P, de Aja JS, Garcia-de-Alba C, Kim CF, Gomperts B, Arumugaswami
V, Stripp BR. 2021. SARS-CoV-2 infection of primary human lung epithelium for COVID-19
modeling and drug discovery. Cell Reports 35:109055.

72. Subramaniyan B, Larabee JL, Bodas M, Moore AR, Burgett AWG, Myers DA, Georgescu C,
Wren JD, Papin JF, Walters MS. 2021. Characterization of the SARS-CoV-2 Host Response in 
Primary Human Airway Epithelial Cells from Aged Individuals. Viruses 13:1603.

73. Johansen MD, Mahbub RM, Idrees S, Nguyen DH, Miemczyk S, Pathinayake P, Nichol K, 
Hansbro NG, Gearing LJ, Hertzog PJ, Gallego-Ortega D, Britton WJ, Saunders BM, Wark PA, 
Faiz A, Hansbro PM. 2022. Increased SARS-CoV-2 Infection, Protease, and Inflammatory
Responses in Chronic Obstructive Pulmonary Disease Primary Bronchial Epithelial Cells
Defined with Single-Cell RNA Sequencing. Am J Respir Crit Care Med 206:712-729.

74. Melms JC, Biermann J, Huang H, Wang Y, Nair A, Tagore S, Katsyv I, Rendeiro AF, Amin AD,
Schapiro D, Frangieh CJ, Luoma AM, Filliol A, Fang Y, Ravichandran H, Clausi MG, Alba GA,
Rogava M, Chen SW, Ho P, Montoro DT, Kornberg AE, Han AS, Bakhoum MF,
Anandasabapathy N, Suárez-Fariñas M, Bakhoum SF, Bram Y, Borczuk A, Guo XV, Lefkowitch 
JH, Marboe C, Lagana SM, Del Portillo A, Zorn E, Markowitz GS, Schwabe RF, Schwartz RE, 
Elemento O, Saqi A, Hibshoosh H, Que J, Izar B. 2021. A molecular single-cell lung atlas of
lethal COVID-19. Nature 

75. Yoshikawa T, Hill TE, Yoshikawa N, Popov VL, Galindo CL, Garner HR, Peters CJ, Tseng C-TK.
2010. Dynamic innate immune responses of human bronchial epithelial cells to severe acute
respiratory syndrome-associated coronavirus infection. PloS one 5:e8729-e8729.

76. Yuan L, Fung TS, He J, Chen RA, Liu DX. 2022. Modulation of viral replication, apoptosis and
antiviral response by induction and mutual regulation of EGR and AP-1 family genes during
coronavirus infection. Emerg Microbes Infect 11:1717-1729.

77. Guo H, Golczer G, Wittner BS, Langenbucher A, Zachariah M, Dubash TD, Hong X, Comaills 
V, Burr R, Ebright RY, Horwitz E, Vuille JA, Hajizadeh S, Wiley DF, Reeves BA, Zhang JM,
Niederhoffer KL, Lu C, Wesley B, Ho U, Nieman LT, Toner M, Vasudevan S, Zou L,
Mostoslavsky R, Maheswaran S, Lawrence MS, Haber DA. 2021. NR4A1 regulates expression
of immediate early genes, suppressing replication stress in cancer. Mol Cell 81:4041-
4058.e15.

78. Zhang L, Wang Q, Liu W, Liu F, Ji A, Li Y. 2018. The Orphan Nuclear Receptor 4A1: A Potential
New Therapeutic Target for Metabolic Diseases. J Diabetes Res 2018:9363461.

79. Beigel JH, Tomashek KM, Dodd LE, Mehta AK, Zingman BS, Kalil AC, Hohmann E, Chu HY,
Luetkemeyer A, Kline S, Lopez de Castilla D, Finberg RW, Dierberg K, Tapson V, Hsieh L, 
Patterson TF, Paredes R, Sweeney DA, Short WR, Touloumi G, Lye DC, Ohmagari N, Oh M-d,
Ruiz-Palacios GM, Benfield T, Fätkenheuer G, Kortepeter MG, Atmar RL, Creech CB,
Lundgren J, Babiker AG, Pett S, Neaton JD, Burgess TH, Bonnett T, Green M, Makowski M,
Osinusi A, Nayak S, Lane HC. 2020. Remdesivir for the Treatment of Covid-19 — Final Report.
N Engl J Med 383:1813-1826.



639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler
Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024 PDF page: 204PDF page: 204PDF page: 204PDF page: 204

Summary and General Discussion 

 

 
196 

80. Harris E. 2023. FDA Grants Full Approval to Paxlovid, COVID-19 Antiviral Treatment. Jama 
329:2118. 

81. Toussi SS, Hammond JL, Gerstenberger BS, Anderson AS. 2023. Therapeutics for COVID-19. 
Nature Microbiology 8:771-786. 

82. Sebba A. 2008. Tocilizumab: the first interleukin-6-receptor inhibitor. Am J Health Syst 
Pharm 65:1413-8. 

83. Kubo S, Nakayamada S, Sakata K, Kitanaga Y, Ma X, Lee S, Ishii A, Yamagata K, Nakano K, 
Tanaka Y. 2018. Janus Kinase Inhibitor Baricitinib Modulates Human Innate and Adaptive 
Immune System. Front Immunol 

84. Food and Drug Administration. 2023. Fact sheet for healthcare providers: Emergency Use 
Authorization for Evusheld (tixagevimab co-packaged with cilgavimab). Available at: 
https://wwwfdagov/media/154701/download. 

85. Food and Drug Administration. 2022. Fact sheet for healthcare providers: Emergency Use 
Authorization (EUA) of sotrovimab. Available at: 
https://wwwfdagov/media/149534/download. 

86. European Medicines Agency (EMA). 2022. ETF statement on the loss of activity of anti-spike 
protein monoclonal antibodies due to emerging SARS-CoV-2 variants of concern. 
https://wwwemaeuropaeu/en/documents/public-statement/etf-statement-loss-activity-
anti-spike-protein-monoclonal-antibodies-due-emerging-sars-cov-2-variants-
concern_enpdf. 

87. Ferreto LED, Bortoloti DS, Fortes PCN, Follador F, Arruda G, Ximenez JP, Wendt GW. 2021. 
Dexamethasone for treating SARS-CoV-2 infection: a systematic review and meta-analysis. 
Sao Paulo Med J 139:657-661. 

88. The WHO Rapid Evidence Appraisal for COVID-19 Therapies Working Group. 2020. 
Association Between Administration of Systemic Corticosteroids and Mortality Among 
Critically Ill Patients With COVID-19: A Meta-analysis. JAMA 324:1330-1341. 

89. Stiles J, Amaya C, Pham R, Rowntree RK, Lacaze M, Mulne A, Bischoff J, Kokta V, Boucheron 
LE, Mitchell DC, Bryan BA. 2012. Propranolol treatment of infantile hemangioma endothelial 
cells: A molecular analysis. Exp Ther Med 4:594-604. 

90. Léauté-Labrèze C, Hoeger P, Mazereeuw-Hautier J, Guibaud L, Baselga E, Posiunas G, Phillips 
RJ, Caceres H, Lopez Gutierrez JC, Ballona R, Friedlander SF, Powell J, Perek D, Metz B, 
Barbarot S, Maruani A, Szalai ZZ, Krol A, Boccara O, Foelster-Holst R, Febrer Bosch MI, Su J, 
Buckova H, Torrelo A, Cambazard F, Grantzow R, Wargon O, Wyrzykowski D, Roessler J, 
Bernabeu-Wittel J, Valencia AM, Przewratil P, Glick S, Pope E, Birchall N, Benjamin L, Mancini 
AJ, Vabres P, Souteyrand P, Frieden IJ, Berul CI, Mehta CR, Prey S, Boralevi F, Morgan CC, 
Heritier S, Delarue A, Voisard JJ. 2015. A randomized, controlled trial of oral propranolol in 
infantile hemangioma. N Engl J Med 372:735-46. 

91. Sasaki M, North PE, Elsey J, Bubley J, Rao S, Jung Y, Wu S, Zou M-H, Pollack BP, Kumar J, 
Singh H, Arbiser JL. 2019. Propranolol exhibits activity against hemangiomas independent of 
beta blockade. NPJ precision oncology 3:27-27. 

92. Ackermann M, Verleden SE, Kuehnel M, Haverich A, Welte T, Laenger F, Vanstapel A, 
Werlein C, Stark H, Tzankov A, Li WW, Li VW, Mentzer SJ, Jonigk D. 2020. Pulmonary Vascular 
Endothelialitis, Thrombosis, and Angiogenesis in Covid-19. N Engl J Med 383:120-128. 

93. Miggiolaro A, da Silva FPG, Wiedmer DB, Godoy TM, Borges NH, Piper GW, Oricil AGG, Klein 
CK, Hlatchuk EC, Dagostini JCH, Collete M, Arantes MP, D'Amico RC, Dutra AA, de Azevedo 
MLV, de Noronha L. 2023. COVID-19 and Pulmonary Angiogenesis: The Possible Role of 
Hypoxia and Hyperinflammation in the Overexpression of Proteins Involved in Alveolar 
Vascular Dysfunction. Viruses 15. 

94. Li L, Chong Han C, Ng Say Y, Kwok Ka W, Teo Z, Tan Eddie Han P, Choo Chee C, Seet Ju E, Choi 
Hyung W, Buist Martin L, Chow Vincent Tak K, Tan Nguan S. 2015. Angiopoietin-like 4 



639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler
Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024 PDF page: 205PDF page: 205PDF page: 205PDF page: 205

 

 
197 

Chapter 6 

Increases Pulmonary Tissue Leakiness and Damage during Influenza Pneumonia. Cell 
Reports 10:654-663. 

95. Bhatraju PK, Morrell ED, Stanaway IB, Sathe NA, Srivastava A, Postelnicu R, Green R, 
Andrews A, Gonzalez M, Kratochvil CJ, Kumar VK, Hsiang TY, Gale M, Jr., Anesi GL, Wyles D, 
Broadhurst MJ, Brett-Major D, Mukherjee V, Sevransky JE, Landsittel D, Hung C, Altemeier 
WA, Gharib SA, Uyeki TM, Cobb JP, Liebler JM, Crosslin DR, Jarvik GP, Segal LN, Evans L, 
Mikacenic C, Wurfel MM. 2023. Angiopoietin-Like4 Is a Novel Marker of COVID-19 Severity. 
Crit Care Explor 5:e0827. 

96. Wang P, Luo R, Zhang M, Wang Y, Song T, Tao T, Li Z, Jin L, Zheng H, Chen W, Zhao M, Zheng 
Y, Qin J. 2020. A cross-talk between epithelium and endothelium mediates human alveolar–
capillary injury during SARS-CoV-2 infection. Cell Death & Disease 11:1042. 

97. Peuschel KE. 2011. Some clinical evidence of the hypothesis of an indirect antiviral effect of 
propranolol through immunoactivation. Medical Hypotheses 76:689-691. 

98. Fang H, Wang Y, Liu L, Cheng K, Li P, Tan Y, Hao X, Mei M, Xu X, Yao Y, Zan F, Wu L, Zhu Y, Xu 
B, Huang D, Wang C, Tan X, Qian Z, Chen X-W. 2022. A Host-Harbored Metabolic 
Susceptibility of Coronavirus Enables Broad-Spectrum Targeting. bioRxiv  

99. Hu Q, Liao P, Li W, Hu J, Chen C, Zhang Y, Wang Y, Chen L, Song K, Liu J, Zhang W, Li Q, 
McLeod HL, He Y. 2021. Clinical Use of Propranolol Reduces Biomarkers of Proliferation in 
Gastric Cancer. Front Oncol 11:628613. 

100. Zhou C, Chen X, Zeng W, Peng C, Huang G, Li X, Ouyang Z, Luo Y, Xu X, Xu B, Wang W, He R, 
Zhang X, Zhang L, Liu J, Knepper TC, He Y, McLeod HL. 2016. Propranolol induced G0/G1/S 
phase arrest and apoptosis in melanoma cells via AKT/MAPK pathway. Oncotarget 7:68314-
68327. 

101. Klann K, Bojkova D, Tascher G, Ciesek S, Münch C, Cinatl J. 2020. Growth factor receptor 
signaling inhibition prevents SARS-CoV-2 replication. Molecular Cell  

102. Maisel AS, Murray D, Lotz M, Rearden A, Irwin M, Michel MC. 1991. Propranolol treatment 
affects parameters of human immunity. Immunopharmacology 22:157-164. 

103. Josuttis D, Schwedler C, Heymann G, Gümbel D, Schmittner MD, Kruse M, Hoppe B. 2023. 
Vascular Endothelial Growth Factor as Potential Biomarker for COVID-19 Severity. J 
Intensive Care Med 38:1165-1173. 

104. Pang J, Xu F, Aondio G, Li Y, Fumagalli A, Lu M, Valmadre G, Wei J, Bian Y, Canesi M, Damiani 
G, Zhang Y, Yu D, Chen J, Ji X, Sui W, Wang B, Wu S, Kovacs A, Revera M, Wang H, Jing X, 
Zhang Y, Chen Y, Cao Y. 2021. Efficacy and tolerability of bevacizumab in patients with severe 
Covid-19. Nat Commun 12:814. 

105. Feng T, Zhang J, Chen Z, Pan W, Chen Z, Yan Y, Dai J. 2022. Glycosylation of viral proteins: 
Implication in virus–host interaction and virulence. Virulence 13:670-683. 

106. Shajahan A, Pepi LE, Rouhani DS, Heiss C, Azadi P. 2021. Glycosylation of SARS-CoV-2: 
structural and functional insights. Anal Bioanal Chem 413:7179-7193. 

107. Bouwman KM, Tomris I, Turner HL, van der Woude R, Shamorkina TM, Bosman GP, Rockx B, 
Herfst S, Snijder J, Haagmans BL, Ward AB, Boons G-J, de Vries RP. 2021. Multimerization- 
and glycosylation-dependent receptor binding of SARS-CoV-2 spike proteins. PLOS 
Pathogens 17:e1009282. 

108. Huang H-C, Lai Y-J, Liao C-C, Wang F-Y, Huang K-B, Lee IJ, Chou W-C, Wang S-H, Wang L-H, 
Hsu J-M, Sun C-P, Kuo C-T, Wang J, Hsiao T-C, Yang P-J, Lee T-A, Huang W, Li F-A, Shen C-Y, 
Lin Y-L, Tao M-H, Li C-W. 2021. Targeting conserved N-glycosylation blocks SARS-CoV-2 
variant infection in vitro. eBioMedicine 74:103712. 

109. Perry ST, Buck MD, Plummer EM, Penmasta RA, Batra H, Stavale EJ, Warfield KL, Dwek RA, 
Butters TD, Alonzi DS, Lada SM, King K, Klose B, Ramstedt U, Shresta S. 2013. An iminosugar 
with potent inhibition of dengue virus infection in vivo. Antiviral Res 98:35-43. 



639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler
Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024 PDF page: 206PDF page: 206PDF page: 206PDF page: 206

Summary and General Discussion 

 

 
198 

110. Warfield KL, Alonzi DS, Hill JC, Caputo AT, Roversi P, Kiappes JL, Sheets N, Duchars M, Dwek 
RA, Biggins J, Barnard D, Shresta S, Treston AM, Zitzmann N. 2020. Targeting Endoplasmic 
Reticulum α-Glucosidase I with a Single-Dose Iminosugar Treatment Protects against Lethal 
Influenza and Dengue Virus Infections. J Med Chem 63:4205-4214. 

111. Chang J, Warren TK, Zhao X, Gill T, Guo F, Wang L, Comunale MA, Du Y, Alonzi DS, Yu W, Ye 
H, Liu F, Guo J-T, Mehta A, Cuconati A, Butters TD, Bavari S, Xu X, Block TM. 2013. Small 
molecule inhibitors of ER α-glucosidases are active against multiple hemorrhagic fever 
viruses. Antiviral Research 98:432-440. 

112. Fukushi M, Yoshinaka Y, Matsuoka Y, Hatakeyama S, Ishizaka Y, Kirikae T, Sasazuki T, 
Miyoshi-Akiyama T. 2012. Monitoring of S Protein Maturation in the Endoplasmic Reticulum 
by Calnexin Is Important for the Infectivity of Severe Acute Respiratory Syndrome 
Coronavirus. J Virol. 86:11745-11753. 

113. Ferjancic Z, Bihelovic F, Vulovic B, Matovic R, Trmcic M, Jankovic A, Pavlovic M, Djurkovic F, 
Prodanovic R, Djurdjevic Djelmas A, Kalicanin N, Zlatovic M, Sladic D, Vallet T, Vignuzzi M, 
Saicic RN. 2024. Development of iminosugar-based glycosidase inhibitors as drug candidates 
for SARS-CoV-2 virus via molecular modelling and in vitro studies. J Enzyme Inhib Med Chem 
39:2289007. 

114. Clarke EC, Nofchissey RA, Ye C, Bradfute SB. 2021. The iminosugars celgosivir, 
castanospermine and UV-4 inhibit SARS-CoV-2 replication. Glycobiology 31:378-384. 

115. Karade SS, Franco EJ, Rojas AC, Hanrahan KC, Kolesnikov A, Yu W, MacKerell AD, Jr., Hill DC, 
Weber DJ, Brown AN, Treston AM, Mariuzza RA. 2023. Structure-Based Design of Potent 
Iminosugar Inhibitors of Endoplasmic Reticulum α-Glucosidase I with Anti-SARS-CoV-2 
Activity. Journal of Medicinal Chemistry 66:2744-2760. 

116. Roussel HM. 1996. A randomized, double-blind active-controlled, dose-ranging study of 
safety and efficacy of chronically administered MDL 28,574A in the treatment of HIV-
infected patients. NLM identifier: NCT00002151. 

117. Watanabe S, Chan KW-K, Dow G, Ooi EE, Low JG, Vasudevan SG. 2016. Optimizing celgosivir 
therapy in mouse models of dengue virus infection of serotypes 1 and 2: The search for a 
window for potential therapeutic efficacy. Antiviral Research 127:10-19. 

118. Artola M, Wu L, Ferraz MJ, Kuo C-L, Raich L, Breen IZ, Offen WA, Codée JDC, van der Marel 
GA, Rovira C, Aerts JMFG, Davies GJ, Overkleeft HS. 2017. 1,6-Cyclophellitol Cyclosulfates: A 
New Class of Irreversible Glycosidase Inhibitor. ACS Central Science 3:784-793. 

119. Elstein D, Hollak C, Aerts JMFG, van Weely S, Maas M, Cox TM, Lachmann RH, Hrebicek M, 
Platt FM, Butters TD, Dwek RA, Zimran A. 2004. Sustained therapeutic effects of oral 
miglustat (Zavesca, N-butyldeoxynojirimycin, OGT 918) in type I Gaucher disease. J Inherit 
Metab Dis. 27:757-766. 

120. Kiappes JL, Hill ML, Alonzi DS, Miller JL, Iwaki R, Sayce AC, Caputo AT, Kato A, Zitzmann N. 
2018. ToP-DNJ, a Selective Inhibitor of Endoplasmic Reticulum α-Glucosidase II Exhibiting 
Antiflaviviral Activity. ACS Chem Biol 13:60-65. 

121. Misumi I, Li Z, Sun L, Das A, Shiota T, Cullen J, Zhang Q, Whitmire JK, Lemon SM. 2021. 
Iminosugar Glucosidase Inhibitors Reduce Hepatic Inflammation in Hepatitis A Virus-
Infected Ifnar1-/- Mice. Journal of Virology 95:10.1128/jvi.00058-21. 

122. Durantel D. 2009. Celgosivir, an alpha-glucosidase I inhibitor for the potential treatment of 
HCV infection. Curr Opin Investig Drugs 10:860-70. 

123. Stanley P MK, Lewis NE, et al. 2022. N-Glycans. In: Varki A, Cummings RD, Esko JD, et al, 
Essentials of Glycobiology 4th edition Cold Spring Harbor (NY): Cold Spring Harbor 
Laboratory Press; Chapter 9  

124. Sobala Ł F, Fernandes PZ, Hakki Z, Thompson AJ, Howe JD, Hill M, Zitzmann N, Davies S, 
Stamataki Z, Butters TD, Alonzi DS, Williams SJ, Davies GJ. 2020. Structure of human endo-



639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler
Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024 PDF page: 207PDF page: 207PDF page: 207PDF page: 207

 

 
199 

Chapter 6 

α-1,2-mannosidase (MANEA), an antiviral host-glycosylation target. Proc Natl Acad Sci U S A 
117:29595-29601. 

125. Pizzorno A, Padey B, Julien T, Trouillet-Assant S, Traversier A, Errazuriz-Cerda E, Fouret J, 
Dubois J, Gaymard A, Lescure FX, Dulière V, Brun P, Constant S, Poissy J, Lina B, Yazdanpanah 
Y, Terrier O, Rosa-Calatrava M. 2020. Characterization and Treatment of SARS-CoV-2 in 
Nasal and Bronchial Human Airway Epithelia. Cell Rep Med 1:100059. 

126. Corrò C, Novellasdemunt L, Li VSW. 2020. A brief history of organoids.  319:C151-C165. 
127. Moysidou C-M, Barberio C, Owens RM. 2021. Advances in Engineering Human Tissue 

Models. Front Bioeng Biotechnol Jan 28;8:620962. PMID: 33585419; PMCID: PMC7877542. 
128. Han Y, Duan X, Yang L, Nilsson-Payant BE, Wang P, Duan F, Tang X, Yaron TM, Zhang T, Uhl 

S, Bram Y, Richardson C, Zhu J, Zhao Z, Redmond D, Houghton S, Nguyen D-HT, Xu D, Wang 
X, Jessurun J, Borczuk A, Huang Y, Johnson JL, Liu Y, Xiang J, Wang H, Cantley LC, tenOever 
BR, Ho DD, Pan FC, Evans T, Chen HJ, Schwartz RE, Chen S. 2021. Identification of SARS-CoV-
2 inhibitors using lung and colonic organoids. Nature 589:270-275. 

129. Masmoudi F, Santos-Ferreira N, Pajkrt D, Wolthers KC, DeGroot J, Vlaming MLH, Rocha-
Pereira J, Buti L. 2023. Evaluation of 3D Human Intestinal Organoids as a Platform for EV-
A71 Antiviral Drug Discovery. Cells 12. 

130. Huh D, Matthews BD, Mammoto A, Montoya-Zavala M, Hsin HY, Ingber DE. 2010. 
Reconstituting organ-level lung functions on a chip. Science 328:1662-8. 

131. Ronaldson-Bouchard K, Vunjak-Novakovic G. 2018. Organs-on-a-Chip: A Fast Track for 
Engineered Human Tissues in Drug Development. Cell Stem Cell 22:310-324. 

132. Thacker VV, Sharma K, Dhar N, Mancini GF, Sordet-Dessimoz J, McKinney JD. 2021. Rapid 
endotheliitis and vascular damage characterize SARS-CoV-2 infection in a human lung-on-
chip model. EMBO Rep 22:e52744. 

133. Hiemstra PS, Tetley TD, Janes SM. 2019. Airway and alveolar epithelial cells in culture. 
European Respiratory Journal 54:1900742. 

134. Horváth L, Umehara Y, Jud C, Blank F, Petri-Fink A, Rothen-Rutishauser B. 2015. Engineering 
an in vitro air-blood barrier by 3D bioprinting. Scientific Reports 5:7974. 

135. Barreto-Duran E, Szczepański A, Gałuszka-Bulaga A, Surmiak M, Siedlar M, Sanak M, Rajfur 
Z, Milewska A, Lenart M, Pyrć K. 2022. The interplay between the airway epithelium and 
tissue macrophages during the SARS-CoV-2 infection. Front Immunol  

136. Rebendenne A, Roy P, Bonaventure B, Chaves Valadão AL, Desmarets L, Rouillé Y, Tauziet 
M, Arnaud-Arnould M, Giovanni D, Lee Y, DeWeirdt P, Hegde M, Garcia de Gracia F, McKellar 
J, Wencker M, Dubuisson J, Belouzard S, Moncorgé O, Doench JG, Goujon C. 2021. 
Bidirectional genome-wide CRISPR screens reveal host factors regulating SARS-CoV-2, 
MERS-CoV and seasonal coronaviruses. BioRxiv:2021.05.19.444823. 

137. Wang M, Cao R, Zhang L, Yang X, Liu J, Xu M, Shi Z, Hu Z, Zhong W, Xiao G. 2020. Remdesivir 
and chloroquine effectively inhibit the recently emerged novel coronavirus (2019-nCoV) in 
vitro. Cell Research 30:269-271. 

138. Hoffmann M, Mösbauer K, Hofmann-Winkler H, Kaul A, Kleine-Weber H, Krüger N, Gassen 
NC, Müller MA, Drosten C, Pöhlmann S. 2020. Chloroquine does not inhibit infection of 
human lung cells with SARS-CoV-2. Nature 585:588-590. 

139. Li G, Hilgenfeld R, Whitley R, De Clercq E. 2023. Therapeutic strategies for COVID-19: 
progress and lessons learned. Nature Reviews Drug Discovery 22:449-475. 

140. Golan Y, Campos JAS, Woolson R, Cilla D, Hanabergh R, Gonzales-Rojas Y, Lopez R, Finberg 
R, Balboni A. 2023. Favipiravir in Patients With Early Mild-to-moderate Coronavirus Disease 
2019 (COVID-19): A Randomized Controlled Trial. Clin Infect Dis 76:e10-e17. 

141. Dinesh Kumar N, Ter Ellen BM, Bouma EM, Troost B, van de Pol DPI, van der Ende-Metselaar 
HH, van Gosliga D, Apperloo L, Carpaij OA, van den Berge M, Nawijn MC, Stienstra Y, 
Rodenhuis-Zybert IA, Smit JM. 2022. Moxidectin and Ivermectin Inhibit SARS-CoV-2 



639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler
Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024 PDF page: 208PDF page: 208PDF page: 208PDF page: 208

Summary and General Discussion 

 

 
200 

Replication in Vero E6 Cells but Not in Human Primary Bronchial Epithelial Cells. Antimicrob 
Agents Chemother 66:e0154321. 

142. Tomita Y, Takeda M, Matsuyama S. 2021. The Anti-Influenza Virus Drug Favipiravir Has Little 
Effect on Replication of SARS-CoV-2 in Cultured Cells. Antimicrob Agents Chemoter. 
65:10.1128/aac.00020-21. 

143. Touret F, Driouich JS, Cochin M, Petit PR, Gilles M, Barthélémy K, Moureau G, Mahon FX, 
Malvy D, Solas C, de Lamballerie X, Nougairède A. 2021. Preclinical evaluation of Imatinib 
does not support its use as an antiviral drug against SARS-CoV-2. Antiviral Res 193:105137. 

144. Han JJ. 2023. FDA Modernization Act 2.0 allows for alternatives to animal testing. Artif 
Organs. 47:449-450. 

145. Owens RM. 2023. Advanced tissue engineering for in vitro drug safety testing. MRS 
Communications 13:685-694. 

146. Brown DG, Wobst HJ. 2021. A Decade of FDA-Approved Drugs (2010–2019): Trends and 
Future Directions. Journal of Medicinal Chemistry 64:2312-2338. 

147. Tiwari PC, Pal R, Chaudhary MJ, Nath R. 2023. Artificial intelligence revolutionizing drug 
development: Exploring opportunities and challenges. Drug Dev Res 84(8):1652-1663. 

148. Vijayan RSK, Kihlberg J, Cross JB, Poongavanam V. 2022. Enhancing preclinical drug discovery 
with artificial intelligence. Drug Discovery Today 27:967-984. 

149. Innovative Medicines Initiative EH, EFPIA 2024. MELLODY. 
https://wwwimieuropaeu/projects-results/project-factsheets/melloddy. 

150. Minnich AJ, McLoughlin K, Tse M, Deng J, Weber A, Murad N, Madej BD, Ramsundar B, Rush 
T, Calad-Thomson S, Brase J, Allen JE. 2020. AMPL: A Data-Driven Modeling Pipeline for Drug 
Discovery. Journal of Chemical Information and Modeling 60:1955-1968. 

151. Hoffman RL, Kania RS, Brothers MA, Davies JF, Ferre RA, Gajiwala KS, He M, Hogan RJ, 
Kozminski K, Li LY, Lockner JW, Lou J, Marra MT, Mitchell LJ, Jr., Murray BW, Nieman JA, 
Noell S, Planken SP, Rowe T, Ryan K, Smith GJ, 3rd, Solowiej JE, Steppan CM, Taggart B. 2020. 
Discovery of Ketone-Based Covalent Inhibitors of Coronavirus 3CL Proteases for the 
Potential Therapeutic Treatment of COVID-19. J Med Chem 63:12725-12747. 

152. Durojaye OA, Okoro NO, Odiba AS, Nwanguma BC. 2023. MasitinibL shows promise as a 
drug-like analog of masitinib that elicits comparable SARS-Cov-2 3CLpro inhibition with low 
kinase preference. Scientific Reports 13:6972. 

153. Mukae H, Yotsuyanagi H, Ohmagari N, Doi Y, Sakaguchi H, Sonoyama T, Ichihashi G, Sanaki 
T, Baba K, Tsuge Y, Uehara T. 2023. Efficacy and Safety of Ensitrelvir in Patients With Mild-
to-Moderate Coronavirus Disease 2019: The Phase 2b Part of a Randomized, Placebo-
Controlled, Phase 2/3 Study. Clin Infect Dis 76:1403-1411. 

154. Cho J, Shin Y, Yang JS, Kim JW, Kim KC, Lee JY. 2023. Evaluation of antiviral drugs against 
newly emerged SARS-CoV-2 Omicron subvariants. Antiviral Res 214:105609. 

155. Duan Y, Zhou H, Liu X, Iketani S, Lin M, Zhang X, Bian Q, Wang H, Sun H, Hong SJ, Culbertson 
B, Mohri H, Luck MI, Zhu Y, Liu X, Lu Y, Yang X, Yang K, Sabo Y, Chavez A, Goff SP, Rao Z, Ho 
DD, Yang H. 2023. Molecular mechanisms of SARS-CoV-2 resistance to nirmatrelvir. Nature 
622:376-382. 

156. Kiso M, Yamayoshi S, Iida S, Furusawa Y, Hirata Y, Uraki R, Imai M, Suzuki T, Kawaoka Y. 2023. 
In vitro and in vivo characterization of SARS-CoV-2 resistance to ensitrelvir. Nat Commun 
14:4231. 

157. Hogan JI, Duerr R, Dimartino D, Marier C, Hochman SE, Mehta S, Wang G, Heguy A. 2023. 
Remdesivir Resistance in Transplant Recipients With Persistent Coronavirus Disease 2019. 
Clin Infect Dis 76:342-345. 

158. Gandhi S, Klein J, Robertson AJ, Peña-Hernández MA, Lin MJ, Roychoudhury P, Lu P, Fournier 
J, Ferguson D, Mohamed Bakhash SAK, Catherine Muenker M, Srivathsan A, Wunder EA, Jr., 
Kerantzas N, Wang W, Lindenbach B, Pyle A, Wilen CB, Ogbuagu O, Greninger AL, Iwasaki A, 



639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler
Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024 PDF page: 209PDF page: 209PDF page: 209PDF page: 209

 

 
201 

Chapter 6 

Schulz WL, Ko AI. 2022. De novo emergence of a remdesivir resistance mutation during 
treatment of persistent SARS-CoV-2 infection in an immunocompromised patient: a case 
report. Nat Commun 13:1547. 

159. Akinbolade S, Coughlan D, Fairbairn R, McConkey G, Powell H, Ogunbayo D, Craig D. 2022. 
Combination therapies for COVID-19: An overview of the clinical trials landscape. Br J Clin 
Pharmacol 88:1590-1597. 

160. Kalil AC, Patterson TF, Mehta AK, Tomashek KM, Wolfe CR, Ghazaryan V, Marconi VC, Ruiz-
Palacios GM, Hsieh L, Kline S, Tapson V, Iovine NM, Jain MK, Sweeney DA, El Sahly HM, 
Branche AR, Regalado Pineda J, Lye DC, Sandkovsky U, Luetkemeyer AF, Cohen SH, Finberg 
RW, Jackson PEH, Taiwo B, Paules CI, Arguinchona H, Erdmann N, Ahuja N, Frank M, Oh MD, 
Kim ES, Tan SY, Mularski RA, Nielsen H, Ponce PO, Taylor BS, Larson L, Rouphael NG, Saklawi 
Y, Cantos VD, Ko ER, Engemann JJ, Amin AN, Watanabe M, Billings J, Elie MC, Davey RT, 
Burgess TH, Ferreira J, Green M, et al. 2021. Baricitinib plus Remdesivir for Hospitalized 
Adults with Covid-19. N Engl J Med 384:795-807. 

161. Mbikay M, Chrétien M. 2022. Isoquercetin as an Anti-Covid-19 Medication: A Potential to 
Realize. Front Pharmcacol.  

162. Yong SJ. 2021. Long COVID or post-COVID-19 syndrome: putative pathophysiology, risk 
factors, and treatments. Infect Dis (Lond) 53:737-754. 

163. Umemura Y, Mitsuyama Y, Minami K, Nishida T, Watanabe A, Okada N, Yamakawa K, 
Nochioka K, Fujimi S. 2021. Efficacy and safety of nintedanib for pulmonary fibrosis in severe 
pneumonia induced by COVID-19: An interventional study. Int J Infect Dis 108:454-460. 

164. Săndulescu O, Apostolescu CG, Preoțescu LL, Streinu-Cercel A, Săndulescu M. 2023. 
Therapeutic developments for SARS-CoV-2 infection—Molecular mechanisms of action of 
antivirals and strategies for mitigating resistance in emerging variants in clinical practice.  
Front Microbiol.  

165. Taylor PC, Adams AC, Hufford MM, de la Torre I, Winthrop K, Gottlieb RL. 2021. Neutralizing 
monoclonal antibodies for treatment of COVID-19. Nature Reviews Immunology 21:382-
393. 

166. Plasse TF, Fathi R, Fehrmann C, McComsey GA. Upamostat: a serine protease inhibitor for 
antiviral, gastrointestinal, and anticancer indications. Expert Opinion on Investigational 
Drugs  

167. Bian H, Chen L, Zheng Z-H, Sun X-X, Geng J-J, Chen R, Wang K, Yang X, Chen S-R, Chen S-Y, 
Xie R-H, Zhang K, Miao J-L, Jia J-F, Tang H, Liu S-S, Shi H-W, Yang Y, Chen X-C, Malhotra V, 
Nasir N, Khanum I, Mahmood F, Hamid S, Stadnik CMB, Itinose K, de Oliveira CCC, Dusilek C, 
Rivabem L, Cavalcante AJW, Lopes SS, Saporito WF, Fucci FJC, Simon-Campos JA, Wang L, 
Liu L-N, Wang Q-Y, Wei D, Zhang Z, Chen Z-N, Zhu P. 2023. Meplazumab in hospitalized 
adults with severe COVID-19 (DEFLECT): a multicenter, seamless phase 2/3, randomized, 
third-party double-blind clinical trial. Signal Transduction and Targeted Therapy 8:46. 

168. Mellott DM, Tseng C-T, Drelich A, Fajtová P, Chenna BC, Kostomiris DH, Hsu J, Zhu J, Taylor 
ZW, Kocurek KI, Tat V, Katzfuss A, Li L, Giardini MA, Skinner D, Hirata K, Yoon MC, Beck S, 
Carlin AF, Clark AE, Beretta L, Maneval D, Hook V, Frueh F, Hurst BL, Wang H, Raushel FM, 
O’Donoghue AJ, de Siqueira-Neto JL, Meek TD, McKerrow JH. 2021. A Clinical-Stage Cysteine 
Protease Inhibitor blocks SARS-CoV-2 Infection of Human and Monkey Cells. ACS Chemical 
Biology 16:642-650. 

169. Sonawane KD, Barale SS, Dhanavade MJ, Waghmare SR, Nadaf NH, Kamble SA, Mohammed 
AA, Makandar AM, Fandilolu PM, Dound AS, Naik NM, More VB. 2021. Structural insights 
and inhibition mechanism of TMPRSS2 by experimentally known inhibitors Camostat 
mesylate, Nafamostat and Bromhexine hydrochloride to control SARS-coronavirus-2: A 
molecular modeling approach. Inform Med Unlocked 24:100597. 



639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler639860-L-sub01-bw-Thaler
Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024Processed on: 6-6-2024 PDF page: 210PDF page: 210PDF page: 210PDF page: 210

Summary and General Discussion 

202 

170. White KM, Rosales R, Yildiz S, Kehrer T, Miorin L, Moreno E, Jangra S, Uccellini MB,
Rathnasinghe R, Coughlan L, Martinez-Romero C, Batra J, Rojc A, Bouhaddou M, Fabius JM, 
Obernier K, Dejosez M, Guillén MJ, Losada A, Avilés P, Schotsaert M, Zwaka T, Vignuzzi M,
Shokat KM, Krogan NJ, García-Sastre A. 2021. Plitidepsin has potent preclinical efficacy
against SARS-CoV-2 by targeting the host protein eEF1A. Science 371:926-931.

171. Kuriakose J, Montezano AC, Touyz RM. 2021. ACE2/Ang-(1-7)/Mas1 axis and the vascular
system: vasoprotection to COVID-19-associated vascular disease. Clin Sci (Lond) 135:387-
407.

172. Wigerblad G, Warner SA, Ramos-Benitez MJ, Kardava L, Tian X, Miao R, Reger R, Chakraborty
M, Wong S, Kanthi Y, Suffredini AF, Dell'Orso S, Brooks S, King C, Shlobin O, Nathan SD,
Cohen J, Moir S, Childs RW, Kaplan MJ, Chertow DS, Strich JR. 2023. Spleen tyrosine kinase
inhibition restores myeloid homeostasis in COVID-19. Sci Adv 9:eade8272.

173. Youssef M, De Sanctis JB, Shah J, Dumut DC, Hajduch M, Petrof BJ, Radzioch D. 2020. Age-
Dependent Progression in Lung Pathophysiology can be Prevented by Restoring Fatty Acid
and Ceramide Imbalance in Cystic Fibrosis. Lung 198:459-469.

174. Mulgaonkar N, Wang H, Mallawarachchi S, Růžek D, Martina B, Fernando S. 2023. In silico 
and in vitro evaluation of imatinib as an inhibitor for SARS-CoV-2. Journal of Biomolecular 
Structure and Dynamics 41:3052-3061.


