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ABSTRACT
Innumerable future deaths and hospitalizations could be avoided through improved pandemic preparedness and the use of personalized medicine. Here, various animal models have been used to improve an understanding of the pathogenicity and therapeutic treatment potential of three viral pathogens that have a significant impact on public health: severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), respiratory syncytial virus (RSV), and influenza virus. 
Roborovski dwarf hamsters were developed as a novel animal model to study SARS-CoV-2-induced acute lower respiratory tract injury. Dwarf hamsters recapitulate the pathogenicity of SARS-CoV-2 variants of concern (VOC) and demonstrate that the effect size of molnupiravir and paxlovid-like nirmatrelvir/ritonavir is VOC-dependent. Additionally, the ferret model of upper respiratory disease was used to study human-to-human-like transmission of SARS-CoV-2 and define a therapeutic window and human effect-size equivalent dose (HESED) for the approved drugs molnupiravir and paxlovid. Therapeutic administration of molnupiravir successfully prevented contact transmission, whereas paxlovid-like nirmatrelvir/ritonavir only partially reduced upper respiratory viral shedding. Moreover, the oral prodrug of remdesivir parent GS-441524 was shown to be efficacious against SARS-CoV-2 in ferrets.
A broad-spectrum polymerase inhibitor, 4’-Fluorouridine (4’-FlU), was identified and characterized, revealing potent activity against influenza virus, RSV, and SARS-CoV-2. This pre-clinical candidate is orally available and was shown to block replication of RSV in mice and SARS-CoV-2 in ferrets. In the mouse and ferret model, 4’-FlU mitigated lethal infection with pandemic human and highly pathogenic avian influenza. 4’-FlU could overcome moderate resistance, making this candidate a promising first line defense broad-spectrum antiviral. In parallel, an allosteric orally efficacious AVG-inhibitor series, which targets a dynamic interface in the RSV polymerase, was further developed to proof-of-concept in vivo efficacy testing. 
To explore a relationship between the gut microbiota and the host response to respiratory viral infections, the impact of the intestinal microbiome on influenza virus infection outcome was investigated. Colonization with segmented filamentous bacteria (SFB) in the gut stably and broadly altered the phenotype of alveolar macrophages (AM) enabling these cells to better protect their hosts from lethal respiratory viral infections. Moreover, gut microbiota-derived metabolites were discovered which conferred protection against SARS-CoV-2. 
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[bookmark: _Toc150417545]Preface
I was born and raised in Germany where I had the perfect childhood, growing up without any concerns. I had the great honor of attending the University of Tuebingen for my bachelor’s and master’s degrees, during which I had an opportunity to study abroad at Newcastle University. Throughout the years spent completing my undergraduate and graduate education, I realized that I wanted a future career in research and was therefore very fortunate to have joined the IBMS PhD program at Georgia State University. 
Foreshadowing my future career path, I recall that when I was five years of age my parents asked me what I wished for my birthday and I replied: “Mum, can you buy me a microscope – you know, the thing which magnifies all objects!” After receiving my birthday present, I analyzed everything and anything, including but not limited to dust, onion skins, hair, and fly wings. This was my earliest memory of wanting to be a scientist, driven by a curiosity to discover the unknown.
I believe that my dissertation is contributing to the general field of virology, and I hope that future students and scientists will read my work and believe in themselves despite the difficult times experienced throughout a PhD.
[bookmark: _Toc150417546]INTRODUCTION
The overarching goal of this dissertation was to identify, characterize, and efficacy profile broad-spectrum polymerase inhibitors against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), respiratory syncytial virus (RSV), and influenza virus to improve disease management and enhance pandemic preparedness. Furthermore, this thesis contributes towards advancing personalized medicine by partially uncovering the well-orchestrated interplay of the gut microbiome and its effect on respiratory viral infections. 
RNA-dependent RNA polymerase (RdRP) complexes are, in general, highly conserved across genera and even strain-to-strain, containing multiple domains that confer enzymatic functions essential for viral replication and thus, provide attractive therapeutic targets (Vicenti, Zazzi, & Saladini, 2021). Further, because the RdRP complex functions as both a replicase and transcriptase, selective antiviral targeting can affect the synthesis of progeny genomes and reduce the expression of viral proteins that, for example, antagonize the host antiviral response (Machitani, Yasukawa, Nakashima, Furuichi, & Masutomi, 2020). Mutations to the RdRP complex are often not well tolerated, resulting in a significant viral fitness penalty (Kabinger et al., 2021). Moreover, because viral polymerase inhibitors are not host-directed there is less potential for off-target cytotoxic effects, which can allow them to provide long-term efficacy (Tian et al., 2021). 
[bookmark: _Toc150417547]1.1 Selected Respiratory Viruses
Three human respiratory RNA viruses were studied in this dissertation, SARS-CoV-2, RSV, and influenza virus, each of which causes numerous hospitalizations and deaths annually worldwide (table 1) (Abdelrahman, Li, & Wang, 2020; Griffiths, Drews, & Marchant, 2017; Juozapaitis & Antoniukas, 2007; Tarsitani et al., 2021; Uyeki, 2017; Yu et al., 2019). RSV is the leading cause of bronchiolitis, viral pneumonia, respiratory failure, mechanical ventilation, and virus-associated death in infants (Smith, Seales, & Budzik, 2017). Invasion of the small airways by influenza virus can quickly lead to the advancement of severe disease and subsequently, viral pneumonia. Further, influenza viremia results in sepsis and can lead to multi-organ failure (Florescu & Kalil, 2014; Kido, Chida, Yao, & Wang, 2010; Lieber et al., 2023; Radovanovic et al., 2022).

[bookmark: _Toc410652023][bookmark: _Toc150248117]Table 1 Estimated Annual Global Public Health Impact of SARS-CoV-2, RSV, and Influenza Virus 
	Virus
	SARS-CoV-2
	Respiratory syncytial virus
	Influenza virus

	Family
	Coronaviridae
	Paramyxoviridae
	Orthomyxoviridae

	Cases interpandemic years
	No data yet
	64,000,000 (NIH, 2022a)
	1,000,000,000 (WHO, 2022)

	Cases in a pandemic
	close to 800 million (WHO, 2023)
	Not applicable
	1918 Spanish flu: 500 million (Taubenberger & Morens, 2006)

	Deaths interpandemic year
	No data yet 
	160,000
	650,0000

	Deaths in a pandemic
	7,000,000
	Not applicable
	1918 Spanish flu: 20-100 million



Clinical signs of infection are comparable across SARS-CoV-2, RSV, and influenza virus disease, and include common manifestations such as upper respiratory cold-like symptoms, fever, myalgias, and malaise (Meletis et al., 2022). SARS-CoV-2 and influenza virus cause similar additional symptoms such as chills, headache, cough, rhinorrhea, pharyngitis, myalgias, malaise, gastrointestinal (GI) upset, and shortness of breath (Hui & Zumla, 2019; Keilman, 2019; Nypaver, Dehlinger, & Carter, 2021). Because of overlapping, ambiguous disease manifestation, the most accurate way to determine the causative agent is through appropriate testing (Meletis et al., 2022; Mostafa et al., 2021). 
[bookmark: _Toc150417548]1.2 SARS-CoV-2
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which caused the COVID-19 pandemic, is a single-stranded positive-sense RNA virus with a zoonotic origin (figure 1, made in Biorender) (Sharma, Ahmad Farouk, & Lal, 2021) that transmits via aerosols and respiratory droplets (C. C. Wang et al., 2021). SARS-CoV-2 infection has caused an exorbitant number of cases and deaths around the world since its first introduction into the human population in 2019 (table 1), as well as long-lasting health problems (Crook, Raza, Nowell, Young, & Edison, 2021) and economic burdens (Azzeri et al., 2022; Dubey et al., 2020). After viral spike (S) protein binds to the host cell receptor, angiotensin converting enzyme 2 (ACE2), the virus fuses with the cellular membrane, permitting entry into the cell (Hoffmann et al., 2020). After uncoating, primary translation and polyprotein processing have taken place; viral RNA synthesis and translation occur, followed by progeny particle assembly and exocytotic virion release (V'Kovski, Kratzel, Steiner, Stalder, & Thiel, 2021). 
Several different waves of SARS-CoV-2 variants of concern (VOC) have occurred since the end of 2019 (Aleem, Akbar Samad, & Vaqar, 2023; Choi & Smith, 2021). The original isolates (Wuhan isolate and the first isolate in the US – Washington 1 (WA-1)) were rapidly replaced by VOC alpha, followed by VOC beta and VOC gamma as the virus continuously evolved in the human population (Gaebler et al., 2021), improving replicating efficiency and avoiding neutralizing antibody responses. VOC delta, which first occurred in May 2021, showed a high degree of lethality (Adamoski et al., 2022) and caused a peak in severe cases (Hu et al., 2021). Although not sterilizing, vaccine-induced immunity continued to protect against advance to severe, life-threatening disease (Raman, Patel, & Ranjan, 2021). Due to high transmissibility, VOC omicron replaced VOC delta in November 2021 (Lauring et al., 2022) and a further reduced neutralizing capability of antibodies directed against earlier VOC resulted in large-scale break-through omicron infections in the population (Chenchula, Karunakaran, Sharma, & Chavan, 2022). 
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[bookmark: _Toc150247953]Figure 1 SARS-CoV-2 Schematic

[bookmark: _Toc150417549]1.3 Animal Models for SARS-CoV-2
During the recent pandemic, animal models, such as hamsters, mice, ferrets, and non-human primates, which were used to study SARS-CoV-2 pathogenesis and transmission dynamics, were instrumental for the rapid development of therapeutic agents and vaccines (H. Chu, Chan, & Yuen, 2022). Table 2 summarizes the most common models and provides insight into disease severity, whether a model can be used for transmission studies, and the scope of respiratory tract invasion ((H. Chu et al., 2022) – Chu et al., 2022 table 1, modified). 

[bookmark: _Toc150248118]Table 2 Characteristics of Different Animal Models for In Vivo SARS-CoV-2 Studies
	Animal model
	Respiratory infection
	Clinical disease
	Transmission
	Details or examples 
	Reference

	Nonhuman primates
	Robust virus replication in the upper and lower respiratory tracts
	Mild to moderate
	Efficient
	Rhesus Macaques, Cynomolgus  Macaques, Common Marmosets, Baboons
	(H. Chu et al., 2022; Lu et al., 2020)

	Ferrets
	Robust virus replication in the upper respiratory tract
	Mild
	Efficient
	
	(Cox, Wolf, Lieber, et al., 2021; Cox, Wolf, & Plemper, 2021; Lieber et al., 2022)

	Wild-type mice
	Robust virus replication in the lower and upper respiratory tracts, rapid viral clearance
	Mild
	No transmission
	C57BL/6, BALB/c
	(Brown et al., 2022; Uraki et al., 2022)

	Transgenic mice
	Robust virus replication in the upper and lower respiratory tracts, brain and other organs
	Mild to lethal
	Not efficient
	Heterozygous K18-hACE2 C57BL/6J mice
	(Oladunni et al., 2020; Ulbegi Polat et al., 2023; Uraki et al., 2022; Zheng et al., 2021)

	Syrian Golden hamsters
	Robust virus replication in the upper and lower respiratory tracts
	Mild to moderate
	Efficient
	
	(Blaurock et al., 2022; Sia et al., 2020; Uraki et al., 2022)

	Transgenic Syrian Golden hamsters
	Robust virus replication in the upper and lower respiratory tracts
	Mild to lethal
	Not tested – most likely efficient transmission
	K18-hACE2 transgenic hamster lines (line M51 and line M41)
	(Golden et al., 2022; Uraki et al., 2022)




	Roborovski dwarf hamsters
	Robust virus replication in the upper and lower respiratory tracts
	Mild to lethal
	No transmission
	
	(Cox et al., 2023; Lieber et al., 2022; Trimpert, Vladimirova, Dietert, Abdelgawad, Kunec, Dökel, et al., 2020)



[bookmark: _Toc150417550]1.4 Influenza Viruses
Influenza viruses belong to the Orthomyxoviridae family and are negative-sense single-stranded RNA viruses with a segmented genome (figure 2, made in Biorender) (Pleschka, 2013; Taubenberger & Kash, 2010). 
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[bookmark: _Toc150247954]Figure 2 Influenza Virus Schematic

Influenza virus infects many avian and mammalian species (Zhang, Hale, Xu, & Sun, 2013) and is subtyped by antigenic surface glycoproteins (Hemagglutinin – HA and Neuraminidase – NA). All eight genes and their respective functions are listed in table 3 (Chauhan & Gordon, 2022), each of which are vital to the viral life cycle and, thus, need to be carefully combined when building and rescuing influenza viruses with various reporter functions through reverse genetics (Nogales, Baker, & Martínez-Sobrido, 2015). 

[bookmark: _Toc150248119]Table 3 Overview Segments Influenza Virus
	Gene 
	Function 

	Polymerase Basic Protein 1 (PB1)
	Component of the RNA dependent RNA Polymerase (RdRP), endonuclease activity, elongation

	Polymerase Basic Protein 2 (PB2)
	Component of the RdRP, cap recognition

	Polymerase Acidic protein (PA)
	Component of the RdRP, protease

	Hemagglutinin (HA)
	Surface glycoprotein, receptor binding, fusion activity, major antigen

	Neuraminidase (NA)
	Surface glycoprotein, neuraminidase activity

	Nucleocapsid Protein (NP)
	RNA binding, RNA synthesis, RNA nuclear import

	Matrix protein (M)
	M1: matrix protein, interaction with viral ribonucleoprotein (vRNPs) and surface glycoproteins, nuclear export, budding; M2: membrane protein, ion channel activity, assembly

	Non-Structural protein (NS)
	NS1: multifunctional protein, viral IFN antagonist; NEP (nuclear export protein)/NS2: nuclear export of vRNPs



Influenza viruses affect 10% of the population every year and cause substantial morbidity, mortality and economic burden (table 1) (Uyeki, 2017). The efficacy of currently approved influenza antivirals is limited by the rapid emergence of viral resistance (Gaitonde, Moore, & Morgan, 2019) and even the approved vaccine, which is always based on the current dominant virus strains on the other hemisphere and therefore just a prediction (Steinbrück, Klingen, & McHardy, 2014), shows only moderate efficacy due to frequent antigenic drifts (process by which mutations in the HA head domain become fixed in the virus population and non-drifted variants are out-competed) (Krammer et al., 2018) and antigenic shifts (happens when influenza viruses swap gene segments – reassortment) (Webster & Govorkova, 2014). Since the vaccine production timeline is approximately 6 months, highly specific vaccines can result in failures if the vaccine strain does not match the currently circulating strain (Bartley, Cadar, & Martin, 2021). 
Influenza viruses have been the cause of several pandemics during the 20th and the 21st centuries (Elderfield & Barclay, 2011; Hsieh et al., 2006). The 1918 H1N1 pandemic (Spanish flu) was the worst outbreak of human infectious disease in history and caused up to 100 million deaths worldwide (also due to secondary infections, the catastrophic nutritional conditions in the aftermath of World War 1, and close quarters during troop movements) (Taubenberger & Morens, 2006). It was not until 1933 that the causative agent of influenza virus was discovered. An H2N2 pandemic affected the world in 1957 and then, in 1968, an H3N2 pandemic occurred (Akin & Gözel, 2020). H1N1 caused an additional pandemic in 1977 and more recently in 2009 (Akin & Gözel, 2020). During the swine-origin pandemic the severity of the disease was similar to seasonal influenza in uncomplicated cases showing low rates of infections, hospitalizations, and death in the elderly since neutralizing antibodies were still present from earlier exposures to the virus (Fineberg, 2014; Shanks & Brundage, 2012). Adding to the history of influenza, the recent “Bird Flu” (H5N1) distributed globally amongst birds (Sutton, 2018) and required in the 2021-2022 season poultry cullings of more than 49 million animals in the US alone (CDC, 2023c). Direct transmission of influenza from bird-to-human is fatal in 60% of cases; however, so far there have been less than 1,000 cases because the avian H5N1 strains are not yet capable of efficient human-to-human transmission (Wang, Zhu, Yang, & Shu, 2021). 

[bookmark: _Toc150417551]1.5 Animal Models for Influenza Viruses
The three most frequently used animal models to study influenza viruses are mice, ferrets and guinea pigs. However, cotton rats, Syrian hamsters, cats, dogs, domestic pigs and non-human primates have also been used (Thangavel & Bouvier, 2014). An advantage of the ferret model is that the symptoms of an influenza virus infection mimic that of humans, displaying fever, nasal discharge, lethargy, weakness, anorexia, sneezing, and even multi-organ system dysfunction in severe cases (Lieber et al., 2023; Marriott et al., 2021). Furthermore, the ferret model can be used to study direct transmission events (Lieber et al., 2023). Mice (Bartley, Zhou, Kuchel, Weinstock, & Haynes, 2017; Eisfeld, Gasper, Suresh, & Kawaoka, 2018; Rodriguez, Nogales, & Martínez-Sobrido, 2017) and guinea pigs (Pica, Chou, Bouvier, & Palese, 2012) develop milder symptoms but the ease of handling, lower costs, and availability of reagents make these models, especially mice, a frequently used species for initial pre-clinical testing (Vandamme, 2014). 
[bookmark: _Toc150417552]1.6 Respiratory Syncytial Virus
RSV (figure 3, made in Biorender), a member of the Pneumoviridae family, is the leading cause of viral deaths in infants worldwide (table 1) (Young & Smitherman, 2021). Reinfections can occur throughout life and can be life-threatening to elderly and/or immunocompromised patients (Falsey, Hennessey, Formica, Cox, & Walsh, 2005). Until May of 2023, the only approved immune prophylaxis was a humanized monoclonal antibody, palivizumab, that was administered to high-risk patients. However, high costs prohibited its broader application (Xu et al., 2021). On May 3rd 2023, the FDA approved the first vaccine for RSV in adults over 60 years of age (FDA, 2023a) and later that month a further vaccine was approved for the prevention of RSV in adults of the same age range (Pfizer, 2023). The vaccines both contain the stabilized prefusion conformation of the RSV fusion protein (RSVpreF Abrysvo, Pfizer and RSVPreF3 Arexy, GSK) (CDC, 2023a; Leroux-Roels et al., 2023). Furthermore, the CDC now recommends a new preventive RSV shot in the form of a stabilized antibody (nirsevimab-alip) for all babies and toddlers (CNN, 2023; FDA, 2023b). 
RSV transmits by means of respiratory droplets and direct contact with the virus  (Williams, Sinha, Barr, & Zambon, 2021). Infected individuals are often contagious between 3-8 days and begin to shed virus as early as two days prior to symptom onset (CDC, 2023b). 
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[bookmark: _Toc150247955]Figure 3 Respiratory Syncytial Virus Schematic

[bookmark: _Toc150417553]1.7 Animal Models for RSV
The main animal models for RSV are non-human primates, cotton rats, mice, and newborn lambs (Taylor, 2017). Most of these models (all except chimpanzees) are semi-permissive for RSV replication and experimental infection with the requirement of large inoculums. Clinical signs of disease are little or entirely absent. 
RSV was first isolated from chimpanzees, when 14 out of 20 animals living in a captive colony showed respiratory illness characterized by coughing, sneezing and nasal discharge (Blount, Morris, & Savage, 1956) – the 6 animals which did not develop clinical signs had pre-existing RSV-specific serum antibodies. Chimpanzees shed large quantities of virus, which resembles efficient virus shedding from human hosts (Belshe et al., 1977; Crowe, Collins, London, Chanock, & Murphy, 1993), and remain the only animal model with animal-to-animal transmission (Taylor, 2017). Furthermore, chimpanzees have been used to evaluate the virulence and protective efficacy of vaccine candidates (Crowe, Bui, Davis, Chanock, & Murphy, 1994). 
Rodents are more commonly used to study RSV infections and explore biomarkers for the host immune response and viral pathogenesis (Boukhvalova & Blanco, 2013; Openshaw, 2013). Cotton rats are semi-permissive for RSV replication, but approximately 100-fold more permissive than BALB/c mice (per inoculum dose of virus) (Byrd & Prince, 1997) with high virus titers in the lungs. Mice, especially BALB/c mice, show intermediate susceptibility (Prince, Horswood, Berndt, Suffin, & Chanock, 1979) and minimal clinical signs of disease. Humanized mice lacking CD8+ T cells experience weight loss and pulmonary pathology characterized by peribronchiolar inflammation (Sharma et al., 2016; Taylor, 2017). Ferrets display RSV titers in the nasal lavages (Prince & Porter, 1976) and lung, and further species like guinea pigs and Syrian hamsters show low-level virus replication in the upper and lower respiratory tract (Hegele, Robinson, Gonzalez, & Hogg, 1993; Wright, Woodend, & Chanock, 1970). In addition, neonatal lambs can be infected and exhibit slight fever, cough and macroscopic lung lesions (Olivier, Gallup, de Macedo, Varga, & Ackermann, 2009; Taylor, 2017). In this dissertation, mice were used as an experimental model of RSV disease. 
[bookmark: _Toc150417554]1.8 Requirements for Broad Spectrum, First-line of Defense Antivirals
Poor pandemic preparedness has contributed to many deaths and severe cases in the COVID-19 pandemic and, more general, in the annual seasonal peaks of RSV and influenza virus infections (Godshall & Banach, 2021; Lieber & Plemper, 2022). Breakthrough infections are common even though vaccines were developed in a record time for SARS-CoV-2. Therefore, first-line of defense therapeutics are urgently needed, but successful candidates must respond to several requirements (Lieber & Plemper, 2022): first-line of defense antivirals must be orally bioavailable to efficiently reach outpatients, pre-approved for human use before the onset of a novel pandemic, carry a wide safety margin to allow administration to a wide patient population, and have a broad indication spectrum to target a range of viral pathogens of different families. Secondary development criteria include suitability for stockpiling at ambient temperature and established path to cost-effective production at scale in existing facilities. 
[bookmark: _Toc150417555]1.9 Antivirals and Developmental Candidates Studied in this Dissertation
This dissertation evaluated six antiviral drugs and drug candidates. Table 4 provides general information, route of administration, and current approval status for human use for each of these. 
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Table 4 Overview Antiviral Drugs and Candidates Used in this Dissertation
	Antiviral
	General 
	Route 
	Viral Targets
	Approval 
	References

	Paxlovid (nirmatrelvir/ ritonavir)
	Combination of two drugs: 3-chymotrypsin-like cysteine protease (3CLpro) inhibitor nirmatrelvir and the antiretroviral drug ritonavir
	Oral
	SARS-CoV-2; ritonavir: discovered and used for HIV
	Yes
	(Cao et al., 2023; J. Liu et al., 2023; Owen et al., 2021)

	Molnupiravir
	Ester prodrug of N4-hydroxycitidine (NHC), NHC-TP (TP: triphosphate) is incorporated by the viral polymerase into progeny viral antigenomes and genomes and induces viral error catastrophe
	Oral
	Broad-spectrum: influenza viruses, paramyxoviruses and pneumoviruses, alphaviruses and beta-coronaviruses
	Yes (con-ditionally for SARS-CoV-2)
	(Cox et al., 2022; Cox, Wolf, & Plemper, 2021; Lieber et al., 2022; Toots et al., 2020; Yoon et al., 2018)

	Remdesivir (GS-441524)
	Mono-phosphoramidate prodrug of a ribonucleoside analog
	Intra-venously
	Developed against RSV, first approved small molecule drug for treatment of COVID-19
	Yes
	(Gottlieb et al., 2022; Kokic et al., 2021; Pruijssers et al., 2020)

	GS-621763
	Oral prodrug of remdesivir parent
	Oral
	SARS-CoV-2
	No
	(Cox, Wolf, Lieber, et al., 2021)

	4’-Fluorouridine (4’-FlU)
	4’-FlU induces delayed/immediate chain termination after incorporation into the nascent RNA strand of RSV and SARS-CoV-2/ influenza viruses, respectively
	Oral
	Paramyxovirus and rhabdovirus families, beta-coronavirus SARS-CoV-2 and orthomyxo-viruses
	No
	(Lieber et al., 2023; Sourimant, Lieber, Aggarwal, et al., 2022)




	AVG inhibitor series
	Allosteric inhibitors of RSV RNA synthesis
	Oral
	RSV
	No
	(Cox et al., 2018; Sourimant, Lieber, Yoon, et al., 2022)



[bookmark: _Toc150417556]1.10 Microbiome Plays an Important Role in a Variety of Diseases
The effect of the microbiome on a variety of diseases (figure 4) (Oncodesign-services, 2023) shows the complexity of the interactions between the gut and other organs (El-Sayed, Aleya, & Kamel, 2021; Heintz-Buschart & Wilmes, 2018). The microbiome is a highly dynamic symbiotic bacterial population of an organism with frequent updates and publications (Gopalakrishnan, Helmink, Spencer, Reuben, & Wargo, 2018). An effort is being made to uncover links between the microbiome and organs. The gut-organ axis is a multi-directional and multi-channel communication system that allows the gut and extraintestinal organs to communicate with one another and is essential to understand how the gut microbiome affects human health (Fredell, 2023). A possible interplay of specific components of the microbiome and the host response to respiratory viral infections could have implications for viral disease outcome and uncover currently underappreciated risk correlates for advance of a patient to severe respiratory viral disease (El-Sayed et al., 2021). 
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[bookmark: _Toc150247956]Figure 4 The Microbiome Plays an Important Role in a Variety of Diseases

The focus of the microbiome chapter of this dissertation is on two specific components of the microbiota. The first is segmented filamentous bacteria (SFB), a gram-positive, spore forming bacteria, which is a major contributor to spontaneous host resistance to rotavirus (RV) infection (Ngo, Shi, Jiang, & Gewirtz, 2023). The second is gut microbiota-derived metabolites like short-chain fatty acids (SCFA) which promote adaptive antiviral immunity (Brown et al., 2022).  


[bookmark: _Toc150417557]RESULTS AND DISCUSSIONS
This dissertation is divided into four result sections based on thematic areas: 
i) antiviral drug development and characterization with the goal to lower transmission of COVID-19 and improve future pandemic preparedness. In this section, a Roborovski dwarf hamster model of severe COVID-19-like lower respiratory tract disease was established and the impact of paxlovid and molnupiravir on controlling virus transmission determined. 
ii) development of the first-in-class broad-spectrum viral polymerase inhibitor 4’-Fluorouridine (4’-FlU), which was shown to be orally efficacious against RSV, SARS-CoV-2 and influenza viruses. Current work focusses on the development of a full resistance profile of 4’-FlU against influenza viruses. 
iii) discovery and characterization of a non-nucleoside, orally efficacious small-molecule inhibitor of the RSV RNA-dependent RNA polymerase. These studies identified a dynamic interface in the respiratory syncytial virus polymerase as novel druggable target. 
iv) evaluation of a possible link between the microbiome composition and host susceptibility to severe respiratory viral disease. This sub-project identified microbiome-dependent reprogramming of alveolar macrophages as a determinant for severity of influenza virus disease in mice and revealed a protective role of short chain fatty acid-rich diet against SARS-CoV-2 infection. 



Each of the following sections is organized around the relevant publications that summarize the results of my studies, providing for each title, author list, reference information, and the main article with figures formatted to the respective journal style. When applicable, links to publicly available supplementary information files are provided, which entail additional experimental results, in depth description of experimental methods, statistical analyses, all quantitative raw data, and large genomics and proteomics datasets.  
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[bookmark: _Toc150417561]2.1.3 Oral Prodrug of Remdesivir Parent GS-441524 is Efficacious Against SARS-CoV-2 in Ferrets



[bookmark: _Toc150417562]2.2 Research Topic: 4’-Fluorouridine
[bookmark: _Toc150417563]2.2.1 4’-Fluorouridine is an Oral Antiviral that Blocks Respiratory Syncytial Virus and SARS-CoV-2 Replication


[bookmark: _Toc142658836][bookmark: _Toc150417564]2.2.2 4’-Fluorouridine is a Broad Spectrum Orally Available First-line Antiviral that May Improve Pandemic Preparedness 
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Since this dissertation is divided into four result sections based on thematic areas, also the conclusion is divided into four sections. Each subchapter of the four result sections includes a research specific discussion in the article which brings the topic into a broader field. The overall conclusion here focusses on one specific aspect for each section: 
i) Sex as a biological variable in the COVID-19-like disease in the dwarf hamster model in comparison to human COVID-19 
ii) Comparative analysis of pre-clinical candidate 4’-Fluorouridine and currently approved influenza antivirals
iii) Reasons for why the allosteric AVG inhibitor series against respiratory syncytial virus should be continued to formal development 
iv) Possible mechanisms of how SFB colonization in the gut may alter the AM phenotype, enabling better protection against respiratory viral infections
[bookmark: _Toc150417573]3.1 Sex as a Biological Variable in the COVID-19-like Disease in the Dwarf Hamster Model in Comparison to Human COVID-19 
This dissertation used three antivirals which received emergency proof authorization during the recent SARS-CoV-2 pandemic (Cox et al., 2023; Cox, Wolf, Lieber, et al., 2021; Lieber et al., 2022). Paxlovid-like nirmatrelvir/ritonavir and molnupiravir were utilized in the ferret model and the Roborovski dwarf hamster model. The dwarf hamster model is characterized by acute COVID-19-like lower respiratory tract disease and recapitulated the pathogenicity of the variants of concerns (VOC) associated with highest lethality in humans: VOC delta, followed by VOC gamma and VOC omicron (Lieber et al., 2022). Paxlovid-like nirmatrelvir/ritonavir and molnupiravir mediated full survival whereas 60-90% of the vehicle-treated animals succumbed disease (Lieber et al., 2022). Furthermore, significant titer reductions in the lower respiratory tract were noted upon treatment. Titer reductions of VOC omicron were surprisingly diverse, resulting in the definition of 3 distinct outcome groups: low responders with 1 order of magnitude reduction, standard responders with a decrease in viral titer by up to 3 orders of magnitude, and super responders in which the drug was sterilizing (Cox et al., 2023; Lieber et al., 2022). The role of biological sex on antiviral efficacy was determined by graphically blotting lung viral titers according to the biological sex (powered for numbers for molnupiravir-treated hamsters (Lieber et al., 2022) and trend seeing for paxlovid-like nirmatrelvir/ritonavir-treated animals (Cox et al., 2023)). Lung titer reductions in treated males were highly significant compared to male vehicle-treated animals whereas female molnupiravir-treated hamsters did not show a significant change to female-vehicle/all vehicle-treated animals (Lieber et al., 2022). 
What is the general morbidity and mortality rate of COVID-19 in humans and is there a correlation to biological sex? Are there similar reports in the human host and explanations which influence treatment success? 
A large body of evidence supports that men account for up to 75% of COVID-19 deaths and have a three-times greater risk of requiring intensive care (Chaturvedi, Lui, Aaronson, White, & Samuels, 2022; Ramírez-Soto, Ortega-Cáceres, & Arroyo-Hernández, 2021). Furthermore, men have higher rates of organ dysfunction, such as fatal gastrointestinal disease, acute kidney injury, and respiratory failure when infected with SARS-CoV-2 (Greco et al., 2021; Toth-Manikowski et al., 2021). These are extremely concerning facts and it is important to look at baseline comorbidity differences, which may include obesity, hypertension and cardiovascular diseases (E. Liu, Lee, Lui, White, & Samuels, 2022; Womersley, Ripullone, Peters, & Woodward, 2020). Controlling comorbidities is difficult but even if questionnaires are used and the comorbidities are measured, it is not possible to assess lifestyle, as well as behavioral and social differences. Interestingly, males also had higher rates of morbidity and mortality in the 2012 MERS endemic and in the 2002 SARS-CoV infection outbreak (Alwani et al., 2021; Lakbar, Luque-Paz, Mege, Einav, & Leone, 2020). Further epidemiological differences were reported with regards to sepsis (Nasir et al., 2015). 
As discussed above, many non-genetic factors play an important role too. A higher proportion of men have been shown to engage in ‘deleterious behaviors’ like excessive alcohol consumption and smoking (Chaturvedi et al., 2022; "Smoking prevalence and attributable disease burden in 195 countries and territories, 1990-2015: a systematic analysis from the Global Burden of Disease Study 2015," 2017). Smoking is associated with an increased expression of Angiotensin Converting Enzyme 2 (ACE2) receptors which thereby impact SARS-CoV-2 entry into cells (Cai, 2020) and big surveys have shown that males, in general, exhibit a decreased compliance with precautionary measures to limit the spread of COVID-19, like masking and social distancing (Howard, 2021; Solomou & Constantinidou, 2020). 
The Roborovski dwarf hamsters, used in this thesis, are outbred animals which were not raised under controlled conditions. These variables include individual differences in age, bodyweight, microbiome, drug metabolism and prior disease history which are equally present in human patients (Cox et al., 2023; Lieber et al., 2022; Trimpert, Vladimirova, Dietert, Abdelgawad, Kunec, Dokel, et al., 2020). The male and female, omicron-infected, and vehicle-treated dwarf hamsters did not show differences in viral titers in the lower respiratory tract. Hormone variability may also play a role in differing morbidity and mortality for COVID-19 between sexes (Chaturvedi et al., 2022), which was not analyzed in the dwarf hamster model. 
Are the available vaccines and approved antivirals differently efficacious in men and women what was seen in the dwarf hamster model for VOC omicron? In general, less than 5% of all recent studies include sex as an analytical variable (Brady, Nielsen, Andersen, & Oertelt-Prigione, 2021) and intersex and transgender individuals are not formally represented (Castañeda, 2022; Waddick, 2023). But several phase 3 randomized, multicenter studies have shown that the vaccines were similarly efficacious in men versus women with no statistical difference in vaccine efficacy for the Janssen, Moderna and Pfizer-BioNTech vaccines (Jensen et al., 2022). The paxlovid clinical trial included 332 males in the paxlovid group and 366 men in the placebo group. 384 women received paxlovid in the trial and 351 females were included in the placebo group. 4 males and equal females died (paxlovid group) and 41 males and 25 females succumbed disease in the placebo group (Hammond et al., 2022). Unfortunately, the adverse event summary does not include a differentiation of males/females. The molnupiravir clinical trial had 566/582 (molnupiravir/placebo) males and 554/544 (molnupiravir/placebo) females included (Jayk Bernal et al., 2022). 32 males and 16 females died under molnupiravir treatment in this trial and 41 males, and 27 females died which received a placebo. Also in this trial, the adverse event summary table does not include a differentiation of males to females (Jayk Bernal et al., 2022). 
Overall, all approved vaccines and antiviral medications do not show a major efficacy advantage for one particular sex and also the dwarf hamsters of this dissertation all survived under treatment (Cox et al., 2023; Lieber et al., 2022). No direct comparison can be made between humans and dwarf hamsters since no lung titer data exists for humans. 
But why are women still underrepresented in most clinical trials, and gender-specific analysis is uncommon? Sex differences in metabolism are believed to be the major cause of differential pharmacokinetics between men and women (B. N. Wu & O'Sullivan, 2011). Many CYP450 enzymes show a sex-dependent difference in activity. Most of the enzymes have a higher activity in men than in women (T. Chu, 2014). Sex differences are also found in other pharmacokinetic parameters for example drug absorption, distribution, and excretion. This dissertation explored the pharmacokinetic properties of molnupiravir in dwarf hamsters to see whether plasma profiles and tissue distribution were unexpectedly affected by biological sex (Lieber et al., 2022). No major differences were observed between male and female dwarf hamsters.
What are further reasons for sex difference? Women are more frequently overdosed, simply due to the reason that there is an anatomical difference between men and women (Bredella, 2017). The average man weighs 78kg and has a body surface of 18,000cm2 with total body water of 42 liters (Soldin & Mattison, 2009). In comparison, women weigh 68kg in average, have a body surface which is 2,000cm2 smaller of that of men and only 29 liters of total body water. The volume of distribution is smaller in women as well, also the free fraction of drug is larger and the clearance from the body is slower (Soldin & Mattison, 2009). The same general pattern is seen in adult male dwarf hamsters, which are also in average 5 grams heavier than same-aged female hamsters. In general, only limited tools are commercially available to determine different factors such as cytokine levels in the novel model. 
Furthermore, women are more sensitive due to alterations in receptor number, receptor binding, and in signal transduction pathway following receptor binding. Generally, women take greater amounts of medications (Orlando et al., 2020) which leads to drug interactions with alterations in pharmacokinetics and pharmacodynamics. The drug absorption is route-specific since chemicals or drugs cross body surfaces for example the skin, the gastrointestinal tract or the respiratory tract to enter the systemic circulation (Soldin & Mattison, 2009) and it is known that the absorption rate is drug-specific. Further major factors are gut motility, the gut flora, ingestion, and food interactions. The FDA made regulations on inclusion of women in clinical trials because the differences in drug pharmacokinetics and pharmacodynamics must be assessed (Soldin & Mattison, 2009). But until today, only modest knowledge on appropriate dose, dosing schedule and treatment intervals is available, and most data is obtained by posthoc analysis.
In conclusion, the biggest disadvantage in the dwarf hamster model is also biggest advantage in this model to see the complex and multifactorial diversity similar to humans. 
[bookmark: _Toc150417574]3.2 Comparative Analysis of Pre-Clinical Candidate 4’-Fluorouridine and Currently Approved Influenza Antivirals
The therapeutic time window of pre-clinical candidate 4’-Fluorouridine (4’-FlU) was analyzed in detail in this dissertation. Broad-spectrum 4’-FlU showed potent titer reductions in in vitro and ex vivo assays against several different RNA viruses, both negative and positive sense, including respiratory syncytial virus (RSV), influenza virus, and SARS-CoV-2 (Lieber et al., 2023; Sourimant, Lieber, Aggarwal, et al., 2022). Greatest susceptibility was observed against influenza viruses, which was confirmed by in vitro RdRP assays. The compound mediated full survival in the influenza mouse model when treatment was initiated up to 60 hours post infection at 2 mg/kg bodyweight once daily, given in three consecutive doses (Lieber et al., 2023). Further, 4’-FlU mediated significant lung titer reductions in immunocompromised mice and mice infected with highly pathogenic avian influenza viruses. 
Placing 4’-FlU performance in context of six prescription influenza antivirals that are FDA approved in the United States as of September 2023: Two of them, amantadine and rimantadine, are no longer recommended for antiviral treatment or prophylaxis due to widespread high levels of resistance (Hersh, Maselli, & Cabana, 2009). The four remaining influenza antiviral medications were recommended for the influenza season 2022-2023 (Terrie, 2022). Orally available oseltamivir phosphate (Tamiflu), inhaled zanamivir (Relenza) and intravenous peramivir (Rapivab) are neuraminidase inhibitors. In contrast, baloxavir marboxil (Xofluza) is an orally available cap-dependent endonuclease inhibitor (CDC, 2022b). Leading in clinical use are oseltamivir phosphate and baloxavir marboxil. 
Oseltamivir phosphate was approved for the prevention of influenza in adults and children aged one year and older (Cooper et al., 2003). Treatment should be initiated within 48 hours after symptom onset and must be taken twice daily for five days (Fiore et al., 2011). The most common side effects are nausea and vomiting, but overall oseltamivir phosphate is well tolerated (Hayden et al., 1999). Contraindications include hypersensitivities, and it should not be used if viral resistance is confirmed. Since no human clinical data is available yet for 4’-FlU, the rodent model will be used to compare 4’-FlU performance with approved drugs. In the reference study, mice were infected intranasally with 104.5 pfu/ml of a mildly virulent H3N1 strain which is a genetic reassortant of an H3N2 and H1N1 (Wong, Jones, Anderson, & Gualano, 2011). Oseltamivir phosphate was administered twice daily via oral gavage at 10 mg/kg/day starting 24 or 48 hours post infection. In this dissertation, mice were infected with a lethal dose of a pathogenic pandemic09 (H1N1 strain) and 4’-FlU was dosed once daily at 2 mg/kg bodyweight (Lieber et al., 2023). Oseltamivir phosphate did not show significant titer reductions when dosed therapeutically starting at 24 and 48 hours after infection (titers measured on day 5 post infection) (Wong et al., 2011) whereas 4’-FlU reduced the viral titer by approximately 3 and 1.5 orders of magnitude (treatment initiated 24 and 48 hour after infection, titers of day 4.5 post infection), respectively (Lieber et al., 2023). Beside the titer reduction, 4’-FlU was clearly superior in mice since the therapeutic window is wider and a once daily treatment regimen is sufficient, which consistently ensures better patient compliances than a twice daily regimen (Kardas, 2007). 
Baloxavir marboxil was approved in October 2018 by the FDA for post-exposure prophylaxis of influenza in people aged 5 years and older excluding pregnant, breastfeeding and immunosuppressed people due to a lack of information (CDC, 2022a). The drug is administered as an oral suspension or tablet (single dose) based on the individual’s weight (Tejus, Mathur, Pradhan, Malik, & Salmani, 2022). 40 mg is given for people weighing between 40 and 80 kg and 80 mg for individuals heavier than 80 kg. Treatment-emergent adverse events were observed during the phase 2 and 3 trials and included diarrhea and bronchitis as well as emergence of resistance was seen which reduced the susceptibility (Hayden et al., 2018). Similar to oseltamivir phosphate, baloxavir marboxil should be administered within 48 hours of treatment onset. Viral shedding typically decreases within 48 hours after dosing compared to 96 hours after placebo or oseltamivir phosphate (Ng, 2019). In this dissertation, 4’-FlU was tested in the highly transmissible ferret model (Lieber et al., 2023) and blocked transmission to untreated and uninfected ferrets when administered 12 hours post infection in a direct contact transmission study. Furthermore, 2 doses 4’-FlU of 2 mg/kg bodyweight resulted in sterilizing titer results in infected ferrets. 
Several studies were performed in mice using oral baloxavir marboxil. Overall, a dose-dependent virus titer reduction in the lungs was observed (Ando et al., 2021) which was comparable to the effect of 4’-FlU described in this thesis. Experiments in immunologically deficient mice, for example nude mice with a genetic mutation that causes the thymus to be deteriorated or absent, were furthermore utilized for efficacy testing of baloxavir marboxil (Kiso, Yamayoshi, Murakami, & Kawaoka, 2020). Daily treatment increased overall survival in the infected mice but did not clear the virus from their respiratory organs which resulted in loss in bodyweight after the treatment was terminated. In comparison, 4’-FlU efficacy was tested in RAG1-/- and IFNAR-/- mice infected with a lethal dose of influenza virus (Lieber et al., 2023). Therapeutic treatment mediated full survival. Both studies, the nude mice and the efficacy study with 4’-FlU in immunocompromised hosts, were performed with an H1N1 virus (A/California/04/2009 vs A/California/07/2009, respectively) and treated once daily but treatment duration differed massively. The nude mice were treated for 28 days (Kiso et al., 2020) whereas 4’-FlU was given only for 5 consecutive days (Lieber et al., 2023). Future studies could include an experimental approach to show whether 4’-FlU clears the virus in nude mice. Both immunocompromised mouse models used in this dissertation show that the antiviral activity of 4’-FlU is not strictly dependent on a fully immunocompetent host to clear the infection (Lieber et al., 2023). 
Overall, 4’-FlU showed an exceptionally wide therapeutic time window for treatment onset in mice infected with influenza virus and RSV and potent titer reductions in the different animal species. Broad-spectrum efficacy, also against highly pathogenic avian influenza virus, oral bioavailability, the suitability of a once daily treatment regimen and a high barrier to resistance (Sourimant, Lieber, Aggarwal, et al., 2022) make 4’-FlU an ideal candidate for formal development and superior compared to the currently approved antivirals. 
[bookmark: _Toc150417575]3.3 Reasons for Why the Allosteric AVG Inhibitor Series Against Respiratory Syncytial Virus Should be Continued to Formal Development
This dissertation mapped and characterized a non-nucleoside orally efficacious small-molecule inhibitor of the RSV polymerase (Sourimant, Lieber, Yoon, et al., 2022). But recently, the FDA approved Beyfortus, a new monoclonal antibody (mAb) (FDA, 2023b) and two vaccines, recommended for adults over 60 years of age (FDA, 2023a). So, is there still a need for additional antivirals for the same target virus and are there any disadvantages of the newly approved mAb? 
The FDA approved Beyfortus (nirsevimab-alip) for the prevention of RSV lower respiratory tract disease on July 17, 2023 (FDA, 2023b). The mAb received approval in neonates and infants which were born during or entering their first RSV season, and in children up to 2 years of age, who remain vulnerable to severe RSV through their second RSV season. The approval of Beyfortus addresses a great need for products to help reduce the impact of RSV disease since the population at risk includes infants, especially if prematurely born and infants with congenital heart disease or chronic lung disease, which might advance to lower respiratory tract disease and viral pneumonia (FDA, 2023b). Beyfortus is an engineered protein that mimics the immune system’s ability to fight RSV and is administered intramuscularly as a single dose (FDA, 2023b). All three clinical trials, which determined the safety and efficacy of this product in preterm infants, concluded that Beyfortus reduced the risk of RSV lower respiratory tract infection by approximately 70-75% relative to the placebo group (AstraZeneca, 2023a, 2023b; LLC, 2019). Side effects included rash and injection site reactions, and the mAb should not be given to infants or children with hypersensitivity to other IgG mAbs or bleeding disorders (FDA, 2023b). 
Generally, monoclonal antibodies are less versatile due to their high single-epitope selectivity (Schofield, 2022). Furthermore, mAbs are expensive, ranging from $5,000 (without sponsor) to $100,000 (mAbs in oncology) (Hernandez et al., 2018; Laufer et al., 2021) and need long production timelines (Kelley, 2020). An enormous inequality has been observed with clinical use of mAb biologics. Antibody therapies have been increasingly and consistently approved in high-income countries, whereas low- and middle-income countries have licensed far fewer mAbs (Gieber, Muturi-Kioi, Malhotra, & Sitlani, 2023). In general, it is highly criticized that not the full global scale, including different socioeconomic levels, geographic regions, and demographic groups, was considered during clinical evaluations (Atal, Trinquart, Ravaud, & Porcher, 2018). Furthermore, cultural traditions, regional infrastructures and comorbidities vary widely and should be considered as factors that impact the execution of clinical studies (Gieber et al., 2023). Only a third of all interventional clinical trials occur outside of the US or the European Union (EU), and even less mAb trials specifically are performed outside of the US/EU (only 12%) (Gieber et al., 2023). 
This dissertation mapped and characterized the AVG class of allosteric inhibitors of RSV RNA synthesis which stalls the polymerase initiation conformation (Sourimant, Lieber, Yoon, et al., 2022). Docking pose-informed synthetic optimization generated orally efficacious inhibitors like AVG-388, which showed potent efficacy in the RSV mouse model. All compounds were well tolerated with no adverse effects observed. Scale-up chemistry was established, supporting cost-effective production that is a prerequisite for deployment also in low- and middle-income countries, in which the clinical need is greatest. 
[bookmark: _Toc150417576]3.4 Possible Mechanisms of How SFB Colonization in the Gut May Alter the AM Phenotype, Enabling Better Protection Against Respiratory Viral Infections
This dissertation showed that colonization with segmented filamentous bacteria (SFB) in the gut alters the phenotype of alveolar macrophages (AMs), enabling these cells to better protect their hosts from lethal respiratory viral infections (V. Ngo et al., 2023). These findings contribute insight to cross-organ communication, identifying AMs as central effectors. Furthermore, the stability of the reprogramming process is demonstrated in various studies. But how do these findings contribute towards the understanding of the gut-lung axis? And are there more disease models where SFB play a role? 
The gut-lung axis is an emerging concept that links the state of the gut microbiota to respiratory health outcomes (Price & O'Toole, 2021). The gut microbiota has been suggested to influence lung health outcomes in multiple diseases like cystic fibrosis, chronic obstructive pulmonary disease, and asthma. Moreover, rheumatoid arthritis is a long-lasting, chronic autoimmune disease which mostly affects joints (NIH, 2022b). However, 19-58% of the patients develop lung complications (Olson et al., 2011) and this condition is ranked as the second most common cause of death of arthritis patients. It was demonstrated that SFB acts as an environmental cue to enhance autoimmune arthritis by inducing T follicular helper cells and T helper 17 cells (Teng et al., 2016; H. J. Wu et al., 2010). SFB remotely provoked inducible Bronchus-Associated Lymphoid Tissue (iBALT)-like structure formation in the lung by upregulating mucosal Th17 cells (Bradley et al., 2017). Thus, SBF induced a strong lung Th17 cell response, which is essential for rheumatoid arthritis-related lung pathology prior to arthritis development, and Th17 cells mediated the crosstalk between gut microbiota and the lung (Bradley et al., 2017). 
In contrast to these findings, SFB mediated protection was fully maintained upon antibody-mediated neutralization of IL-17 and IL-22 in SFB-colonized and influenza virus-infected mice (V. Ngo et al., 2023) and a significant titer difference between SFB-colonized and non-colonized mice was observed. This implicates a novel immunomodulatory mechanism that is independent of the well-characterized Th17 response for SFB. Furthermore, no involvement of the adaptive immune system, type I and III interferon, and type 3 innate lymphoid cells was seen (V. Ngo et al., 2023). Whereas these observations strongly support the existence of a distinct, presently underappreciated gut-lung axis pathway, currently unaddressed mechanistic questions abound concerning the crosstalk between SFB and AMs that must be pursued in future work. It should be noted that SFB were found in the human microbiome (Chen et al., 2020; Jonsson, Hugerth, Sundh, Lundin, & Andersson, 2020). However, it is currently not known whether people colonized with SFB show different susceptibility to respiratory pathogens or infectious diseases in general. The animal work carried out in this dissertation should therefore be viewed primarily as fundamental proof-of-concept for a novel AM-driven crosstalk between the gut microbiome and respiratory immune responses to invading RNA viruses. A comparable specific role of individual human microbiome components in modulating severity of respiratory viral infections must be determined separately. 
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261  prospect of triggering enhanced disease could be catastrophic in the clinic and must be

262  examined prior to formal preclinical development.

263 The broad-spectrum nucleoside analog inhibitor 4’-FIU is a clinical candidate for different
264  RNA virus indications [27, 29]. If ultimately FDA approved for influenza therapy, the compound
265  will represent a first-in-class, expanding the anti-influenza virus arsenal to four distinct drug

266  types. Compared to allosteric small-molecule drugs, nucleoside analogs typically show a higher
267  genetic barrier against viral escape [40]. Influenza virus escape from the viral mutagen

268 favipiravir can be achieved ex vivo through a combination of a causal mutation mediating

269  escape and a compensatory mutation that partially restores viral fitness [26]. These favipiravir-
270  resistant viruses were transmission-competent in the ferret model [41], but their susceptibility to
271  favipiravir treatment was not tested in vivo and no resistance to favipiravir emerged in clinical
272  trials [42, 43]. Our IAV adaptation study to 4’-FIU supports five major conclusions:

273 i) Viral escape from 4’-FIU inhibition is possible, but the genetic barrier to escape is high
274  and robust resistance, defined as an increase in inhibitory concentration by >100-fold, could not
275  be achieved. This result underscores that it is challenging to increase selectivity of the viral

276  polymerase complex for endogenous nucleotides over analog inhibitors without compromising
277  overall RARP bioactivity. In our previous in vivo efficacy studies with 4’-FIU, we did not observe
278  any compound-induced changes in viral polymerase components when 4’-FIU-experienced

279  virus populations reisolated from infected and treated animals were subjected to whole genome
280 sequencing [27, 29]. Although one cannot definitively address the question of whether our ex
281  vivo adaptation study was exhaustive, the redundancies of signature resistance mutations

282  across independent adaptation lineages and the paucity of additional mutations arising from
283  viral escape in vivo strongly support that major hot-spots of IAV resistance to 4’-FIU have been
284  appreciated in our study.

285 i) Remarkably, three distinct avenues to partial resistance to 4’-FIU were available to CA09:

286  a single causal substitution, optionally combined with an enhancer; additive action of mutations
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SARS-CoV-2 variants of concern (VOC) have triggered infection waves. Oral
antivirals such as molnupiravir promise to improve disease management, but
efficacy against VOC delta was questioned and potency against omicron is
unknown. This study evaluates molnupiravir against VOC in human airway

epithelium organoids, ferrets, and a lethal Roborovski dwarf hamster model of
severe COVID-19-like lung injury. VOC were equally inhibited by molnupiravir
in cells and organoids. Treatment reduced shedding in ferrets and prevented
transmission. Pathogenicity in dwarf hamsters was VOC-dependent and
highest for delta, gamma, and omicron. All molnupiravir-treated dwarf ham-
sters survived, showing reduction in lung virus load from one (delta) to four
(gamma) orders of magnitude. Treatment effect size varied in individual dwarf
hamsters infected with omicron and was significant in males, but not females.
The dwarf hamster model recapitulates mixed efficacy of molnupiravir in
human trials and alerts that benefit must be reassessed in vivo as VOC evolve.

By May 2022, SARS-CoV-2 has resulted in over 522 million cases and
>6.2 million deaths worldwide'. Vaccines are widely available>*, but
recuring global infection waves have been fueled by limited longevity
of vaccine-induced immunity, the hesitancy of population subgroups
to vaccinate*’, and increasingly contagious and/or vaccine-insensitive
variants of concern (VOC) alpha (B.1.1.7 lineage), beta (B.1.351 lineage),
gamma (P.1 lineage), delta (B.1.617.2 lineage), and omicron (B1.1.529
lineage)®’. VOC delta was the prevalent circulating variant during
Summer and Fall 2021 due to replication to high titers, prolonged
shedding from infected individuals, and propensity to induce break-
through infections in vaccinees®. Since its first appearance in
November 2021, VOC omicron has rapidly replaced delta as the
dominant circulating strain in most geographical regions”, propelled

by sharply reduced sensitivity to neutralizing antibodies directed
against earlier lineages and greatly increased infectivity”. Although
clinical signs associated with VOC omicron are typically milder than
those of its predecessors, record-high daily infection rates have driven
high absolute hospitalization numbers, creating an urgent need for
therapeutics to improve disease management.

Molnupiravir was the first orally available SARS-CoV-2 inhibitor
approved for outpatient use against COVID-19", Intermediate results
of the early months of a large efficacy trial revealed an encouraging
50% reduction in hospitalizations in the treatment group, but later
analysis of the full dataset showed only a 30% lower hospitalization
rate overall*. Based on the geographical location of trial participants
and VOC prevalence in the earlier versus later phase of the trial, an
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advisory board to the FDA considered the lower efficacy of molnu-
piravir against VOC delta as a possible explanation for the mixed
results”. However, VOC delta was efficiently inhibited by the molnu-
piravir parent metabolite N*-hydroxycytidine (NHC) in ex vivo
studies'®, suggesting unchanged sensitivity to the drug.

Human airway epithelium organoids, ferrets, mice, and Syrian
golden hamsters have emerged as preclinical models to assess the
efficacy of anti-SARS-CoV-2 drug candidates. Ferrets recapitulate the
predominant clinical presentation of SARS-CoV-2 in younger patients,
characterized by a high viral load in the upper respiratory tract, strong
viral shedding, and efficient airborne transmission’"?. By contrast,
Syrian golden hamsters infected with SARS-CoV-2 develop transient
pneumonia but do not recapitulate hallmark features of life-
threatening severe COVID-19. Disease typically remains mild-to-
asymptomatic in golden hamsters and animals fully recover within
two weeks?. Lethal disease with severe histopathology affecting lung,
liver, and kidney can be induced in transgenic K18-hACE2 mice
expressing human ACE2, but organ distribution of the receptor is non-
physiological, resulting in rapid neuro-invasion of the virus and the
development of acute, lethal viral encephalitis®, which is not seen in
human patients. Lacking is an efficacy model that recapitulates the
acute lung injury of life-threatening COVID-19, thereby offering a
relevant experimental platform to test the effect of molnupiravir on
mitigating lung damage caused by different VOC and explore the
impact of treatment on disease outcomes.

In this work, we test molnupiravir against a panel of VOC in cul-
tured cells, human airway epithelium organoids, ferrets, and Robor-
ovski dwarf hamsters, since these dwarf hamsters developed acute
diffuse alveolar pneumonia and succumbed to infection?* when
infected with original SARS-CoV-2 isolates from 2020. We show that
pathogenicity in dwarf hamsters is VOC-dependent with the highest
lethality in the case of delta, gamma, and omicron. Independent of
VOC tested, all molnupiravir-treated dwarf hamster survived infection,
meeting a primary efficacy marker. However, the treatment effect size
is VOC-specific and in animals infected with VOC omicron, virus load
reduction was significant in males, but not females.

Results

For quantitative comparison of molnupiravir activity against VOC
alpha, beta, gamma, delta, and omicron in cultured cells, we deter-
mined half-maximal antiviral concentrations (ECsos) on VeroEé6 cells
stably expressing TMPRSS2 (Vero-TMPRSS2) (Fig. 1a). The molnupir-
avir parent compound NHC was used in all ex vivo experiments. Under
these experimental conditions, inhibitory values were similar for the
original SARS-CoV-2 WALl isolate and all VOC tested, ranging from 0.19
(gamma) to 0.62 (beta) uM.

Consistent activity of molnupiravir against VOC in human air-
way organoids

To validate activity in disease-relevant primary human tissues, we
added at the time of infection NHC at 10 uM, equivalent to NHC plasma
concentrations reached in human patients*, to the basolateral cham-
ber of well-differentiated primary human airway epithelium (HAE)
cultures grown at the air-liquid interface. After apical infection with the
panel of five VOC, we titered apically shed progeny virions after 1, 2,
and 3 days. The treatment instantly suppressed virus replication in the
case of VOC alpha, beta, and delta, and within 2 days reduced the
progeny load of all VOC to the level of detection (Fig. 1b). Parallel
assessment of transepithelial electrical resistance (TEER) as an indi-
cator of an intact tight junction network demonstrated that the drug
preserved the integrity of the infected organoids (Supplementary
Fig. 1). vehicle-treated controls showed significant reductions in TEER
after infection, reflecting the breakdown of epithelium organization.
Confocal microscopy confirmed that 10 uM basolateral NHC sup-
pressed viral replication, whereas abundant viral antigen (SARS-CoV-2

nucleocapsid and spike protein) was detected in vehicle-treated epi-
thelia (Fig. 1c, Supplementary Figs. 2, 3).

Efficacy of molnupiravir against VOC upper respiratory disease
and transmission in ferrets

To assess in vivo efficacy of molnupiravir against VOC, we infected
ferrets intranasally with 1x10° pfu of VOC alpha, beta, gamma, delta,
and omicron and monitored virus replication in the upper respiratory
tract. All treated animals were dosed orally at 5 mg/kg b.i.d., starting
12 hours after infection (Fig. 2a) when shed SARS-CoV-2 becomes first
detectable in ferret nasal lavages'". Lavage titers were determined in
12-hour intervals for the first 48 hours after infection, and once daily
thereafter. Titers of shed VOC alpha, gamma, delta, and omicron
peaked 1-2 days after infection at approximately 10° to 10* pfu per ml
in vehicle-treated animals (Fig. 2b). Treatment with molnupiravir
reduced shed progeny titers of all VOC to detection level within
12 hours. Consistent with previous experience with the ferret
model'®"’, infected animals developed no clinical signs. VOC beta did
not establish a productive infection and was eliminated from further
ferret experiments (Supplementary Fig. 3).

To explore the impact of treatment on transmission, we co-
housed infected and treated source animals with uninfected and
untreated sentinels for 48 hours, starting 42 hours after initiation of
treatment (Fig. 2c). VOC delta was excluded from transmission studies,
since we had not detected any infectious particles in nasal lavages of
molnupiravir-treated animals at any time and nasal turbinates of
treated animals extracted four days after infection did not contain any
infectious particles (Supplementary Fig. 5). We tested VOC alpha in an
independent transmission study, but included transmission arms in
the efficacy studies with VOC gamma and omicron (Fig. 2b) to reduce
overall animal numbers. After separation of source and contact ani-
mals on day 4 after infection, untreated sentinels were monitored for
an additional four days for shed virions and viral RNA in nasal lavages,
and then terminal titers in nasal turbinates were determined.

VOC alpha and gamma spread efficiently from vehicle-treated
source animals to the sentinels (Fig. 2d, e), whereas VOC omicron did
not transmit (Fig. 2f). RNA of VOC alpha and gamma became first
detectable in nasal lavages of the contacts within 12 hours after
initiation of co-housing, shed infectious particles emerged after 12
(VOC alpha) to 36 (VOC gamma) hours (Fig. 2e, ), and infectious alpha
and gamma, but not omicron, particles were detectable in nasal tur-
binates extracted from sentinels of vehicle-treated source animals at
study end (Supplementary Fig. 6). Treatment with molnupiravir fully
suppressed transmission. No infectious particles or viral RNA were
detectable in lavages of untreated sentinels, and nasal turbinates of
these animals were virus and viral RNA-free at terminal assessment
(Fig. 2e, f; Supplementary Fig. 6). These data demonstrate that oral
molnupiravir is highly effective in controlling replication of all VOC in
the ferret upper respiratory tract, significantly reducing shed virus
titers and rapidly suppressing the spread of transmission-competent
VOC to untreated naive contacts.

Different degrees of acute lung pathogenesis of VOC in Robor-
ovski dwarf hamsters

To explore VOC pathogenicity in a candidate model of lethal COVID-
19, we infected Roborovski dwarf hamsters intranasally with 1 x 10° pfu
each of the original SARS-CoV-2 WAL isolate or VOC alpha, beta,
gamma, and omicron, or 3 x10* pfu of VOC delta (Fig. 3a) and mon-
itored clinical signs and survival. Dwarf hamsters showed a rapid
decline characterized by ruffled fur, lethargy, and dyspnea within two
days of infection, which was accompanied by hypothermia and mod-
erate to substantial loss of body weight (Fig. 3b, c). Severity and time to
onset of clinical signs varied among—in order of increasing patho-
genicity—VOC alpha, beta, omicron, gamma, and delta. Pathogenesis
of VOC gamma was comparable to that of the original WAl isolate. The
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